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Abstract

ABSTRACT

Fuel cells (FCs) are believed to be promising energy conversion systems to satisfy
today’s increasing energy demand because of their high energy output and zero
environmental impact. The cathodic oxygen reduction reaction (ORR) is recognised to
be kinetically limited step in fuel cell. As commonly used electrocatalyst, platinum (Pt)
has been inhibited from large-scale production because of its high cost, susceptive to
fuel poisons and low stability. Therefore, numerous efforts have been devoted in
developing novel nanostructured materials with high efficiency, low cost and
environmental friendliness for the ORR.

The main goal for this study is to design and develop novel nanostructured
electrocatalysts for the ORR to reduce or replace the utilization of Pt, meanwhile with
acceptable efficiency, better stability as well as high selectivity to resist the poison from
the fuels. Such catalytic materials will would largely reduce the cost of catalysts in FCs
and improve the cell performance by facilitating the ORR process and eliminating the
by-products. In this study, two analogue FC systems, proton exchange membrane fuel
cell (PEMFC) and anion exchange membrane fuel cell (AEMFC) were considered and
different types of electrocatalysts were synthesized and examined in these systems
respectively.

Pt alloy (Pt-Pd, Pt-Cu) electrocatalysts were firstly synthesized through a facile
aqueous based galvanic replacement and their electrocatalytic performance was
examined in acidic environment and in PEMFC.

One issue that cause the poor stability of Pt is the aggregation and dissolution of Pt
nanoparticle on carbon black during the long term electrochemical process. In this study,
using the in-situ localization method, Pt nanoparticles were grown on a palladium shells

through a modified galvanic replacement forming a Pt-Pd alloyed nanostructure. This
v
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material showed enhanced ORR performance and better stability under the accelerated
durability test (ADT) up to 10,000 cycles. The electrochemical performance of this
materials were analysed through the rotating ring disk electrode (RRDE) and single
H,/O, proton exchange membrane fuel cell test. The improved electrocatalytic
performance and better stability were attributed to the unique structure of Pt/Pd and the
strain effects caused by the incorporation of Pd into the lattice of Pt.

A hollow platinum-copper (PtCu) nanoparticle with mesoporous features was
prepared through a modified galvanic replacement method using copper nanoparticles
as sacrificial templates. The bimetallic PtCu nanoparticle with much lower cost
compared with the Pt, showed improved electrocatalytic performance towards the ORR
and with extreme stability under the ADT up to 10,000 cycles. The performance of this
material was investigated using various electrochemical testing methods including the
rotating ring disk electrode (RRDE) and single H,/O; proton exchange membrane fuel
cell test. The improved performance of this material was attributed to the geometric and
electronic changes of Pt surface due to the alloying of copper, abundant mass transfer
channels and the high specific surface area of the mesoporous PtCu.

In the alkaline medium; oxygen could be reduced through a faster reaction kinetic
thus offering more choices in selecting electrocatalysts. Moreover, with the
development of anion exchange membrane (AEM) in recent decades, the AEMFC has
been witnessed as a promising fuel cell system that could provide comparable
electrocatalytic performance with the PEMFC. Therefore there is an urgent need for
developing novel ORR electrocatalysts in alkaline medium and for AMEFC.

Following the development of this sacrificial template method, a palladium (Pd)-
nickel (Ni) hollow nanoparticle using Pd and Ni to replace the utilization of Pt was

synthesized and the electrocatalytic performance of this material was examined under
A%
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the alkaline medium and in AMEFC. The PdNi alloyed hollow nanoparticles showed
porous features on the shells and also exhibited much improved electrocatalytic
performance and stability compared with the commercial Pt/C. The electrochemical
tests were performed through the rotating disk electrode (RDE) system and AEMFC test.
The improved performance of this material was ascribed to the changes of electronic
structure and the “strain effect” of Pd when alloying Pd with Ni. In addition, porous
structure of this material would also provide large surface area and active sites thus
benefiting the reduction of oxygen and mass transfer through the nanoparticles.

Further work includes the synthesis of nitrogen doped graphene nanostructures for
the oxygen reduction reaction in the alkaline medium. For this work, the thin
polypyrrole (PPy) was deposited onto the graphene aerogel through vapor phase
polymerisation (VPP) and the deposited PPy was used as a nitrogen source to provide
nitrogen into graphene lattice when thermal treatment. The advantage of this method is
that, the deposited PPy could effectively prevent graphene sheets from stacking during
the drying and thermal annealing process and the robust crumpled graphene sheets
could also be produced during this process. This 3-dimensional (3D) microporous
structure could provide the electrocatalysts with ample active site and abundant ion and
mass transfer channels thereby facilitating the ORR process. In this process, the
nitrogen content and configuration could be well managed through varying the heating
temperature thus providing further ways in regulating the ORR performance of the
electrocatalysts. The electrochemical properties were tested using the rotating disk
electrode (RDE) system and anion exchange membrane fuel cell test revealing the
improved catalytic performance of this material compared with the traditional prepared

nitrogen doped flat graphene materials. The improved electrocatalytic performance was

VI
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suggested to arisen from the optimised nitrogen configuration and the robust 3D porous
structure on the electrodes.

In addition, core shell cobalt and cobalt oxide nanostructure supported on nitrogen
doped graphene aerogel was also prepared at last and used an comparable
electrocatalysts with Pt for the AMEFC. The cobalt oxides coupled on graphene
supports have been widely reported with improved catalytic ORR performance,
however the relatively low electrical conductivities were thought to inhibit the electron
transfer around the nanoparticles. Inspiring the advantage of the core shell nanostructure,
a core shell structured consisting of cobalt core and cobalt oxide shell was prepared and
anchored onto the graphene sheets through a feasible one-pot hydrothermal process.
This material was characterised with scanning electron microscopy, transition electron
microscopy and energy X-ray dispersive mapping analysis to confirm the successful
synthesis of core shell structure. The electrochemical performance was tested through
the rotating disk electrode (RDE) showing improved performance in comparison with
the pure cobalt oxide or nitrogen doped graphene aerogel electrocatalysts. The improved
electrocatalytic performance was attributed to the well-defined core shell structure and

the designed 3D structure of the supporting materials.
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1.1 General Introduction to Fuel Cells

1.1.1 Fuel Cells

The increasing global demands for energy sources and the environmental impacts of
traditional forms of energy have raised global awareness on the need to develop
clean and sustainable energy sources. The fuel cell, due to its high energy conversion
efficiency and low pollution is considered to be one promising solution and thus has
received intensive research interest in recent decades.[1] In fuel cells, the chemical
energy is continuously converted into electrical power via redox reactions, typically
by supplying the fuel (pure hydrogen, hydrogen carbon fuels, or chemical hydrides)
on the anode side and the oxidant (oxygen and air) on the cathode side. Also, in
contrast to batteries or conventional supercapacitors, the fuel cells are an open
system where the active masses undergoing the redox reactions are delivered from
the outside of the cell. Therefore, fuel cells are considered to be high-energy systems
ideal for various stationary and mobile applications.[2]

Fuel cells can be classified into different types according to the choice of
electrolyte and fuel; currently, six major types of fuel cells are available: alkaline
fuel cells (AFC), proton exchange membrane fuel cells (PEMFC), direct methanol
fuel cells (DMFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC), and solid oxide fuel cells (SOFC). A simplified illustration of reactions is
presented in Figure 1.1. Among these fuel cells, the membrane fuel cells, including
the PEMFC and the anion exchange membrane fuel cell (AEMFC or AMFC, with a
solid electrolyte (anion exchange membrane) for the AFC developed in the last
decade [3]), have been recognised as potential power sources for residential and

commercial use because of their relatively low operating temperature, fast start-up,
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high efficiency, and low environmental impact.[1] In this study, only these two types

of fuel cell will be considered.

Unreacted H, CO Unreacted O, N,
and reaction gas and reaction gas
I g — g
AFC L OH -
60-%0°C | HmO0e—— — T
PEMFC H H <1 0,
60-90°C P ——>H,0
DMFC CH, OH ——> H «— 0,
60-90°C | CO, —— ——>H,0
PAFC | m,—> _E T
180-220°C —T—>H,0
MCFC | com, |— CoZ «—r—0,
550-650°C H,0,.CO, —— CO,
SOFC | con, |— o
800-1000°C Hzo,czol -— € < 0
Fuel we) G Ajr or O,

Anode Electrolyte Cathode

Figure 1.1 Summary of the major types of fuel cells.

1.1.2  Membrane Electrode Assembly

Figure 1.2 illustrates the components of the PEMFC and AEMFC, which both
comprise membrane electrode assemblies (MEA), in which hydrogen gas is oxidised
on the anode and oxygen gas is reduced at the cathode, all compressed by a bipolar
plate with gas flow channels to introduce gaseous reactants and coolants to the MEA
and harvest electrical current.[4] In the PEMFC, a Nafion® membrane (a DuPont
registered trademark polymer) is used as the proton conducting electrolyte, and the
corresponding electrocatalysts are usually dispersed with Nafion® monomer in low

boiling point water soluble solvents, such as ethanol and (n- or 2-) propanol, and air-
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brushed onto gas diffusion layers (GDLs) to fabricate the membrane electrodes.
Finally, the two membrane electrodes and the Nafion® membrane are assembled by
hot-pressing to form the membrane electrode assembly (MEA). For the AEMFC, the
MEA is typically fabricated in the same way except for the different kinds of
polymer membranes and monomers used. In the AEMFC, the polymer membrane
used is anion conductive rather than proton conductive, and the monomers used are
selected to have high anion exchange capabilities.[3] The electrochemical reactions
occur at the MEA electrodes, where oxygen reduction reaction (ORR) takes place at
the cathode and the hydrogen oxidation reaction (HOR) at the anode. Both reactions

take place on the catalyst layer, and water and heat are the only by-products.

Membrane electrode assembly
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Figure 1.2 Configuration of PEMFC and AEMFC, and the membrane electrode
assembly. Note that the catalyst layers and the membrane for the acidic PEMFC are

different from those for an AEMFC.[1]

1.1.3  Current Challenges for the PEMFC and AEMFC

Fuel cell MEAs must meet three major criteria before they can be commercialisation:
cost, performance, and durability. The cathode ORR is six or more orders of
magnitude slower than the anode hydrogen oxidation reaction and thus limits the
performance of the fuel cell,[1] so most research and development are focused on
improvement of the cathode catalysts and electrodes.[5, 6] Today, in most cathodes,
the ORR catalysts used are based on Pt (in the form of Pt nanoparticles dispersed on
carbon black supports); however, the scarcity of Pt and its suspect “poison”
resistance capability, as well as its poor durability have inhibited it from large-scale
production.

In this study, we will consider the synthesis of novel Pt-based porous ORR alloy
catalysts with high performance for the PEMFC, where the alloyed nature of the
nanoparticles and the abundant electroactive surface area of the electrocatalyst make
for catalysts with higher performance, better “poison” resistance, and longer
durability compared with the Pt/C electrocatalysts. In addition, for the AEMFC, we
will firstly report the development of Pd-based bimetallic electrocatalysts, then the
development of non-noble metal based low-cost electrocatalysts, including doped
graphene nanostructure and metal-oxide-nitrogen-doped graphene nanostructure
electrocatalysts. These pure carbon or non-noble metal catalysts were tested with
comparable performance, full tolerance towards the “poison”, and much longer

durability than the Pt/C because of the high surface area, good mechanical properties,
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and superb thermal stability.[5] It is worth noting that the development of novel
catalysts require a deep understanding of the ORR mechanism and kinetics, and thus
the mechanism of ORR and then recent advances in developing ORR catalysts will

be reviewed in the following parts.
1.2 General Introduction to the Oxygen Reduction Reaction

1.2.1 Electrochemical Oxygen Reduction Reaction

As aforementioned, the performance of the PEMFC and AEMFC is kinetically
limited by the cathode oxygen (O,) reduction reaction (ORR), and thus, the ORR is
one of the major areas of ongoing research due to its sluggish reaction mechanism.[5,
6] The thermodynamic redox potential E° of the ORR for a 4-electtron pathway is
1.229 V at 25 °C. For the state of the art Pt electrocatalysts, the onset potential of the
ORR is at about 1 V, indicating a 200 mV high overpotential on the Pt electrode
which may be ascribed to the low density of catalytic defect sites on the Pt surface
and the sluggish reaction kinetics of the ORR. So, an understanding of the ORR
process and mechanism is a necessity for discovering more efficient catalysts for the
ORR.

The ORR process is complicated; it generates a number of intermediates, and the
mechanism and kinetics for the reaction are dependent on many experimental factors,
such as the type of electrode and the electrolyte used. The reaction could proceed by
either a four-electron pathway or a two-electron path way in aqueous or organic
electrolyte.

In aqueous acid media, the 4e¢™ and 2e ™ pathways are respectively:
a) Four-electron pathway

0, + 4H* + 4e~ > 2H,0 E®=1.229V (1.1)
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b) Two-electron pathway

O, +2H* +2e~ - HOOH E° =0.607V (1.2)
Followed by either

HOOH + 2H* + 2e~ - 2H,0 E° =0.607V (1.3)
Or

2HOOH - 2H,0 (1.4)

In aqueous alkaline media, the 4™ and 2e™ pathways are respectively:
a) Four-electron pathway
0, + 2H,0 + 4e~ - 40H™ E°=0.401V (1.5)

b) Two-electron pathway

0, + H,0 +2e~ - HOO™ + OH™ E° = —0.065V (1.6)
Followed by either

HOO™ + H,0 + 2e~ - 30H~ E°=0.867V (1.7)
Or

2HOO™ - 20H™ + 0, (1.8)

In non-aqueous aprotic solvents,
0,+e” - 05 (1.9)°
0; +e” - 03 (1.10)°
% The thermodynamic potentials (E®) for the 1-electron reduction reaction to form
a superoxide, and its further reduction to 05~ are not listed because their values are
highly dependent on the solvent used.

Depending on the application, the reduction pathways may have unique
significance, for example, the 2-electron transfer pathway may be used to generate

hydrogen peroxide, the 1-electron transfer pathway is usually the main process in
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reversible lithium-air batteries[7, 8], and the 4-electron direct pathway is highly

preferred both in PEMFCs and in anion exchange membrane fuel cells (AEMFCs).

1.2.2 Mechanism for Oxygen Reduction Reaction

The mechanism of the ORR has been extensively studied by many researchers, as
detailed in several reviews. [4, 9-11] The mechanism is different depending on the
kinds of electrodes due to the different physicochemical properties of the materials,
such as the crystal structure, interatomic distance, grain size, etc... The reaction steps
of the ORR were generally believed, however, to include oxygen gas adsorption,
charge transfer, breaking of the O-O bond, and desorption. Herein, only the ORR
mechanism on the metal electrodes and carbon electrodes related to this study will be

discussed.

1.2.2.1 Mechanism of the Oxygen Reduction Reaction on Pt electrode

As Pt is still the most efficient catalyst for catalysing the ORR both in acidic and
basic environments, the mechanism of ORR on a Pt electrode has been widely
studied. The ORR usually proceeds through a 4-electron transfer pathway either in
acidic or basic solution. The high efficiency of the Pt electrode may be ascribed to
the unique geometry of its crystal structure (Pt-Pt bonds) and its electronic structure
(d-band vacancies).

The simplified mechanism of the ORR on a Pt electrode is shown in Figure
1.3.[12] It can be seen that on a Pt electrode, oxygen can be directly
electrochemically reduced to H,O at a constant rate of k; without any formation of
intermediate adsorbed H,0, 54 (direct 4-electron pathway) or to adsorbed H,O, at the
rate constant of k, (series of 2-electron pathways). The adsorbed peroxide could be

reduced to water with the rate of ks (series of 4-electron pathways), catalytically

10
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(chemically) decomposed on the electrode surface (ks), or desorbed into the bulk
electrolyte (ks). All these processes require dissociation of oxygen prior to the
transfer of the first electron.[12] The dissociation energy of oxygen is quite large
(498.3 kJ mol™"), meaning that dissociation is energetically unfavourable unless the
M-O bond, with M a metal, is very strong, e.g., > 250 kJ mol”. Metals with strong
M-O bond strengths, however, usually have strong M-OH bonds, which are
unfavourable for the ORR, as mentioned above. The kinetics is rather more complex
than usually believed, however, and is affected by many other factors, such as anions

in the electrolyte, [13, 14] Pt particle sizes, crystal structures [15-17], etc.

k,

¥
0: —_— Ol.lll é“:ﬂzﬂi‘ Hzo

~
H,0,

Figure 1.3 Simplified illustration of ORR kinetics on Pt electrode.

1.2.2.2 Mechanism of the oxygen reduction reaction on other precious metal

electrodes

The ORR reaction on other precious metal surfaces, such as Au, Ir, Rh, etc., has also
been extensively studied, however, these metals show lower catalytic activity
towards the ORR than Pt, besides not being electrochemically stable under the ORR
testing environment conditions. Nerskov et al. extensively compared the oxygen
binding energy and hydroxyl binding energy on various metals and found that Pt or

Pd has the greatest catalytic performance towards the ORR (Figure 1.4).[18] Thus,

11
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higher ORR activity requires a smaller ratio of M-OH to M-O bond strengths or a

higher activation energy for OH,4s compared to oxygen chemisorption.[4]

0.0

05F

-1.0

Activity
Eqy(eV)

-1.5F

2.0 p

25 A . . A . . -2

=13 =1 =035 0 0.5 L3 1
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Figure 1.4 Trends in oxygen reduction activity plotted as a function of the oxygen
binding energy (left) and as a function of the hydroxyl binding energy (right).[ 18]

Based on these theories, the major research trends for Pt-based catalysts are
focused on (i) shortening of the Pt—Pt interatomic distance, which is favourable for
the dissociative adsorption of O, (geometric effect), including work on the synthesis
of Pt-M alloyed nanostructures and shape-controlled synthesis of Pt nanostructures;
(i1) increasing d-band vacancies that produce a strong metal-O, interaction and a
weak M—OH bond (electronic structure), usually involving an of alloy Pt with a
second metal; and (iii)) surface roughening synthesis of porous Pt based
nanostructures. The reports on synthesis of Pt based electrocatalysts will be reviewed

later.

1.2.2.3 Mechanism of the oxygen reduction reaction on doped carbon electrode

The ORR kinetics could be greatly enhanced in an alkaline medium because of the
improved charge/ion transfer rate in the alkaline electrolyte.[19] It is well known that
carbon materials show some electrocatalytic activity towards the ORR in an alkaline

medium. The catalytic activities and mechanism involved vary with the type of

12
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carbon used. [12] For example, the ORR on glass carbon electrodes and pyrolytic
graphite normally proceeds via a two-electron pathway to yield H,O,. The H,0,
could be reduced to water at a lower potential. Two mechanisms have been proposed
for the carbon-catalysed ORR on glassy carbon electrodes (Equations (1.11)-(1.16))

and on pyrolytic graphite electrodes (Equations (1.17)-(1.18)), respectively.

02 = Oz(ads) (1.11)
Ozads) + €~ = [02caas)] (1.12)
[02¢ads)] = Ozaas)” (1.13)
Oz(ads)” + Hz0 — HOy(aqs) + OH™ (1.14)
HO,(aqs) + €~ = HOZaq5) (1.15)
HO3(aqs) — HOZ (1.16)
Or

[02aas)] = Ozcaas)” (1.17)
20,(adqs)” + H,0 — 0, + HOZ + OH™ (1.18)

The mechanism on doped carbon materials, especially on nitrogen-doped
graphene materials, has been studied and reported using the B3LYP density
functional theory (DFT).[20] Anderson et al. studied the oxygen reduction reaction
on nitrogen-doped graphene using the B3LYP hybrid DFT method [21], and their
quantum calculations on cluster models of nitrided and un-nitrided graphite sheets
showed that the carbon radical sites formed adjacent to substitutional N in graphite
are active for O, electroreduction to H,O, via an adsorbed OOH intermediate. The
weak catalytic effect of untreated carbon is attributed to the weaker bonding of OOH

to the H-atom-terminated graphite edges. Substitutional N atoms that are far from

13
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graphite sheet edges will be active, and those that are close to the edges will be less
active. With the same DFT model, Xia et al. proposed a four electron transfer
pathway for the ORR on nitrogen doped graphene. The calculations on the electron
transformation process show that the ORR is a four-electron pathway on N-graphene,
but pure graphene does not take part in such catalytic activities. When H is
introduced into the system, the sequential reactions can occur, including the
formation of O-C chemical bonds between oxygen and graphene, O-O bond
breakage, and the creation of water molecules. For each reaction step, the system
energy decreases accordingly, indicating that the four-electron transformation
reaction takes place spontaneously. The active catalytic sites on single nitrogen
doped graphene are identified, which have either high positive spin density or high
positive atomic charge density. The nitrogen doping introduces asymmetry in the

spin density and atomic charge density, making it possible for N-graphene to show

high electron catalytic activities towards the ORR. (Figure 1.5)

0, 4H* 2H,0 ?’
¢® y

Active site: With high spin
density or charge density

Figure 1.5 Schematic illustration of the active site on nitrogen doped graphene for

the ORR process. [20]
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1.2.3 Kinetic Parameters for the Oxygen Reduction Reaction

The exchange current density is an important kinetic parameter revealing the
electrochemical reaction rate at equilibrium. For the ORR, it is significantly
influenced by the electrode surface on which the ORR occurs. For example, on a Pt
electrode, the ORR shows a higher exchange current density than an Au electrode.
Except for the exchange current density, it is desirable to have the O, reduction at a
lower overpotential to gain satisfactory current density, which could be expressed as
in Equation (1.11).[22]

.0 naodoFnc ngo (1-ag)Fnc
I =ip,(e” ’RT— —e RT ) (1.11)

where I, is the oxygen reduction reaction current density, iJ, is the exchange current
density, n, is the number of electrons transferred in the rate determining step, a, is
the transfer coefficient, 7. is the overpotential of the ORR, F'is the Faraday constant,

R is the gas constant, and 7 is the temperature in Kelvin. Therefore, to obtain a high

RT
Ngo a0F

should be

current, the exchange current density i3, should be large and/or

small. At the current stage of technology, the Pt electrodes are the most practical
catalysts with the highest exchange current density of about 10™"! -10° A cm™ in both
acidic and alkaline solutions. In alkaline solution, the reaction is significantly faster
than in acidic solution that shows no formation of oxygenated adlayers, and the
potential range of M—OH formation on platinum metal in alkaline solutions is
considerably wider than in acidic solutions.[23, 24]

If the overpotential is large, Equation (1.11) could be simplified as

ngoaoFnc

I, =id,e FT (1.12)

2.303RT

The plot of n.~log(I;) gives a linear relationship, and the slope is , which

NaoQo

is called the Tafel slope. For the ORR, usually two Tafel slopes are obtained, 60

15
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mV/dec in the low overpotential region and 120 mV/dec in the high overpotential
region. The higher the Tafel slope is, the faster the overpotential increases with the

current density, revealing the inferior catalytic performance of the electrocatalyst.

1.3 Electrocatalyst for the Oxygen Reduction Reaction in Acidic Medium for

the PEMFC

1.3.1 Pt-based Nanostructures for the Oxygen Reduction Reaction in Acidic

Medium for the PEMFC

Figure 1.6 Typical TEM image of commercial Pt/C electrocatalyst (40 wt.% loading
on Vulcan XR-72C carbon black, Johnson Matthey).

During last several decades, even though numerous efforts have been made to
replace platinum with less precious metal,[25] non-noble metals,[26] or
organometallic complexes, [27, 28] platinum still seems to be most effective and
durable catalyst for PEM fuel cells. In commercially available electrocatalysts,
platinum is in the form of nanoparticles with diameters around 2-3 nm, supported on

a high surface area carbon support such as Vulcan XR-72C with different loading
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amount (typically from 20 -60 wt.%), Figure 1.6 shows a TEM images of a
commercially available Pt/C electrocatalyst.

These Pt/C electrocatalysts are expensive, however, and the stability is poor
when these catalysts are applied under longer term operation conditions due to
carbon corrosion and Pt surface tension; Ostwald ripening; and potential-dependent
chemical dissolution of Pt and migration into the proton exchange membrane.[29,
30]. Therefore, almost all efforts on synthesizing Pt based nanostructures are
currently devoted to increasing the efficiency and stability of Pt while reducing the
cost. To date, these methods include, but are not limited to 1) stabilization of
monodisperse Pt nanoparticles on supporting materials to enhance the stability and
increase the utilization of Pt, thereby improving ORR performance and reducing the
cost; 2) synthesis of well-defined Pt nanostructures that will reduce the surface
tension of Pt due to highly active low energy crystalline facets and relatively few
defect sites to increase the electrochemical activity; 3) synthesis of alloyed Pt
nanostructures (Pt-M, where M maybe is gold, palladium, cobalt, nickel, copper,
etc.), which would cause the positive changes to the geometric and electronic
structures of Pt, thus giving rise to enhanced performance and stabilization; 4) using

other support materials to substitute for carbon support to avoid carbon erosion.

1.3.1.1 Stabilization of Pt Nanoparticles on Carbon Supports for the ORR in

PEMFCs

It is well known that the electrocatalytic performance of an electrocatalyst is strongly
dependent on the particle size, dispersion, and size distribution. Thus, the synthesis
of well-dispersed Pt nanoparticles on carbon supports would significantly increase

the stability and the electrocatalytic activity of Pt electrocatalyst because of the

17
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relatively high utilization efficiency and lower aggregation of Pt nanoparticles.
Although these different preparation procedures could yield varying sizes of
nanocatalytic materials, it is strongly believed that controlled and desired size of the
catalytic particles can be achieved by stabilizing the particles either by using
surfactants or solvents.[31] Recently Yu et al. reported a simple and efficient solvent
approach for the synthesis of carbon-supported Pt nanoparticles (NPs) that combines
homogeneous deposition of Pt complex species through a gradual increase in the pH
realized by in situ hydrolysis of urea and subsequent uniform reduction by ethylene
glycol (EG) in a polyol process, giving control over the size and dispersion of Pt NPs.
This method has superior advantages in producing uniformly dispersive Pt
nanoparticles on carbon supports over some other conventional methods such as
borohydride reduction and the polyol process (Figure 1.7), and the results showed
that the synthesized Pt/C electrocatalysts manifested improved catalytic performance
in PEMFCs compared with the same loading of Pt/C synthesized through other

methods.[32]
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Figure 1.7 HRSEM images for Vulcan Carbon (VC)-supported Pt catalysts with
metal loadings of 40 wt % prepared by different methods: borohydride reduction (a),
the polyol process (b), Johnson Matthey (c), and homogeneous deposition — ethylene
glycol (HD-EG) (d). (e) H-electrosorption profiles in 0.5 M H,SO4. Fuel-cell

polarization plots at 60 °C (f) for the various Pt /C (60 wt. %) catalysts.[32]
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Figure 1.8 Illustration of positively charged Pt nanocrystals assembled on negatively
charged poly (sodium 4-styrenesulfonate) (PSS) modified carbon nanotube.[34]
Moreover, the usage of surfactant in the synthesis of Pt nanoparticles has also
proposed as an important strategy for stabilization of the Pt nanoparticles on carbon
supports because the long-chain polymer surfactant could effectively localize the
nanoparticle growth and avoid nanoparticle aggregation when they are supported on
carbon supports. For example, the surfactant poly(diallyldimethylammonium
chloride) (PDDA) has been reported to produce stabilized Pt/C electrocatalysts
because of the interaction between the Pt nanoparticles and the PDDA, which
increases the Pt oxidation potential and prevents Pt nanoparticles from
migrating/agglomerating on or detaching from the carbon support.[33] Moreover, as
the particles are protected with a surfactant layer, charge and electrostatic effects
could be realized when the charges of the carbon supports are different from those of
the particles, thereby producing mono-disperse nanoparticles self-assembled on

carbon supports (Figure 1.8).

1.3.1.2 Stabilization of Pt Nanoparticles on Other Supporting Materials for the

ORR in PEMFCs

It is also found that the stability of Pt could be greatly improved when using novel
supporting materials for the Pt nanoparticles instead of the conventional carbon black
support, to avoid the carbon erosion issue when the electrocatalyst in long-term
operation. Adzic et al.[35] found that the Pt nanoparticles could be stabilized when
the Pt/C was modified with gold clusters through galvanic displacement by Au of a
Cu monolayer on Pt. Using accelerated durability testing, they found that the Pt

nanoparticles retain their ORR activity under the oxidizing conditions of the O,
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reduction reaction and potential cycling between 0.6 and 1.1 V in over 30,000 cycles

(Figure 1.9).
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Figure 1.9 Polarization curves for the O, reduction reaction on Au/Pt/C (A) and Pt/C
(C) catalysts on a rotating disk electrode, before and after 30,000 potential cycles.
Sweep rate, 10 mV/s; rotation rate, 1600 rpm. Voltammetry curves for Au/Pt/C (B)
and Pt/C (D) catalysts before and after 30,000 cycles; sweep rate, 50 and 20 mV/s,
respectively. The potential cycles were from 0.6 to 1.1 V in an O,-saturated 0.1 M
HCIOj solution at room temperature. For all the electrodes, the Pt loading was 1.95
mg (or 10 nmol) of Pt on a 0.164 cm® glassy carbon rotating-disk electrode. The
shaded area in (D) indicates the lost Pt area [35].

Other supporting materials, such as graphene, [36, 37] doped graphene, [36, 38]

nonporous carbon arrays, [39] graphitic carbon [40], TiC,[41] and TiO,,[42] have
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also been reported with improved ORR stability due to the high corrosion resistance

of these supporting materials.

1.3.1.3 Shape Controlled Synthesis of Well-defined Pt nanostructures for the ORR

in PEMFC

As the zero (0)-dimensional (D) Pt nanoparticles would be easily aggregated, driven
by surface tension and the potential-dependent chemical dissolution of Pt, the shape-
controlled synthesis of well-defined Pt nanostructures would effectively increase the
stability and the ORR performance of Pt, owing to the highly active low energy
crystalline facets and relatively few defect sites compared with the 0-D Pt
nanoparticles.[43]

Recently, the synthesis of one-dimensional (1D) Pt nanostructures, such as Pt
nanotubes or nanowires with long aspect ratios, was reported. Due to the inherent
structural characteristics of 1D nanostructures, i.e., high stability, these nanotubes or
nanowires were reported to show longer durability compared with the Pt/C. In
addition, these nanotubes or nanowires usually have high surface active area, and
thus, they were suggested as efficient electrocatalysts for the ORR, even when not
supported on carbon supports. For example, Yu et al. discovered that one-
dimensional platinum nanotubed with a diameter of only a few nanometers and a
very high aspect ratio of 10 000 could be synthesized using ultrathin tellurium (Te)
nanowire as both hard template and reducing agent,[44] and with these ultrathin Pt
nanotubes, they fabricated a two-dimensional (2D) Pt nanowire (NW) membrane
through a simple casting method (Figure 1.10). The free-standing Pt NW membrane

could serve as an excellent ORR electrocatalyst with improved catalytic activity and
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durability due to the preferential exposure of certain crystal facets and fewer surface

defect sites in 1D nanostructures.[45]

Te@C nanocables ﬁ Pt@C nanocables Casting

o= v )

Calcinate
Air, 400 °C

200 nm
===

Figure 1.10 Fabrication process of the free-standing Pt NW membrane. a, b)
Scanning and transmission electron microscope (SEM and TEM) images of Te@C
nanocables. ¢, d) SEM and TEM images of Pt@C nanocables obtained from Te@C
nanocables and H,PtCls. The inset in (c) shows an optical image of a Pt@C
nanocable suspension. The insets in (b) and (d) are the corresponding high
magnification images. e) Optical image of a Pt@C nanocable membrane that was
fabricated by a simple casting process. f) Optical image of free-standing Pt NW
membrane obtained by calcination of a Pt@C nanocable membrane at 400 ° C in air

for 1 h. g, h) SEM and TEM images of Pt NW membranes.[45]
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Similarly, Dodelet et al. found that Pt nanowires could be synthesized using
formic acid as a mild reducing agent. Pt single-crystal nanowires could be
synthesized, and these nanowires could be assembled into flower-like hierarchical
three-dimensional (3D) nanostructures (Figure 1.11a-b) [46]. When carbon supports
[47] were used, these nanowire could be grown on the carbon supports (Figure 1.11c-
d) giving risie to enhanced performance and much longer durability towards the
ORR owing to the enlarged electroactive surface and the unique one-dimensional

metallic nanostructures.

Figure 1.11 SEM images of a, b) Pt nanoflowers composed of nanowires; ¢, d) Pt
nanowires grown on carbon black supports. [47]

Moreover with developments in the synthesis approach, Pt nanostructures in
some other shapes, such as nanowires,[16, 46-48] nanotubes,[45, 49, 50]

nanocubes,[51, 52] and octahedra,[51] were synthesized through various wet
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chemistry methods. The shape of the Pt nanostructure could clearly also play a
significant role in determining the performance of the electrocatalysts, i.e., the
exposed facets of the Pt nanostructures could have different catalytic activities.
Numerous reports have now provided evidence that the catalytic activity of Pt
nanoparticles can be drastically enhanced by maximizing the expression of facets of
the (100) and (111) planes, which are more active towards the ORR. [16, 44, 45]
Specifically, in a HSOy4 solution, this activity increases in the order (111) < (100).
This difference is caused by the stronger adsorption of sulphate anions on Pt (111)
versus on Pt (100). This strong sulphate absorption deactivates the Pt (111) surface,
thus limiting its O, adsorption and activation capability. When the ORR is tested in a
HCI1O4 solution with only weakly adsorption on Pt (111), the Pt (111) surface
becomes more active than the (100) one.[26, 53] For example, Sun et al. [54]
reported that the 7 nm Pt nanocubes were much more active than the other Pt NP
shapes in catalysing the ORR in H;SOs. Figure 1.12 shows the cyclic voltammetry
(CV) and ORR curves of Pt NPs with other shapes and the 7 nm Pt nanocubes
obtained by scanning from 0 to 1 V. It can be seen that the electrochemical surface
area and the ORR current density of the nanocubes is much higher than those of the
Pt in other shapes, thus confirming that the ORR activities of the electrocatalysts are
dependent on the different shapes of the nanoparticles because of the different ORR

activities on different facets.
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Figure 1.12 a) CVs of Pt NPs in various shapes. The potential was applied with the
scanning rate of 10 mV s”. b) Disk current densities in oxygen saturated 0.5 M
H,SO, as a function of potential for different Pt catalysts at the rotation speed of

1600 rpm. [54]
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Figure 1.13 TEM images of Pt hollow hanospheres_ (a)Td(m, and solid
nanoclusters (¢) and (d).[55]

Meanwhile, the development of Pt hollow nanostructures has also received much
attention. Compared with their solid counterparts, hollow Pt nanostructured usually

have the higher surface area and more active sites, which would be beneficial for
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improving the ORR performance of Pt.[55] The hollow Pt nanoparticles are usually
synthesized through galvanic replacement by the reaction between Pt ions and
metallic nanoparticles with lower standard reduction potential, which was well
demonstrated by Xia’s group.[56] As the reaction takes place through a more
complex pathway than theoretically predicted, some additional features, e.g.,
porosity, alloyed nanostructures would be also obtained via changing certain reaction
conditions. For example, by changing the metallic nanoparticles from silver to cobalt,
Bai et al. synthesized hollow Pt nanoparticles with porous shells constructed from
numerous Pt grains (Figure 1.13).[55] It is also worth noting that by changing the
reducing agent in the reaction system, Pt alloyed with other metals to form hollow
shapes would be also acquired, and an example of this will be given in the following

section.[57]

1.3.1.4 Pt Based Alloyed Nanostructures for the ORR in PEMFC

It was found that when there was alloying with another metal, the electronic and
geometric structures of Pt would be changed accordingly, so that many unexpected
catalytic activities of Pt could be largely enhanced and the stability of Pt could also
be prolonged. In addition, using another cheap metal to substitute partially for Pt
could effectively reduce the whole cost of the Pt catalyst, and hence, Pt alloyed with
a second noble metal, such as palladium,[6, 57, 58] gold,[35, 59-61] or silver,[62] or
with a second non-noble metal, such as one of the relatively cheap transition metal
iron,[63-66] cobalt,[67-69] nickel,[70-73] and copper,[74-76] has been extensively
studied and reported.

Pd was firstly investigated for alloying with Pt because of their similar intrinsic

properties. Xia et al. reported Pd-Pt bimetallic nanodendrites, consisting of a dense
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array of Pt branches on a Pd core, by reducing K,PtCly; with L-ascorbic acid in the
presence of uniform Pd nanocrystal seeds in an aqueous solution. These nanocrystals
exhibited relatively large surface areas and particularly active facets toward the
oxygen reduction reaction (ORR). The Pd-Pt nanodendrites were two and a half
times more active on the basis of equivalent Pt mass towards the ORR than the state-
of-the-art Pt/C catalyst and five times more active than the first-generation

supportless Pt-black catalyst, Figure 1.14.[6]

Figure 1.14 TEM images of Pd-Pt bimetallic nanodendrites. [6]

Later on, researcher found when Pt was alloyed with a transition metal, such as
nickel, copper, or cobalt, the ORR performance of the alloyed electrocatalyst would
be significantly increased due to the so called “strain effect” on the Pt atomic lattice.
[77] For example, Huang et al. developed an effective wet-chemical method for the
preparation of highly porous Pt3Ni nanocrystals (Figure 1.15). The branch diameter
in the Pt;Ni was measured to be as thin as only 2.8 nm. More importantly, the
obtained porous Pt;Ni nanocrystals exhibited far better catalytic activity (1.006
mA/cm® and 0.757 A/mgp ) than the commercial Pt carbon black (Aldrich, 0.244
mA/cm® and 0.045 A/mgp) and commercial Pt/C catalysts (E-TEK, 20 wt.% Pt,

0.177 mA/cm” and A/mgp, ) under ORR conditions. The porous Pt;Ni nanocrystals
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were also more stable in the ORR and showed only small changes in ORR activity
after 6000 potential sweeps.[70] These findings represented a more practicable way
to develop low-cost, efficient ORR electrocatalystd compared with Pt alloyed with

Pd, Au, etc.

Figure 1.15 Morphology analyses for porous Pt;Ni nanocrystals. a) Representative
low-magnification TEM image, b) high-magnification TEM image. The inset in (a)
shows the corresponding selected area electron diffraction (SAED) pattern.[70]
Besides the composition, the shapes of Pt alloyed nanostructures were also
extensively investigated, and it was also found that in the alloyed Pt based
nanostructures, different compositions and facets of the nanocrystals also showed
differences in catalysing oxygen.[78] Moffact et al.[79] systematically studied the
influence of the composition of Pt-Ni alloyed nanostructures on the ORR
performance of the PtNi electrocatalysts synthesized through an electrodeposition
method. Through varying the deposition potential, they synthesized various PtNi
alloyed nanostructures with different compositions, and in perchloric acid, the
maximum ORR specific activity of 2.8 mA/cm?® at 0.900 V vs. reversible hydrogen

electrode (RHE) was observed for alloys between Pt45Ni55 and Pt55Ni45. A peak
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ORR mass activity of 0.78 A/mgp; at 0.900 V RHE was observed for alloy film

compositions between Pt38Ni62 and Pt45Ni55 (Figure 1.16).
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Figure 1.16 Comparison of the composition dependence of the ORR specific activity
for two types of Ptjp..Ni, alloys electrodeposited as thin films vs. nanoparticle
ensembles. ORR measurements in these two studies were conducted under very
similar experimental conditions. The improvement factor in the specific activity of
the Pt;o..Ni, alloy is relative to that of the elemental Pt counterpart.[79]

Hollow alloyed Pt nanostructures were also extensively studied owing to the
superior advantages of the hollow structure and the alloyed material. For example,
using palladium nanocrystals (NCs) as sacrificial templates through a modified
galvanic replacement method, Han et al. synthesized various hollow shaped Pt-Pd
nanocrystals (Figure 1.17), and they found that the type of surface facet plays a
crucial role in determining the ORR activities of Pd-Pt NCs. The Pd—Pt nanocages
prepared from octahedral Pd NC templates exhibited the largest improvement in
ORR performance,[57] and this is a further indication of how the ORR performance

is also highly dependent on the facets of the Pt alloyed nanostructures.
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Figure 1.17 a) Schematic illustration of the synthetic parameters to produce various
types of Pd-Pt bimetallic NCs from Pd NC templates. (b) H,O; yield plots and (c)
ORR polarization curves for the Pd—Pt bimetallic NCs and Pt/C obtained using a
rotating ring-disk electrode (RRDE) in O,-saturated 0.1 M HCIO; at a scan rate of 10
mV s ' and a rotation rate of 1600 rpm. The ring potential was held at 1.2 V vs. RHE.
The current densities were normalized to the geometric surface area of the glassy
carbon (GC) electrode (0.1256 cm?). (d) Mass and area-specific activities at 0.85 V
vs. RHE for the various catalysts. [57]

Several factors could account for the enhanced catalytic properties. The first
hypothesis, as depicted in Figure 1.18, is that it is because of the decreased Pt-OH
coverage caused by the lateral repulsion between the OH adsorbed on Pt and the OH
or O adsorbed on the neighbouring transition metal atom.[77] As the adsorption of
OH mostly occurs on the second metal, the oxygen reduction tends to become a 4e-

process, thereby enhancing the performance of the electrocatalyst.
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Figure 1.18 Model for the decreased OH coverage on Pt, caused by high OH or O

coverage on a second metal M. [77]

Another factor to which the enhancement of the catalytic performance is
attributed is the lattice strain effect, as evidenced by experiments reported by Ying et
al.[80] On incorporating a metal atom such as Au with a large lattice constant, the
lattice constant of Pt would be enlarged, and the performance towards the ORR of Pt-
Au would be restrained. On the other hand, if AuCu is chosen as the core, with its
smaller lattice parameter than Pt, the ORR performance and the stability of
Pt@AuCu would be greatly increased (Figure 1.19). The atomic ensemble and
electronic effects of bimetallic structures towards enhanced ORR catalytic

performance have also received some limited research.[81]
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Figure 1.19 (A) Mass-normalized Tafel region of ORR measurements for Pt/C,

Au@Pt/C, and AuCu@Pt/C catalysts in oxygen-saturated 0.1 M HCIO,4, showing the

positive-going scans. Sweep rate: 20 mV s™'; 1600 rpm; room temperature. Pt loading

was 15 pg cm™ for Pt/C and Au@Pt/C, and7 .5 ug cm™ for AuCu@Pt/C. Linear

sweep voltammograms of (B) AuCu@Pt/C and (C) Pt/C catalysts before (—) and

after (—) 30 000 cycles of stability testing. (D) Kinetic mass activities towards the

ORR of commercial Pt/C and AuCu@Pt/C before (gg) and after (gg) 30 000 cycles of

stability testing.[80]
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1.3.2 Non-Pt Based Metal Nanostructures for the Oxygen Reduction Reaction in

Acidic Medium for the PEMFC

1.3.2.1 Pd Based Nanostructures for the Oxygen Reduction Reaction in Acidic

Medium for the PEMFC

Palladium (Pd), with some intrinsic electrocatalytic performance towards the ORR, is
less expensive and more abundant than Pt and has received considerable attention
recently. In comparison to Pt, Pd has a greater résistance to methanol in DMFCs and
to CO in PEMFCs, and all these advantages have made Pd a substitute candidate for
the ORR in PEMFCs.[82] The ORR exchange current density for Pd is only 10
A/em’, however, and its intrinsic ORR activity (i.e., at 0.9 V vs. reversible hydrogen
electrode (RHE)) is nearly an order of magnitude lower than that of Pt in acidic
medium. Furthermore, the stability is still a big problem for Pd-based electrocatalysts
in PEMFCs.[24] Thus, to enhance the catalytic performance and stability of Pd,
various methods have been reported including as shape-controlled synthesis of well-
defined Pd nanocrystals,[43, 83] alloying Pd with another metal such as gold,[84]
iron,[25, 85] nickel[86], copper [87, 88] or cobalt[89, 90], etc. Many of these
outcomes have indicated the possibility of using Pd-based catalysts as more efficient
and stable catalysts for the ORR than Pt/C. The mechanism for improved catalytic

performance is very similar to that for Pt and thus is not described here in detail.
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Figure 1.20 a) High angle annular dark field — scanning TEM (HAADF-STEM)
image (top left panel) of AuPd(1:0.61)/C and its corresponding Pd (red) and Au
(green) elemental mapping images. The blue colour of the top right panel
corresponds to the carbon support of the AuPd(1:0.61)/C. b) Rotating disk electrode

(RDE) voltammograms for oxygen reduction in O,-saturated 0.5 M H,SO4 for bulk

)-U

t, Pt/C, Au/C, AuPd(1:0.15)/C, AuPd(1:0.49)/C, AuPd(1:0.61)/C, and
AuPd(1:0.73)/C electrodes at a scan rate of 10 mV s with a rotation speed of 1600
rpm. The current density was obtained by normalization to the electrode geometric
surface area (GSA). ¢) RDE voltammograms for the ORR obtained repetitively for
50 runs in an O,-saturated 0.5M H;SOj solution using an AuPd(1:0.61)/C loaded GC
electrode (scan rate of 10 mV s™).[84]

Lee et al.[84] synthesized a series of carbon-supported Pd shell coated Au NPs
for varying Pd precursor concentrations using a rather straightforward method. A
porous Pd layer formed spontaneously without any reducing agent and completely

encapsulated the Au NP core completely. RDE voltammetry results confirmed that
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some of the AuPd/C exhibited better ORR activity than the commercial Pt/C in terms
of the positive ORR onset and £, potentials, greater limiting current density, higher
n value (~4), and steeper RDE curve slope in the mixed kinetic-diffusion controlled
region, and the AuPd/C also showed good stability in the RDE tests (Figure 1.20). Pd
alloyed with transition metals could also produce highly efficient catalysts towards
the ORR, mainly because of the so-called strain effects and relatively smaller
coverage of Pd-OH on the Pd atoms. For example Adzic et al. reported the synthesis
of PdFe nanoparticles on carbon and they found that these nanoparticles exhibited
higher ORR catalytic performance compared with the Pt/C, indicating the possibility

of devising non-Pt efficient ORR catalysts.[25]

1.3.2.2 Other Precious Metal (Au, Ag, Ir, Rh, etc.) Based Nanostructures for the

Oxygen Reduction Reaction in Acidic Medium for the PEMFC

Gold and silver were also reported to have some catalytic performance towards the
ORR, however, their catalytic performance were relatively poor,[81, 91] while it
should be mentioned that the synthesis of well-defined gold or silver nanoparticles in
different shapes was relatively easier that that of Pt or Pd, mainly because of their
higher standard reduction potential. Thus, Au and Ag were extensively studied and
used as seeds to synthesize advanced nanostructures to mediate the properties of Pt
or Pd.[92-97] Other metals such as tin[98, 99] and iridium[100] have also been
reported to have relatively poor ORR activties due to the strong affinity for OH and
O species, leading to the formation of surface oxide coverage, although the ORR
activity of Ir could be increased by alloying with the first row of transition metals
(TMs), and a high methanol tolerance could also be obtained by addition of metal

chalcogenides to Ir.[98-101]
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1.3.3 Other Catalysts for the Oxygen Reduction Reaction in Acidic Medium for the

PEMFC

1.3.3.1 Macrocyclic Transition Metal Complexes for the Oxygen Reduction

Reaction in Acidic Medium for the PEMFC

A large variety of transition metal (e.g., Fe, Co, Mn, etc.) macrocyclic complexes,
such as N4-, N,O,-, N,S,--, O4-, and S4- systems showed a certain level of catalytic
activity towards oxygen reduction [27, 28]. Among these macrocyclic transition
metal complexes, the N4-chelate of a transition metal, such as iron- and cobalt-
porphyrins, phthalocyanines, and teteraazannulenes, are the most popular active
catalysts for the ORR, which is possibly because of the inductive and mesomeric
effects of the ligands on the central ion [2, 27].

Normally transition metal macrocyclic complexes do not have long-term stability
in concentrated acid or alkaline solution. It has been found that a thermal treatment at
high temperature (typically above 800 °C) is necessary to obtain a stable catalyst
[102, 103]. Even though the heat treatment could destroy the macrocyclic ring, the
N4 ring structure in porphyrin and similar macrocycles is still retained. After heat
treatment, not only would their stability be increased, but their ORR catalytic activity
would also be increased, even though the enhancement mechanism is still not fully

understood [104].

1.3.3.2 Transition Metal Nitrogen Containing Carbon Complexes (M-N-C) for the

Oxygen Reduction Reaction in Acidic Medium for the PEMFC

Since the discovery that heat treatment could significantly increase the ORR activity
as well as stability of catalysts in the 1970s [103], heat treatment has come to be

used in many other non-N4-macrocycles, and furthermore it was pointed out that
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highly catalytic sites could also be created even when the metallic centre was not
chemically attached to the macrocycle [105]. Soon afterwards, many other catalysts
were prepared in a similar manner, using much cheaper and more common inorganic
salts and carbon as starting materials and a wide range of N-containing chemicals as
the nitrogen source[103, 106-113]. Recently, Asefa et al.[111] used mesoporous
silica as template, and iron salts and polyaniline as the Fe, C, N sources to synthesize
mesoporous Fe-N-C catalysts showing comparable catalytic performance towards the
ORR with Pt/C. With the same concept, Miillen et al.[114] reported the synthesis of
Co-N-C and Fe-N-C using vitamin B12 and polyaniline-Fe as the metal, carbon, and
nitrogen sources. Their catalysts showed remarkable ORR activity in acidic medium
(half-wave potential of 0.79 V, only ~58 mV deviation from Pt/C), high selectivity
(electron-transfer number > 3.95), and excellent electrochemical stability (only 9 mV
negative shift of half-wave potential after 10 000 potential cycles). It has been shown
that the content of metal species plays a pivotal role in determining the ORR
catalytic performance of a catalyst, and thus, the optimal metal content has been
studied in many research groups. It was found that ORR activity increases as the iron
content increases from 1 to 10 wt.%, but the addition of more iron results in no

significant change to the activity [115].

1.3.3.3 Other Catalysts for the Oxygen Reduction Reaction in Acidic Medium for

the PEMFC

Other groups of materials such as transition metal chalcogenides and transition metal
carbides also show catalytic activity towards the ORR. Chalcogenides can catalyse
either 2-electron or 4-electron O, reduction, depending on the catalyst used. For

example, MosRu,Seg, Ruj.9o0Mog 0sSeO4, Ru,S,(CO),, Ru,Se,, etc. catalyze 4-electron
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transfer, while W-Co-Se catalyzes a 2-electron O, reduction reaction.[22] The
transition metal carbides, especially tungsten carbide, represent another type of non-
noble-metal catalyst showing activity towards the oxygen reduction reaction. For
example, Trassatti et al. reported[116] that WC, TaC, TiC, and TiN showed catalytic
activity towards the ORR in acid solutions, although these materials are not stable

either in acid or in alkaline solution.

1.4 Electrocatalysts for the Oxygen Reduction Reaction in Alkaline Medium

for the AEMFC

The kinetics of the ORR could be greatly enhanced, and the overpotential of ORR
could be significantly decreased in alkaline medium, and therefore, a wider selection
of electrocatalysts could be realized than in the acidic medium. Typically, Pt is still
the most efficient electrocatalyst for the ORR in alkaline medium, however, as the
kinetics of the ORR proceeds through a faster pathway, low-cost and more efficient
metal catalysts such as palladium[23, 24, 81, 117, 118] and much cheaper
electrocatalysts such as doped carbon[5, 103, 109, 119-121] and metal oxides on
doped carbon[122-124] were also developed with comparable electrocatalysts in the
last decade and are still attracting significant interests as a current research area.
With the development of novel solid alkaline membrane with high anion exchange
conductivities and the development of the anion exchange ionomer, [3, 125-129] the
performance of the AEMFC has been greatly increased to the same magnitude as that
of the PEMFC.[3, 126, 128, 130] All these advantages and developments have added
further incentives towards developing lower cost but highly efficient electrocatalysts

for the ORR in the AEMFC.
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1.4.1 Pd-based Electrocatalysts for the Oxygen Reduction Reaction in Alkaline

Medium for the AEMFC

Palladium (Pd), with poorer intrinsic electrocatalytic performance towards the ORR
compared to Pt in acidic medium, is competitive with Pd in catalysing the ORR in
alkaline medium due to the faster reaction kinetics of the ORR in alkaline medium.
The abundance of Pd is 200 times greater than that of Pt, and the price of Pd is only
20%-25% of that of Pt, which makes Pd a realistic alternative as a fuel cell catalyst in
alkaline medium. To further decrease the cost of Pd, Pd-based alloyed nanostructures
were synthesized and showed enhanced ORR performance over that of Pt/C due to

the lattice shrinkage or electronic changes.[24, 81, 117, 131]
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Figure 1.21 a-d) TEM images of the synthesized PdFe nanoleaves, and e) the ORR
polarization curves of commercial Pt/C, Pd/C (self-prepared by the EG method), Pd;-
NL/C, and Pd,-NL/C in 0.1 M NaOH, with bubbling O, (conditions: 10 mV/s, 2500
rpm, room temperature). [24]

For example, Li et.al [24] reported novel PdFe nanoleaves (NLs) with a diameter
of ~2 nm and a large surface are of > 50m?*/g prepared through a wet-chemistry-
based solution phase reduction synthesis route. They found that the PdFe NLs

exhibited a high reactivity towards electrocatalytic reduction of oxygen in 0.1 M
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NaOH electrolyte and exhibited a 3.0% increase in specific activity and a 2.7x
increase in mass activity, compared to those of a commercial Pt/C catalyst (at 0 V vs.
Hg/HgO). The electrocatalytic activity enhancement can be attributed to the unique
nanoleaf structure, i.e., extensive Pd (111) facets, large surface area, and more
resistance to Pd oxide formation. In addition, Pd alloyed with other metals such as
silver,[81, 117] nickel,[86, 131] etc. were also reported and showed competitive
ORR performance compared with the Pt/C. These findings have clearly provided a
promising strategy for producing highly efficient and low-cost electrocatalysts for

the ORR in alkaline medium for the AEMFC.

1.4.2 Doped Nano-Carbon Materials for the Oxygen Reduction Reaction in

AEMFCs

Following the discovery that N-doped vertically aligned carbon nanotubes could be
used as a metal-free efficient ORR catalyst [5], various new metal-free nitrogen
doped carbon catalysts have been developed for the ORR for fuel cell applications.
These discoveries have raised the possibility of using heteroatom (N[106, 132],
B[121, 133, 134], S[120, 135-137], P[138, 139]) doped carbon materials to substitute
for the commonly used high cost Pt electrocatalysts as low cost, “poison”-resistant,
and highly stable catalysts for the ORR process. Carbon black (CB) [140-142],
carbon nanotubes (CNTs) [5, 143-148], reduced graphene oxide (rGO) [5, 121, 149-
154], and graphene sheets (GS) [120] have all been proven to be promising efficient
catalysts upon doping. Among the various dopant atoms, N-doping is the most
widely available and thus the most widely used. N-doping could effectively alter the
spin density and the charge distribution of neighbouring atoms, which would induce

the activation of the carbon region on the surface of the nitrogen-doped carbons.[155,
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156] Through extensive research, it has been found that controllable doping (nitrogen
configuration) and the doped carbon material play a pivotal role in determining the

catalytic performance.

1.4.2.1 Approaches to Synthesizing Doped Carbon Materials

Various methods have been developed to doping foreign atoms into the graphene
lattice, including chemical vapor deposition,[119] thermal annealing with nitrogen-
containing precursors at high temperatures[111, 120, 121, 132, 135, 157, 158],
chemical reactions at relatively low temperatures[124, 137, 156, 159], and nitrogen
plasma treatment.[151, 160] These methods have all proved to be effective ways to
produce nitrogen doped carbon materials with various advantages and disadvantages.

Thermal annealing of the nitrogen source, such as ammonia or N-containing
polymers, is the most widely used method, and the nitrogen content and nitrogen
configuration can be well tuned via controlling the annealing conditions. Dai et al.
first reported that nitrogen doped carbon nanotube arrays produced through
annealing under ammonia atmosphere could be used as a metal-free ORR catalyst
with full methanol tolerance and better stability.[5] Their findings opened up an
exciting approach to explore efficient catalysts towards the ORR with low cost and
environmental friendliness. Following their research, many other N-containing
polymers such as urea,[161, 162] melamine,[107, 151, 157] and polypyrrole[158,
163] were reported as dopants in carbon materials with good ORR catalytic
performance [21, 150, 164-177].

When nitrogen atoms are introduced into graphene (G), three different types of
N-functional groups can be formed: pyridinic, pyrrolic, and graphitic N, as shown in

Figure 1.22. Pyridinic N refers to N atoms at the edges or defects of the G-plane,
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pyrrolic N atoms are incorporated into five-membered heterocyclic rings, and
graphitic N refers to N atoms that incorporate into and substitute for carbon atoms
within the G-plane. It has been well documented that with increasing temperature,
the nitrogen content would be reduced, possibly because the pyrrolic N is not stable
at high temperature [119]. The quaternary (graphitic) N and pyridinic N components
could be greatly increased through increasing the annealing temperature, however.
From comparing with the performances of different samples, it is believed that the
quaternary N and pyridinic N, rather than the pyrrolic N, serve as catalytically active

sites for the ORR, and this will be discussed in detail later on [106, 119, 156, 158].

20 3
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Q Quaternary N () Pyridinic N(_) Pyrrolic N
Figure 1.22 Schematic representation of N-doped graphene (grey balls for carbon
atoms, different coloured balls for different types of nitrogen atoms; a possible defect
structure is shown in the middle of the ball-stick model)
The solvent thermal method was also proposed to be an efficient way to produce

N-doped carbon materials. The oxygen-containing functionalities could reacted with

nitrogen-containing salts, such as ammonia,[124] urea,[178], ammonium thiocyanate
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(NH3SCN),[137] and ammonia boron trifluoride (NH3;BF3)[159] at elevated
temperatures and be incorporated into the carbon lattice through
cyclization/rearrangement. Unfortunately, the nitrogen configuration cannot be well
controlled during the doping process. Recently Dai et al. [124] reported the synthesis
of nitrogen doped graphene through hydrothermal reaction with ammonia, and they
then explored the application of cobalt oxide and nitrogen doped graphene as a
synergistic catalyst for the ORR. Even though the cobalt oxide showed limited ORR
performance, their composite exhibited remarkably high catalytic performance
towards the ORR, which is comparable to that of Pt/C, but with excellent methanol
tolerance and longer term stability. (Figure 1.27) They ascribed the high performance

to the strong synergistic effect between nitrogen doped graphene and the cobalt oxide.

10,000 15,000 20,000

1M EKDH

Figure 1.23 ORR performance and stability of catalysts. a) Oxygen reduction
polarization curves and b) chronoamperometric responses (percentage of current

retained versus operation time) of C0304/rmGO, Co304/N-rmGO, and a high quality
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commercial Pt/C catalyst in 0.1 M KOH electrolyte. c—d) Oxygen reduction
polarization curves (c) and chronoamperometric responses (d) after the electrolyte is
changed to 1 M KOH.[124]

Plasma treatment is a simple approach to material surface modification and can
be used for the introduction of foreign atoms, groups, or structures onto bulk scaffold
surfaces. N-doped carbon materials could also be fabricated through exposure to
nitrogen plasma treatment for a certain time. The N-content could be well regulated
by varying exposure time, although again, the nitrogen configuration is beyond

control with this method.[151]

1.4.2.2 Nitrogen Doped Graphene Based Materials for the Oxygen Reduction

Reaction in AEMFCs

Carbon materials also play an important role in determining the electrocatalytic
performance of the doped carbon electrocatalyst. Beginning with Dai’s research on
nitrogen doped vertically aligned carbon nanotubes,[5] various carbon materials,
including carbon black,[179] carbon nanotubes,[5, 146, 180-183] mesoporous
carbon,[111, 135, 184, 185] and other novel carbon architectures[161] were
synthesized and utilized for doping with nitrogen, and their electrocatalytic
performance towards the ORR was studied. They showed appreciable catalytic
performance with better poison resistance.

Among the various nano-carbon materials, chemically derived graphene oxide
[186-188] has been extensively used for doping owing to its easy preparation, high
surface area, and good thermal and electricity conductivity [156]. The introduction of
foreign atoms into the graphene lattice could effectively alter the spin density and

charge distribution of the neighbouring inert carbon atoms and thus provide
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reasonable catalytic activity [20, 135]. Miillen et al.[119] reported the synthesis of
nitrogen-doped ultrathin graphene using graphene oxide as precursor, based on
annealing under ammonia atmosphere at different temperatures. Through carefully
control of the annealing conditions and comparison of the corresponding X-ray
photoelectron spectra (XPS), they found that the nitrogen configuration could be well
tuned by varying the annealing temperature. Their results showed that an outstanding
ORR performance of the N-doped ultrathin graphene oxide could be obtained with
annealing at 900 °C. Combined with the XPS results, they concluded that the
electrocatalytic activity of nitrogen-doped graphene (NG) prepared between 600 and
900 °C could be ascribed to the enhancement of both the pyridinic and the graphitic
N contents, while the lower activity of NG1000 with respect to NG900 should be due
to the reduced pyridinic N in the matrix. Given that the two types of nitrogen atoms
with strong electron-accepting capability can create a net positive charge on the
adjacent carbon atoms in the resulting NG sheets, they assist with the adsorption of
oxygen and can readily attract electrons from the anode, thus facilitating the ORR

(Figure 1.24).
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Figure 1.24 (a, b) Electrocatalytic activity of N-doped graphene towards the ORR. a)
Rotating ring disk electrode (RRDE) linear sweep voltammograms (LSVs) of NG600,
NG800, NG900, NGI1000, and Pt/C at a rotation rate of 1600 rpm. b)
Electrochemical activity represented by the kinetic limiting current density (Jx ) at —
0.50 V for all NG and Pt-C samples. (c) High resolution N 1s XPS spectra of NG
samples. The peaks are fitted to three energy components centred at around 398.0,
400.0, and 401.3 eV, corresponding to pyridinic-N (N1), pyrrolic-N (N2), and
graphitic-N (N3), respectively. d) The contents of the three nitrogen species (N1, N2,
and N3) in NG sheets.[119]

It should be noted that the porosity of the doped carbon materials is very
important for providing large surface area and ample active sites for catalysing

oxygen and allowing mass transport. The chemically derived graphene sheets are
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vulnerable to stacking and aggregation, however, during the thermal treatment
processes, especially at high temperature when doping, due to the strong van der
Waals and hydrogen bonding between the water molecules and graphene sheets[ 189,
190], which would decrease the specific surface area, cause losses of active sites and
further hamper uniform doping, thereby compromising the overall properties of the
electrocatalyst.[157, 188-202] Thus, to further increase the ORR activity of the N-
doped graphene, graphene architectures such as mesoporous graphene and graphene
aerogel were synthesized and doped. Qiao et al.[135] used silicon nanoparticles as
hard templates for synthesizing N, S co-doped mesoporous graphene, and this novel
porous materials shows excellent catalytic activity, including a highly positive onset
potential and very high kinetic limiting current comparable with those of the

commercial Pt/C (Figure 1.25).
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Figure 1.25 a) Fabrication of N and S dual-doped mesoporous graphene (N-S-G)
nanosheets from graphene oxide. b-e) Electrochemical characterisation of the N-S-G,
N-G, S-G, G, and the Pt/C. b) CV curves of the N-S-G in O,- or Nj-saturated

electrolyte. b) LSVs of different samples at 1600 rpm. d) Koutecky-Levich (K-L)
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plots of different samples at — 0.6 V. e) Kinetic limiting current of different samples,
as well as the corresponding electron-transfer numbers at — 0.6 V. [135]

Graphene aerogel, which is synthesized via a feasible self-assembly
hydrothermal method, represents a novel class of 3D macroporous graphene
architectures with good mechanical properties.[158, 159, 196, 197, 203] The 3D
interconnected macropores can offer more active sites, multiple electron and ion
transport pathways, and easy access to the oxygen and electrolyte, thus minimizing
the transfer resistance of ions and electrons between the bulk electrode and the
electrolyte.[137, 158, 159, 195, 197, 203-206]. These excellent features suggest that
graphene aerogel could work as an outstanding ORR catalyst after doping. Miillen
et.al demonstrated the synthesis of Fe;O4 supported on nitrogen doped graphene
aerogels (N-GAs, Figure 1.26).[158] The graphene hybrids show an interconnected
macroporous framework of graphene sheets with uniform deposition of Fe;O4 NPs.
In studying the effects of the carbon support on the Fe;04 NP ORR catalyst, we
found that Fe;O4/N-GAs exhibits a more positive onset potential, higher cathodic
density, lower H,O, yield, and higher electron transfer number for the ORR in
alkaline media than Fe;O4 NPs supported on N-doped carbon black (Fe;O4/N-CB) or
N-doped graphene sheets (Fe;O4/N-GSs), which reveals the significance of the

porous structure in catalysing oxygen reduction.
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Figure 1.26 Structure and morphology of Fe;O04/N-GAs catalyst. (a) XRD pattern

and (b—d) typical SEM images of Fe;O4/N-Gas, revealing the 3D macroporous

structure and the uniform distribution of Fe;O4 NPs in the GAs. The red rings in (d)

indicate Fe;O4 NPs encapsulated in thin graphene layers.[158]
1.43 Metal Oxides Supported on Nitrogen Doped Carbon as Enhanced
Electrocatalysts for the ORR in AEMFCs

Metal oxide crystals, such as Fe,O,,[158] Co,0,,[122-124, 207-209] Cu,0,,[210]
Mn,O,[211, 212], which show poor ORR catalytic performance themselves, could be

used as efficient catalysts for the ORR in alkaline medium if they were supported
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with some kind of nitrogen doped or un-doped carbon support [123, 124, 207, 209,
210]. Moreover, in a promising development, when nitrogen doped graphene was
used as the carbon support, the unique charge transfer between the graphene-metal
interface [207] and the “synergistic effects” between nitrogen, carbon, and cobalt
atoms could effectively alternate the local electronic structure of the electrocatalyst
thus promoting the electrocatalytic activity towards the ORR. [122, 124]

Dai et al. [124] first explored the application of cobalt oxide and nitrogen doped
graphene as a synergistic catalysts for the ORR. Even though both graphene oxide
and cobalt oxide showed limited ORR performance on their own, their composite
showed remarkably high catalytic performance towards the ORR, which is
comparable with that of Pt/C, but with excellent methanol tolerance and longer term
stability (Figure 1.23). They ascribed the high performance to the strong synergistic
effect between the nitrogen-doped graphene and cobalt oxide. Following their
research, the novel metal oxides NiC0,04 [122] and NiCo,S4 [136] coupled with
graphene were also reported to have good electrocatalytic performance.

When alloying with a second atom in the oxide, the ORR catalytic performance
would also be enhanced [122, 212], which provides a new route to explore the range
of ORR catalysts based on metal oxides. With respect to this, Dai et al. [213]
synthesized a novel MnCo,04/N-doped reduced graphene oxide (N-rGO) nanosheet
hybrid as a highly efficient electrocatalyst for the ORR in KOH aqueous solution by
taking advantage of the high electrocatalytic activity of MnCo,04 compared to pure
Co304 and the strong coupling with N-rGO. The nucleation and growth method
results in covalent interaction between the MnCo,04 NPs and N-rGO nanosheets,
giving rise to much higher activity and durability than a simple physical mixture of

MnCo,04 NPs and N-rGO (Figure 1.28). Moreover, the Mn substitution mediates the
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size and phase of MnCo,04 and increases the activity of the catalytic sites of the
hybrid material, which eventually boosts the ORR activity compared with the pure
Co0304/N-rGO hybrid. Similarly, NiCo0,04-rGO [122] and NiCo,S-grahene
composites[136] were also reported with improved ORR catalytic activities and

better methanol tolerance.
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Figure 1.27 (a) CV curves of MnCo0,04/N-rmGO hybrid, MnCo0,04 + N-rmGO
mixture, Co304/N-rmGO hybrid, and N-rmGO on glassy carbon electrodes in O;-
saturated (solid line) or Nj-saturated (dash line) 1 M KOH. The peak position of Pt/C
is shown as a dashed line for comparison. (b) Rotating-disk electrode
voltammograms of MnCo;04/N-rmGO hybrid, MnCo0,04 + N-rmGO mixture,
C0304/N-rmGO hybrid, N-rmGO, and Pt/C in O,-saturated 1 M KOH at a sweep rate
of 5 mV/s at 1600 rpm. (c¢) Rotating ring—disk electrode voltammograms of

MnCo0,04/N-rmGO hybrid and MnCo,04 + N-rmGO physical mixture in O;-
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saturated 1 M KOH at 1600 rpm. The disk potential was scanned at 5 mV/s, and the
ring potential was constant at 1.3 V vs RHE. (d) Percentage of peroxide (bottom)
with respect to the total oxygen reduction products and the electron transfer number
(n) (top) of MnCo,04/N-rmGO hybrid andMnCo0,04 + N-rmGO mixture at various
potentials based on the corresponding RRDE data in panel (c). Catalyst loading was

0.10 mg/cm? for all samples. [213]

1.5 Research Goals and Outline

As discussed above, the commercialization of fuel cells (either PEMFC or AEMFC)
relies on the development of novel, efficient catalysts with low cost and
environmental friendliness. The main objective of this study is to develop a novel
electrocatalyst with high catalytic activity towards the ORR and better stability to
replace or lower the utilization of Pt in the cathode catalyst of fuel cells. The major
contents of this study include the synthesis high performance electrocatalysts based
on Pt alloyed nanoparticles (with noble metal or non-noble metal) for catalysing the
ORR in acidic environment for PEMFCs, and non-Pt electrocatalysts, nanostructured
metal oxides, and metal-free catalysts based on doped graphene materials for
catalysing the ORR in a basic environment for the AEMFC. Such a study will
provide a fundamental understanding of the catalytic performance of different kinds
of catalyst towards the ORR and will have benefits for the development of novel
electrocatalysts for the PEMFC or AEMFC with good efficiency, better stability, and
low cost compared with the state-of-the-art Pt/C electrocatalysts.

In Chapter 3, the synthesis of low-Pt-content electrocatalysts is investigated by
stabilization of Pt on hollow palladium surfaces. Such a unique structure would

effectively prevent Pt nanoparticle aggregation under long term testing conditions,
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thereby increasing the stability of the Pt. Furthermore the strong interactopm
between Pt and Pd would further decrease Pt-OH formation during the ORR process,
thus providing enhanced performance. As a result, this catalyst exhibits better
catalytic performance as well as better stability towards the ORR than the
commercially available E-Tek Pt/C catalysts.

In Chapter 4, the synthesis of a high surface area electrocatalyst is reported —
mesoporous PtCu alloyed hollow nanostructures. The incorporation of copper into Pt
the lattice would significantly reduce the cost of the electrocatalyst as a whole, and
the “strain effects” between Pt lattice and the Cu, as well as the novel hollow porous
structure, would provide large surface area and abundant active sites for oxygen
adsorption and desorption. This electrocatalyst showed several orders of magnitude
higher specific area activity compared with that of the Pt/C at operating potential of
0.510 V (vs. Ag/AgCl), and it showed very good stability in the accelerating
durability tests.

In Chapter 5, with the method developed for synthesizing mesoporous PtCu, a non-Pt
Pd-based alloy with Ni is reported as an electrocatalyst with porous and hollow
features and uses it as more an efficient electrocatalyst compared with Pt in alkaline
medium for the AEMFC. We alloyed Pd with the cheap metal nickel to significantly
further reduce the cost of Pd and enhance the performance of the Pd. The resultant
electrocatalysts showed better electrocatalytic performance and durability.

In Chapter 6, a new method associated with vapour phase polymerisation was
developed for fabricating nitrogen-doped crumpled graphene, in which the nitrogen
configuration and content could be well tuned. In contrast to other reported N-doped
graphene aerogels, the fabricated N-graphene aerogel showed microporous crumpled

features. Even the macroporous 3D structure was destroyed for the purpose of
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preparing ORR electrodes or Mesa This unique microporous structure could offer
higher surface area and a more open structure. The electrochemical tests, as well as
the AEMFC testing, provided more convincing evidence that non-metal
electrocatalysts could work as efficient catalysts in the AEMFC, as well as useful
information for developing metal-free electrocatalysts.

In Chapter 7, cobalt oxide core-shell nanostructures were used to enhance the ORR
performance of nitrogen doped graphene aerogel in alkaline medium. Through
careful comparison, it was concluded that the well-defined core-shell structures of
the cobalt/cobalt oxide as well as the porous structure of the nitrogen graphene
supports result in catalysts with much better catalytic performance compared with the
nitrogen-doped graphene aerogel or cobalt oxide/nitrogen doped graphene aerogel. In
addition, the catalysts showed comparable catalytic performance to Pt/C towards the

ORR, which was also examined in the AEMFC tests.
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2.1 Reagents and Materials

Chemicals Grade Supplier
1-Butanol (C4H;,0) A.R. Sigma-Aldrich
Acetone AR. Ajax Finechem
Ammonium solution (28 wt%, NH;OH) AR. Sigma-Aldrich
Carbon black (Vulcan XC 72R) - CABOT
Chloroplatinic acid solution (8 wt% H,PtCly) AR. Sigma-Aldrich
Citric Acid (CsHgO7) A.R. Sigma-Aldrich
Cobalt chloride (CoCl,) A.R. Sigma-Aldrich
Copper chloride dihydrate (CuCl,-2H,0) A.R. Sigma-Aldrich
Ethanol (CH;OH) A.R. Ajax FineChem
Graphite AR. Sigma-Aldrich
Hexadecyltrimethylammonium bromide (CTAB) A.R. Fluka
Hydrazine Solution (30 wt.%, N,H,) AR. Sigma-Aldrich
Hydrochloride Acid (35 wt.% HCI)

Iron(II) p-toluenesulfonate hexahydrate (FeToS) A.R. Sigma-Aldrich
Isopropanol (C3H30,) AR Ajax FineChem
L-ascorbic acid (L-AA) A.R. Sigma-Aldrich
N,N,N',N'-Tetramethyl-1,6-hexanediamine

AR. Sigma-Aldrich
(TMDA)
Nafion® 117 Membrane - Sigma-Aldrich
Nafion® 117 solution (~5% in a mixture of lower

AR. Sigma-Aldrich
aliphatic alcohols and water)
Nickel chloride hexahydrate (NiCl,-6H,0) AR. Sigma-Aldrich
Palladium(II) chloride (PdCl,) AR. Sigma-Aldrich
Perchloric Acid (70wt%, HCIO,) AR. Sigma-Aldrich
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Phosphoric acid solution (85 wt%, H;POy)

Poly(tetrafluoroethylene) (PTFE)
Poly(vinylbenzyl chloride) (PVBC)
Potassium Hydroxide (KOH)
Potassium permanganate (KMnQO,)
Pt/C (20wt.% Pt on Vulcan XC72R)
Pyrrole (distilled)

Sodium borohydride (NaBHy)
Sodium Hydroxide (NaOH)
Sulphuric Acid ( 98wt.%, H,SOy4)
Urea (CN,H,0)

VBC-grafted-ETFE Membrane

AR.

AR.

AR.

AR.

AR.

AR.

AR.

AR.

AR.

AR.

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
E-Tek
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Ajax FineChem
Sigma-Aldrich

University of Surrey

2.2 Physical Characterization

2.2.1 X-ray Diffractometer (XRD)

X-ray Diffractometer (XRD) is a non-destructive technique that could be used to
determine the chemical structural properties and crystallinity of metal or metal alloy
nanocrystals. In this study, a GBC MMA diffraction metal (GBC Scientific Equipment
Pty Ltd, Australia) with a monochromatic Cu-Ko radiation source was utilized to
confirm the structural properties and particle size of metal or bimetallic catalysts. The

XRD equipment and a typical XRD pattern of the commercial Pt/C (20 wt. % Pt on

Vulcan XR 72C, E-Tek) was shown in Figure 2.1.
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Figure 2.1a) Digital image of the X-ray diffractometer and b) the typical XRD curves of
the commercial E-Tek Pt/C (20 wt. % on Vulcan XR 72C) recorded at a scan rate of

2°/min.

2.2.2 Raman Spectroscopy
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Figure 2.2 a) The digital photo of the JOBIN YVON HRS800 confocal Raman
Spectrometer and b) a typical Raman Spectrum of graphene oxide at the excitation laser
of 632.81 nm.

Raman spectroscopy is a spectroscopic technique to observe vibration, rotational and
other low-frequency mode in a system. In this study, a JOBIN YVON HR800 confocal
Raman Spectrometer (HORIBA, Pty Ltd., France) with the laser beam of 632.81nm at
room temperature was select to determine the surface functionality of graphene oxide,

reduced graphene oxide, graphene aerogel, nitrogen doped graphene, and cobalt oxide-
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graphene composite etc. The corresponding used Raman equipment and a typical

Raman spectrum of graphene oxide is shown in Figure 2.2.

2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to obtain
an infrared spectrum of one sample. Such infrared spectrum represents a fingerprint of a
sample with absorption peaks which correspond to the frequencies of vibrations
between the bonds of the atoms making up the material and thus could be used to
identify the chemical composition of samples. In this study, we used Shimadzu FTIR
Prestige-21(Shimadzu Scientific Instruments, Australia) to analyse the chemical
bonding of graphene, graphene polypyrrole (PPy) samples. Figure 2.3 shows the

corresponding used FTIR instrument and a typical FTIR spectrum of PPy.
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Figure 2.3 a) Digital image of the Shimadzu Prestige-21Fourier transform infrared

spectrometry and b) the typical FTIR spectrum of PPy

2.2.4 UV-visible Spectroscopy

UV-Visible (UV—vis) spectroscopy is routinely used in analytical chemistry for the
quantitative determination of different analyses, such as transition metal ions, highly
conjugated organic compounds, and biological macromolecules. In this study, we

carried out the in-situ UV-Vis spectroscopy (Shimadzu UV 1800 spectrophotometer) to
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monitor the formation and sacrifice of copper nanoparticle in the colloids (Chapter 4)
and to identify the formation of graphene oxide from a chemical oxidation method
(Chapter 6). The corresponding used UV-Vis equipment and an example of UV-vis

spectrum of copper nanoparticle colloids were shown in Figure 2.4.

T T T L} T T
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2.4 a) Digital image of the Shimadzu UV 1800 spectrophotometer and b) a

typical spectrum of the copper nanoparticle dispersed in de-oxygen water.

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition at the parts per
thousand range, empirical formula, chemical state and electronic state of the elements
that exist within a material. In this study, we use XPS to study the electronic structure
and element composition of various samples, which would be further discussed in later

chapter. The used XPS equipment was shown in Figure 2.5
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Figure 2.5 The digital image of the X-ray photoelectron spectrometer

2.2.6 Thermogravimetric Analysis (TGA)
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Figure 2.6 a) The digital photo of the Q500 TGA analyser and b) TGA curves of the
commercial E-Tek Pt/C under air environment at a ramp heating rate of 10 °C min™
from room temperature to 750°C

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes in
physical and chemical properties of materials are measured as a function of increasing
temperature (with constant heating rate), or as a function of time (with constant

temperature and/or constant mass loss). In this study, a Q500 TGA analyser (TA
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Instruments, UK) was used to determine the loading amount of metal, metal alloys on
carbon support. Figure 2.6 shows the TGA equipment and the typical TGA curves of
the commercial Pt/C (20 wt.% Pt loading on the Vulcan XR 72C, E-Tek). Determined

from the curves, the Pt loading is about 20.5 wt.% for the commercial E-Tek Pt/C.

2.2.7 Inductively Coupled Plasma—Mass Spectrometry (ICP-MS)

Inductively coupled plasma—mass spectrometry (ICP-MS) is a type of mass
spectrometry which is capable of detecting metals and several non-metals at
concentrations as low as one part in 1012 (part per trillion) by ionizing the sample with
inductively coupled plasma and then using a mass spectrometer to separate and quantify
those ions. In this study, we use the ICP-MS (Thermo Scientific, Australia) to determine

the metal compositions of the bimetallic catalysts.

2.3 Electrochemical Methods

2.3.1 Cyclic Voltammetry

Cyclic Voltammetry (CV) is the most useful technique in electrochemistry. It can
quickly provide qualitative information about catalysts and electrochemical reactions,
such as the electrochemical response of the catalysts and the catalytic activity of the
catalysts with respect to some electrochemical reactions. In a classic cycle of CV
triangle waveform, the potential is swept from an Initial E, to vertex E and back to Final
E. Repeating this waveform for multi-times will perform multi-cycles of CVs.

In this study, CV was performed using a CHI 720C bipotentiostat (CH instruments,
USA) was mainly used to determine the electrochemical active surface area (ECSA),
which is a crucial index figure in Pt or Pd contained electrocatalyst. Through this index,

we can get how much ratio of Pt was activated when it was use to oxygen reduction and
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hence to characterize the dispersion of Pt in its support materials and also whether the
micro-structure of Pt is suitable towards ORR. Besides CV was also used to
preliminarily study the oxygen reduction reaction (ORR) responses on the non-noble

metal based electrocatalysts.
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Figure 2.7 Typical CV curves of commercial E-Tek Pt/C at a scan rate of 50 mV/s in
0.1 M HCI104 solution saturated with high purity N, at room temperature.
For the ECSA measurements on noble catalysts, the CV was recorded in high purity N
saturated 0.1 M HCIO; electrolyte (Figure 2.7).[1] The calculation of ECSA (S,.¢) can
be obtained by following equation

Sact = Qn / Qno Equation 2-1
Where Q,, refers to specific charge transfer due to hydrogen adsorption and desorption,
Qo refers to the theoretically adsorption of hydrogen per real cm?® of Pt with monolayer,

Qno=210 pC/ecm?. The Q;, could be obtained from the following equation:

Qn = % (Q: — Qp1) Equation 2-2
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Where Q, is the total specific charge transfer in the hydrogen adsorption/desorption
potential region and Qp; is the specific capacitive charge in the double layer of both Pt
and the carbon supports. Q; could be obtained by integration of the CV curves in the

relevant potential region:
Q; = l—l)f;(ld — 1) dE Equation 2-3

Where v is the scanning rate, I; and I, are the specific current of desportion and
adsorption, respectively, and E is the potential. Qp; can be similarly obtained by

integrating the double layer charging region.

2.3.2 Linear Sweep Voltammetry

Linear Sweep Voltammetry (LSV) is a simpler subset of cyclic voltammetry, consisting
of a single unidirectional voltage sweep. In our study, the LSV technique was used to
obtain the steady state polarization curves of the electrocatalysts towards the ORR.
Typically, the LSV was recorder in either 0.1 M HCIO4 or KOH electrolyte at a scan
rate of 5 mV s-' for noble metal based electrocatalysts modified electrode and 10 mv s™
for non-noble metal based electrocatalysts modified electrode since further decrease of

scan rate result in no change in the LSV curves.

2.3.3 Rotating (Ring) Disk Electrode Technique

The rotating ring-disk electrode (RRDE) is double working electrode used in
hydrodynamic voltammetry in a three electrode system, it could be used as a rotating
disk electrode if the ring is left inactive during the experiment. In this study, we use
RDE or RRDE to study the mechanism of the ORR on various catalysts modified

electrodes (Figure 2.8a).
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Figure 2.8 a) Digital photo of the rotating ring disk electrode (RRDE) used in the
experiments and b) the RRDE curves obtained on a Pt/C modified electrode at a scan
rate of 5 mV s™ in 0.IM O, saturated HCIO, electrolyte, the applied potential on the
ring is 1V.

The electron transfer number during the ORR could be exactly calculated through
the well-known Levich-Koutechy equation as below: [2]

L
ok Bz

Equation 2-4

B= O-an(Doz )2/3 v) e C02 Equation 2-5

Where jy is the kinetic current and o is the electrode rotating rate. F is the Faraday
constant (F = 96485 C mol-1), Do, is the diffusion coefficient of O, v is the kinetic
viscosity, and Co; is the bulk concentration of O,. The constant 0.2 is adopted when the
rotation speed is expressed in rpm. For the RDE data analysis, three non-
electrochemical kinetic parameters, such as the diffusion coefficient of O,, the
kinematic viscosity of the electrolyte solution, and the solubility of O, must be known

accurately. These parameters are all temperature dependent. Their values are also
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slightly dependent on the electrolyte used lists these parameters at various conditions.
Table 2.1 shows the non-electrochemical kinetic parameters for the RDE data analysis.

Table 2.1 Non-electrochemical kinetic parameters for the RDE data analysis

Experimental Diffusion Kinematic viscosity of
Solubility  of
Conditions (T, | coefficient of O, | the electrolyte Ref
0,, mol cm™
electrolyte) cm’s™t solution, cm?s™
0.1 M HCI1O4, 20°C 1.67x10° 0.01 1.38x10° [3]
0.5 M H,S0,, 25°C 1.4x10° 0.01 1.1x10°° [4]
0.1 M KOH, 25°C 1.9x107 0.011 1.2x10° [5, 6]
0.1 M NaOH, 25°C 1.65x107 0.011 8.4x107 [7]

The intermediates produced on the disk electrode in the ORR process could be
detected on the ring and be further used to deduce the ORR mechanism in the RRDE
method. In this study, we conduct the RRDE measurement on the PtCu electrocatalysts
to study the mechanism of the ORR occurred on the PtCu modified electrode by
determination of the generation of H,O,. Figure 2.8b shows the RRDE polarization
curves obtained on the commercial Pt/C modified electrode with the constant ring
potential at 1V. The number of electrons exchanged in the ORR (n) and the percentage

of hydrogen peroxide (% H,0O,) can be obtained using the following equations.

4lp )

n= Equation 2-6
1o+(E) !

%H,0, = 100(4-n) Equation 2-7

2

Where Ip is the disk current, Ig is the ring current and N is the collection efficiency
of the RRDE apparatus used in this study which is 0.37 determined using the Fe"/Fe™

redox system in a solution containing 1 mM K;Fe(CN)4 and 0.1 M NaNOs.
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2.3.4 Specific Area Activity and Mass Activity

To detailed study the electroactivities of the electrocatalyst, the kinetic current is
calculated from ORR polarization curves by considering the mass-transport correction

using the Levich-Koutecky equation:

11,1 , Equation 2-8
12 lk ld
where ij is the kinetic current and i; is the diffusion limiting current) and
normalized against to ECSA and mass of electrocatalysts to compare the specific area

activity and mass activity.[8]

2.3.5 Single Fuel Cell Test

The hydrogen oxygen fed proton exchange membrane and anion exchange membrane
fuel cell tests were conducted to obtain the real performance of the catalysts in a real
operating environment. The cell configuration is as depicted in Figure 2.9. As could
been seen, the cell was constructed with two graphite plate sandwiched with the core
part of fuel cell — membrane electrode assembly (MEA). The MEA was prepared
through sandwiched using gas diffusion layer (GDL) loaded with catalysts and a
membrane (either proton or anion exchanged). Although the preparation method of
GDL is different for PEMFC or AEMFC, the assembly configuration is exactly the

same except the different membrane used.
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Figure 2.9 a) Digital figure of the single fuel cell hardware and b) schematic illustration
of cell configuration

To test the single cell performance, an 850¢ fuel cell test system (Fuel Cell
Technologies, Inc., USA, Figure 2.10) fed with humidified hydrogen and oxygen
respectively was used. In a typical testing procedure, polarization curves were recorded
using a current scan method by holding the cell at each current for 60s in order to get
the steady-state potential value with a scan rate of 10 dec/pt from OA to a certain current
or using a potential scan method by holding the cell at each potential for 60s in order to
get the steady-state current value with a scan rate of 25 mV s from 0.95 V to a certain
potential. For PEMFC, the cell temperature was maintained at 80 °C with back pressure
of 15 psi and the gas flow was controlled at 0.08 mL min™' with humidifier temperature
at 80 °C. For AEMFC, the cell temperature was maintained at 60 °C without back
pressure and the gas flow was controlled at 0.6 mL min" with humidifier temperature at
60 °C. Figure 2.10b gives the steady-state polarization curves of PEMFC using E-Tek
Pt/C (20 wt.%) as cathode catalysts with loading of 0.4 mgpt.cm'2 at 80 °C using a scan

current technique.
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Figure 2.10 a) The single fuel cell testing system and b) the steady-state polarisation
curves of the commercial E-Tek Pt/C electrocatalysts. Pt loading amount are 0.4 mg cm’

2 at the cathode, 0.2 mg cm™

at the anode. Operating conditions: Humidifier
temperatures are 80°C for anode, 75°C for the cathode, cell temperature is 80°C and the

back pressure is 1.5 atm.
2.4 Synthesis of Nanostructured Electrocatalysts

2.4.1 Sacrificial Template Method in Preparing Hollow Nanostructures

In this study, the sacrificial template method was employed to synthesize various Pt or
Pd based nanostructures with hollow features, which have larger specific area and thus
having great advantageous in producing high electroactive electrocatalysts for the ORR.
[9, 10] The scheme for synthesis of gold-silver nanocages using a sacrificial template is

illustrated in Figure 2.11. [11]
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Figure 2.11 Schematic illustration detailing all major steps involved in the formation of
Au-Ag nanocages with well-controlled pores at the corners.[11]

In our experiment, metal nanoparticle with relatively lower standard reduction
potential was firstly synthesized thorough borohydride or hydrazine reduction method,
then the later added metal ions with higher standard reduction potential, the galvanic
replacement would occur immediately, the second ions would be reduced and deposited
on the surface of first metal surface and diffused into first metal atoms and hollow

bimetallic nanostructure would therefore be formed.

2.4.2 Synthesis of Graphene Oxide through an Improved Hummers Method

The chemical derived graphene oxide was extensively used in research because of its
ease preparation. In this study, we used the improved method to synthesize graphene
oxide, which is reported by Tour et.al.[12] In a typical synthesis procedure, a 9:1
mixture of concentrated H,SO4/H3PO4 (360:40 mL) was added to a mixture of graphite
flakes (3.0 g) and KMnO4 (18.0 g), producing a slight exothermal to 35-40 °C. The
reaction was then heated to 50 °C and stirred for 12 h. The reaction was cooled to RT
and poured onto ice (400 mL) with 30% H,0O, (13 mL). The mixture was washed with
HCI acid (10 wt. %) and centrifuged (4000 rpm for several times), the supernatant was
decanted away. The remaining solid material was filtered over a PTFE membrane with a

0.45 m pore size. The solid obtained on the filter was vacuum-dried overnight at room
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temperature, obtaining 5.8 g of product. Dialysis was finally used for 2 weeks with

exchanging water several times to complete remove acid and metal ions.

2.4.3 Synthesis of Graphene Hydrogel and Aerogel

In this study, we utilize the graphene aerogel as supporting materials and catalysts for
the ORR in alkaline medium because of its open structure could provide ample ion
transfer channels and mass diffusion channels. The conventional synthesis procedure
involves in a hydrothermal method.[13] In the procedure, the graphene oxide with a
concentration of 2 mg/mL h was sealed in a 16-mL Teflon-lined autoclave and
maintained at 180 °C for 12 h. Then the autoclave was naturally cooled to room
temperature and the as-prepared graphene hydrogel were taken out with tweezers and to
synthesize graphene aerogel, the hydrogel was freeze drying for 12 hours. The process
could also been simplified by adding weak reducing agent, such as ascorbic acid and
keeping in mild temperature for less hours. In our process, a 20 mL GO (4 mg mL™)
with 320 mg L™ ascorbic acid solution were mixed and sonicated for 10 min before
placing in a water bath at 70 °C for 4 hours. After reduction, the graphene hydrogels

were carefully taken out and purified by distilled water for one week.

2.4.4 Vapor Phase Polymerization Method

Vapor phase polymerization is a well-developed method in our group in producing
inherent conducting polymer films with high conductivities, uniformities at the
nanoscale on certain substrates.[14] In this study, it was employed to produce uniform
PPy films on the graphene hydrogel to fabricate uniformly nitrogen doped graphene
sheets. In a typical synthesis procedure, hydrogels were firstly converted to alcogels by
exchanging with ethanol for several times and then submerged into Iron (III) p-

toluenesulfonate (FeToS) butanol solution. After that alcogels were dried in a
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conventional oven at 100 °C for 30 minutes to prepare FeToS films on the graphene
aerogel sheets. To synthesize PPy on graphene alcogels, these alcogels were placed in
sealed flasks saturated with pyrrole (Figure 2.12) monomer for 1 hour in an oven at
60 °C to polymerized polypyrrole on the graphene sheets. After vapor phase
polymerization, the PPy- alcogels were washed with copious amount of ethanol and
water several times to completely removed unreacted oxidizing agent, pyrrole and

butanol.

FeToS Deposited GA

Pyrrole Monomer

Figure 2.12 Schematic illustration of the vapour phase polymerisation chamber

2.4.5 Fabrication of Membrane Electrode Assembly

The fabrication process of gas diffusion electrodes (GDEs) and membrane electrode
assembly (MEA) are shown in Figure 2.13. The process for PEMFC and AEMFC was
almost the same except the use of different membrane and ionomer. For the GDE
preparation, ink slurry containing catalysts and ionomer (approximate 30 wt. % of the
catalysts) dispersed in isopropanol (PEMFC) or ethyl acetate (AEMFC) was sonicated
for 1 hour to obtain the well dispersion. Then this dispersion was spray coated onto the
gas diffusion layer (GDL) using an air brush technique (Sonotek Spray Coating System)

and dried in a vacuum oven at 60°C (AEMFC) or 100 °C (PEMFC) for 6 hours. For
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PEMFC, the MEA was directly assembled by sandwiching a piece of Nafion membrane
between two GDEs and the cell is tightening to 4 N with a torque wrench. For AEMFC,
the anion exchange membrane, in this case an electron-beam-grafted ETFE as alkaline
anion-exchange membrane [15] and the GDEs were submerge t in 1.0 mol dm™ KOH
for 1 hour and washed extensively with water. The MEA is constructed within the fuel
cell by placing the electrode against the membrane without hot pressing. The cell is

tightening to 5.5 N with a torque wrench.

Electrocatalysts
lonomer

Electrocatalysts Ink

Gas Diffusion Electrodes

Gas Diffusion Layers

Gas Diffusion Electrodes
(Anode)

Membrane Electrode Assembly
(MEA)

Membranes

Gas Diffusion Electrodes
(Cathode)

Figure 2.13 Fabrication process for the gas diffusion electrodes and membrane electrode

assembly
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3.1 Introduction

Fuel cells have recently attracted a great number of concern owing to its fast start-up,
high energy density and low environmental impact and thus are believed to be
promising solution for today’s increasing demand on energy.[1, 2] It is generally
believed that the performance of fuel cells is kinetically limited at the cathodic oxygen
reduction reaction (ORR) step because of its relatively sluggish reaction mechanism.[1-
3] Although many non-metal or non-precious metal electrocatalysts have been
developed in order to lower the catalyst cost,[4-7] currently platinum (Pt) nanoparticles
(with size from 2-3 nm) on carbon supports is considered to be the most efficient
catalysts for the ORR process, however, the high cost, low utilization and poor stability
issues are the major challenges hindering wide-spread commercialisation of fuel cell
technology.[8] The question here becomes one of finding practical ways to reduce the
cost and at the meantime to increase the catalytic efficiency and stability of Pt catalysts.

In order to reduce the cost and enhance its catalytic efficiency and stability, alloying
of Pt with noble elements such as Pd,[3] Au,[9] Ir,[10] etc. has been extensively
investigated and proved to be effective due to the change on the electronic and
geometric structure of Pt.[11-13] Among these Pt-based alloy electrocatalysts, Pt-Pd
systems have attracted particular attention because the less expensive Pd has similar
intrinsic ORR catalytic activity as Pt, and is stable in acidic solutions, therefore the
combination of Pt with Pd would not only reduce the cost of Pt but also enhance the
catalytic performance of the Pt-based catalysts. Moreover, the stability of Pt-Pd
electrocatalysts was also seen to be improved due to the changes on the geometric
structure of Pt.[3, 13, 14] With this respect, many strategies have been developed for the
synthesis of Pt-Pd catalysts with different structures such as alloys, dendrites, core-

shells, multiple-shells, and monolayer.[3, 11, 15-19] However, conventionally, Pt on Pd
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nanoparticles were often synthesized by using Pd as sacrificial template or Pd seed-
mediated reduction method, resulting in additional cost from Pd or random nucleation
problem of Pt in reductive media[11, 18, 19]. More effort is still needed to explore the
methods for the controllable synthesis of Pt on Pd in a large scale.

In this chapter, we demonstrate a simple approach based on modified galvanic
replacement reaction that is capable of stabilized growing Pt on the surface of Pd hollow
particles directly, which produced excellent bimetallic electrocatalysts Pt-Pd with longer
term durability and higher catalytic activities. The sacrificial template (galvanic
replacement), which was firstly well demonstrated by Xia’s group[20], has been widely
applied to synthesise nanocrystals with hollow features[21]. In this study, the utilization
of the hollow shaped Pd nanoparticle would increase the specific area, provide more
active sites and mass transfer channels for the electrocatalysts. When the Pt precursor
was reduced by accepting the electrons transported from the sacrificial template beneath
Pd layer, Pt nanoparticles would be nucleated onto the surface of the Pd hollow
nanostructure forming the Pt-Pd alloyed nanostructures. The as-synthesized Pt-Pd has
been physically characterized showing their alloyed nature and the hollow shaped
morphologies. In addition, the electrochemical tests also revealed the synthesized Pt-Pd
electrocatalysts with much improved catalytic activities and stabilities compared with

the commercial E-Tek Pt/C (20 wt.%).

3.2 Experimental

3.2.1 Reagents

Sodium citrate (Sigma-Aldrich, 99%), Sodium borohydride (NaBH4, Sigma-Aldrich,
98.5%), Cobalt chloride (CoCl,, Sigma-Aldrich, 98%), Palladium chloride(PdCl,,

Sigma-Aldrich, 99.9%), Chloroplatinic acid (K,PtCls, Sigma-Aldrich, 99.9%), Pt/C (20
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wt, E-TEK) and Nafion 117 solution (Sigma, ~5%), carbon fibre paper (GDL, 5 cm?),
acetone (Sigma), perchloric acid (ACS reagent, 70%, HCIO4, Sigma-Aldrich)were used

as received.

3.2.2 Synthesis of Pt-Pd Bimetallic Hollow Nanoparticles

The Pt-Pd bimetallic nanoparticles were synthesised as the follows. Firstly, cobalt
nanoparticles was firstly synthesized and used as a sacrificial template Pd nanoparticles
growth. In Brief, 2.6 mg CoCl, and 15 mg sodium citrate were dissolved in 50 mL
Milli-Q water under vigorous stirring and purged with high purity N, for 30 minutes.
An ice-cold solution of NaBH,4 (3.8 mg in 2 mL of H,O) was added dropwise to the
solution with stirring and N, bubbling. After 60 min, 0.71 mg PdCl, was dissolved in 10
mL deoxygenated HCI solution and then added dropwisely to the Co solution with
stirring. Upon the completion of the galvanic replacement reaction of Co nanoparticles
with PdCLy*, 10 mL deoxygenated aqueous solution containing 4.98 mg K,PtCl, was
added and kept stirring for 60 min. For electrochemical measurements, the Pt-Pd
nanoparticles were supported on carbon black to a loading amount of 20 wt% by mixing
the above colloids and functionalised CB water dispersion and stirring overnight.
Before filtration, an aliquot amount of acetone was added with stirring for another 2
hours, then the products were rinsed with water for several times to remove any
unreacted substrate or surfactants and dried at 80 °C overnight and collected. To make a
comparison of different Pt/Pd ratio on the ORR performance, different ratio of Pt/Pd

were also prepared with Pt/Pd equalled 3:1, 2:1, 1:1, 1:2 and 1:3 respectively.

3.2.3 Preparation of Pt Hollow Nanoparticles

To make comparisons, the hollow shaped Pt nanoparticles on carbon supports was also

synthesized and the preparation process was under identical conditions as that of the Pt-
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Pd except only K,PtCl, (5.8 mg in 10 mL H,0) was added dropwise to the synthesized

Co nanoparticles solution.

3.2.4 Physical Characterisations

The transmission electron microscope (TEM) images of samples were taken using a
JEOL JEM-2200 FS transmission electron microscope operated at 200 kV. Energy
dispersive X-ray spectroscopy (EDS) in the scanning transition electron microscopy
STEM mode was employed for elemental composition and distribution of the catalyst
particles. Samples for TEM were prepared through placing one drop of the cleaned
nanoparticles ethanol dispersion on gold grid (200 mesh). The powder X-ray diffraction

(XRD) patterns were recorded with a PANalytical X'Pert Pro MRD.

3.2.5 Electrochemical Characterisations

Electrochemical measurements were performed using a glassy carbon rotating ring disk
electrode (RRDE, Pine Research Instrumentation, disk area=0.196 cm?”) connected to a
CHI 720c potentiostat (CHI instrument) in a standard three-electrode cell with a Pt wire
as the counter electrode and a 3 M KCI saturated Ag/AgCl electrode as the reference
electrode. An electrochemical cell (Pine Instrument) was filled with about 100 ml 0.1M
perchloride acid and covered with a Teflon cap. The eletrocatalysts ink was prepared by
dispersing the electrocatalysts in 5% Nifion/H,O/isopropanol (m/m/m/=0.5/10/50) to
reach a Img/ml dispersion with an ultrasonicator (Brandson). 30 uL of the ink was
dropped on the RRDE electrode and let it air-dry for 2 hours before the electrochemical
tests. The electrode film was cycled 200 times between 0 and 1.2 V at 0.5 V/s to a stable
current-voltage curves in nitrogen saturated electrolyte.

The additional CV curves were recorded in 0.1 M perchloride acid with a sweeping

rate of 50 mV/s, and the Pt electrochemical surface area (ECSA) was estimated from the
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charge of the wunderpotentially deposited (UPD) hydrogen, assuming 210
uC/cm?’p.Oxygen reduction reaction (ORR) curves were recorded in oxygen saturated
0.1 M perchloride acid with a sweeping rate of 5 mV/s at successive rotation speed of
100, 400, 900, and 1600 rpm from —0.2- 1V.

To evaluate the electrochemical performances, electrochemical surface areas
(ECSAs) were calculated by measuring the charge collected in the Hupd
adsorption/desorption region after double-layer correction and assuming a value of 210
mC/cm?2 for the adsorption of a hydrogen monolayer.

To determine the relative durability of the catalysts, the ORR activity of a catalyst
thin film was measured before and after being subjected to 10,000 voltage cycles from

0.6 Vto 1.0 V (vs. RHE) in oxygen saturated electrolyte at a rate of 50 mV/s.

3.2.6 Proton Exchange Membrane Fuel Cell Tests

The as-synthesised Pt-Pd/C or Pt/C electrode was used as the cathode to prepare the
membrane electrode assembly (MEA), whereas the anode was a gas diffusion electrode
with a commercial Pt/C (20 wt%, E-TEK) as an electrocatalyst. The metal loadings of
the anode and the cathode were 0.25 and 0.2 mg cm™, respectively. For comparison, a
reference MEA using E-TEK Pt/C for both sides with an equal amount of metal
loadings as the Pt-Pd/C MEA was prepared. The prepared MEAs were tested using a
850e fuel cell test system (Fuel Cell Technologies, Inc., USA) fed with humidified
hydrogen and oxygen respectively. The gas flow was controlled at 0.08 mL min™. The
fuel cell measurements were carried out at 80°C under 15 psi (103.42 kPa) back
pressure.. The polarization curves were recorded using a current scan method by
holding the cell at each current for 60s in order to get the steady-state current value with

a scan rate of 10 pt/dec from 0 A to 4.5 A.
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3.3 Result and Discussion

3.3.1 Synthesis

The formation of Pt-Pd nanoparticles is similar to an electrochemical corrosion process
as illustrated in Figure 3.1. Co nanoparticles were firstly synthesised using NaBH, as
reducing agent and citric acid as surfactants. After the addition of H,PdCl, solution, due
to the redox potential of PAC1,*/Pd (0.591 V vs. SHE) being higher than that of Co®"/Co
(-0.28 V vs. SHE), the surface of Co nanoparticle will be replaced by Pd and lead to the
formation of a thin, incomplete layer of Pd. This is a typical electrochemical corrosion
cell structure where Pd layer severs as cathode and the underneath Co as anode. With
the Co being oxidized at the anode into Co™", the released electrons will migrate to the
surface of Pd layer and could be used to reduce the subsequently added PtCly* into
zero-state Pt which leads to a Pd core Pt shell structure. As the released electrons were
well be localized on the surface of Pd, the zero-state Pt would only be formed on the
surface of Pd without any other random nucleation in the solution, which could be used
to well controlled growth of Pt nanoparticles without any aggregation. And since Pt
nanoparticles were formed on the surface of Pd, the aggregation of Pt due to carbon
supports erosion on the long term fuel cell tests would be largely minimised generating

longer durability electrocatalysts.
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Figure 3.1 Schematic illustration for the synthesis procedures of the Pt-Pd hollow

nanoparticles

3.3.2 Influence of the Pd/Pt ratio on the ORR Performance
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Figure 3.2 (a) ORR polarization curves and (b) Mass activities of the synthesized PtPd
hollow nanoparticles with different precursor molar ratio at 0.9V.
To qualify the electroactivities of the PtPd/C ssynthesized with different precursor
molar ratio, the solid state ORR polarisation curves and the kinetic mass current density
were obtained. (Figure 3.2) The onset potential and half-wave potential of the Pt;Pd;/C
(synthesized from the precursor molar ratio of Pt/Pd=3/1) is obviously positive than

other three products synthesized from different precursor molar ratios indicating the
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Pt;Pd;/C had a higher ORR catalytic activity than the other three products.(Figure 3.2a)
The mass activity also revealed the similar trends on the ORR activities of the various
products, the mass activity the Pt;Pd;/C is 197.3 mA cm’? g_lptpd, which is significantly
higher than those of the other products activities (132.7, 98.2, 55.1 and 32.5 mA cm™ g’
'ppa for Pt,Pd,/C, Pt;Pd;/C, Pt,Pd/C and Pt;Pd3/C respectively at 0.9 V (vs. RHE)).
The enhanced ORR activity of the Pt;Pd;/C could possibly because a completed Pt shell
could be only formed with this ratio. Thus in this chapter, the Pt;Pd; nanoparticles was
further characterized in detail and made comparisons with the commercial E-Tek Pt/C
and homemade Pd/C electrocatalysts to study the differences of the electrocatalytic

ORR abilities.

3.3.3 Morphology and Structure Analysis

The as-produced Pt-Pd nanoparticles were characterized with the TEM to investigate its
morphological and structural information, which are shown in Figure 3.2. It could be
seen the nanoparticles were well dispersed and displayed a hollow structure with size
arranging around 15 nm and a shell thickness of 1-2 nm. Besides no random nucleation
of Pt nanoparticles could be seen revealing all the Pt ions were nucleated on the Pd shell
which maybe because the lattice of Pd is much closer to that of Pt thus facilitating the
alloying process. More interestingly, the shell of the nanoparticles was covered with
numerous grains with particle size of 2 nm forming a porous dendrite structure, which
were possibly caused by the lattice mismatch(~0.77%) between the Pd and Pt during the
formation process,[11] where the growth of Pt on Pd leads to the formation of a dense
array of Pt branches on the Pd instead of a uniform Pt layer shell. High-resolution TEM
(HRTEM) images (Figure 3.2c and d) gives more detailed information on the

nanostructures. As could been seen, the outside grains were strong bonded with the
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hollow core indicating the as-formed Pt shell were well regulated on the core of the Pd
hollow nanoparticles during the formation process which would be beneficial in the
longer term application for the ORR process because the nature of this structures. The
lattice parameter was calculated to be 0.210 nm, which is smaller than that of Pt or Pd
[11] lattice contraction of Pt on Pd.[22]

To make a comparison, Pt hollow nanoparticles without the Pd interior was also
synthesized accordingly and Figure 3.2 e-f showed the structure of the formed Pt hollow
nanoparticles. It could also be seen the Pt hollow particles was formed with size from
10-20 nm and a shell thickness about 1 nm. However distinct differences could be seen
compared with Pt-Pd nanoparticles: many random nucleated Pt nanoparticles were
formed unexpectedly which mostly possible because the lattice parameter mismatch
between Pt and Co (3.920A and 2.510A) are too large resulting the difficulty in
localizing the growth on the Co. The HR-TEM showed lattice spacing of the as-formed

shell was about 0.22 nm which is corresponding to the (111) plane of Pt.
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Figure 3.3 Morphology characterisation of the resultant product. Typical (a-b) TEM
images and (c-d) HR-TEM images of the Pt-Pd hollow nanoparticles, red circles in c)

shows the Pt-Pd nanoparticles on the shell, (e-f) Morphology characterisation of Pt
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hollow nanoparticle. Typical (e¢) TEM images and (f) HR-TEM images of the Pt hollow

nanoparticles

3.3.4 STEM and EDS Analysis

The STEM-EDS was employed to further investigate the element distribution of the
hollow nanoparticles, as is shown in Figure 3.3. The STEM also confirmed the as
formed Pt-Pd is hollow shaped with multiply porous Pt grown on the hollow core
(Figure 3.3a). Further EDS analysis (Figure 3.3b) confirmed both Pt and Pd element
were distributed in the nanoparticles homogenously with much more on the shell of the
particle indicating a hollow featured distribution. More importantly, it could be seen, the
intensity of Pt is higher than that of Pd revealing a Pt shell covering of the Pd interior,

which would benefit the ORR process as Pt is more active than Pd in acidic medium.
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Figure 3.4 STEM-EDS analysis of the as-synthesized Pt-Pd hollow nanoparticles. a)
Typical STEM image, yellow line indicates where the EDS line scan was performed, b)

EDS line scanning profile.
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3.3.5 XRD analysis

=
G
2
@
5 _» Hollow Pt
St
=
L= |

|

| E-TEK Pt/C

e
I A"___—_’/\\
A I ; i i I . 1 ; I . ] ;

20 30 40 50 60 70 80 90
2 theta (°)

Figure 3.5 The XRD patterns of the Pt-Pd hollow particle, Pt hollow particle and the E-
tek Pt/C catalysts.

XRD was conducted in order to acquire the crystal structure of the products, as shown
in Figure 3.4.All the products show five characteristic peaks, which could be
corresponded to the (111), (200), (220), (311), and (222) planes, indicating the crystal
structure are the face-centre-cubic (fcc) metal phase.[12, 23] In addition, it could be
noted that all the peaks of Pt-Pd are slightly up-shifted to higher 26, which is a typical
phenomenon that Pd is incorporated into the Pt lattice.[13]. Moreover, no single Pd or
Pd peaks was detected in the products indicated that all the Pd was alloyed into the
lattice of Pt. The results were fitted with a mixture of Gaussian and Lorentzian profiles
(50% Gaussian) as suggested by Sarkar at al. to obtain the lattice parameters.[24] The

fixed lattice parameter of the Pt-Pd is 0.3876 A which is smaller than both of the E-TEK
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Pt/C (0.3922 A) and hollow Pt (0.3914 A), indicating a lattice contraction of Pt on
Pd.[19, 25]. This lattice strain effect, due to the changes on the geometric structures on
the surface of Pt when alloying with a second metal, Pd, has already been reported with
the possibilities to increase the electrocatalytic activities as well as the stability of the
Pt-based electrocatalysts.[26] Together with the formation of the hollow shaped
nanostructures, which could largely increase the specific area and electroactive sites of
the electrocatalysts, the ORR catalytic ability of the as-synthesized products were
believed to be improved, which were further confirmed by the electrochemical

measurements.

3.3.6 Cyclic Voltametric Measurement

CV curves were firstly acquired and used for a preliminary study of the electrochemical
performance of the hollow Pt-Pd, the hollow Pt nanoparticles, the commercial available
E-Tek Pt/C was chosen as a control experiment to study the electrochemical surface
area of the three products (Figure 3.5). It could be seen that all the CVs are consistent
with typical characterized CV regimes of Pt: typical hydrogen underpotential
adsorption/desorption peaks in the potential range of 0 to 0.3V; a double-layer
capacitance region from 0.3 to 0.75 V; and Pt oxidation/reduction peaks in the range
between 0.75 and 1.15 V revealing the Pt-Pd hollow nanoparticles exhibited a Pt-like
behavior, which also suggested the nano Pt shell is covered on the Pd hollow interior.
The electrochemical surface active area (ECSA) was calculated based on the charge
transfer in the hydrogen adsopriton/desoprtion region at around 0 to 0.3V (vs. RHE),
subtracting the double layer correction and assuming 0.210 mC cm™ for the adsoprtion
of a monolayer of hydrogen on the Pt monolayer surface.[24]. The calculated ECSA of

Pt-Pd/C is 108 m” g"' metal and much higher than that of hollow Pt/C (75 m” g metal)
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or the Pt/C (62 m* g metal) , indicating that the hollow interior as well as the surface
roughness of the Pt shell leads to higher electrochemical accessibility than conventional
nanoparticles. The enlarged ECSA of the Pt-Pd electrocatalysts could increase the
electroactive sites of the electrocatalysts thus facilitating the ORR process.[7]
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Figure 3.6 CV curves of the hollow Pt/C, hollow Pt-Pd/C and the E-Tek Pt/C. Recorded

in a N, saturated 0.1 M HCIO, solution with a scan rate of 50 mV s™.

3.3.7 The Oxygen Reduction Reaction Polarisation Curves

To gain insight of the activities of the synthesized Pt-Pd/C, the ORR polarisation curves
were obtained with these electrocatalysts using the rotating disk electrode (RDE) at
1600 rpm, as shown in Figure 3.6a. All the polarization curves display a well-defined
diffusion-limiting current region from 0.1 V — 0.7 V and a mixed kinetic-diffusion
control region from 0.7 V — 0.9 V suggesting their comparable electrochemical

performance. It is obvious that the Pt-Pd/C showed a much positive onset potential (at
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which the oxygen began to reduce) compared with the E-Tek Pt/C or hollow Pt/C
suggesting its superior electrocatalytic performance. To qualify the electrochemical
performance of the three electrocatalysts, the half-wave potential (E;/, at which the half
diffusion limiting current was reached) was calculated. Remarkably, the E,, for the Pt-
Pd/C catalyst is 0.855V, which is about 55 mV positive than that of the E-Tek Pt/C
(0.800V) or hollow Pt/C (0.810) in the RDE curve. These comparisons clearly
suggested the significant improvement in the ORR activities when stabilization of Pt
nanoparticles on the Pd hollow interior which may be ascribed to the lattice contraction
as well as the optimised porous structures of Pt shell.

In order to obtain the kinetics of the ORR, ORR polarization curves were collected at
various rotation speeds (Figure 3.6c) and corresponding Koutecky-Levich (K-L) plots
(Figure 3.6d)were drafted from the ORR polarization curves at different potentials. The
number of electrons involved per O,-molecule reduction can be determined using the
Koutecky-Levich (K-L) equation

Jj=1/jx +1/Bw®;
[B = 0.20F(Dg3) /3 (1) ™/°C,]
where, j; is the kinetic current, o is the electrode rotation rate, n is the transferred
electron number, F is the Faraday constant (F = 96485 C mol™), Do, is the diffusion
coefficient of O, = 1.9x107 cm? s'l, v 1is the kinetic viscosity (0.01 cm? s'l), and Cp; 18
the bulk concentration of O, (1.2x10° mol cm™). The constant 0.2 is adopted when the
rotation speed is expressed in rpm. The transferred electron number was calculated to be
3.90-4.0 at around 0.4 — 0.7 V, revealing that the ORR from0.4 — 0.7 V is dominated by

a four-electron (4e) pathway and that O, is reduced to H,O during the reaction.
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To further investigate the electrochemical performance of the three electrocatalysts,
the specific activities kinetic current of the three catalysts which were calculated using
the mass-transport correction for RDE[3]:

. il
b =—— (1)

i, —1

where iy is the mass-transport free kinetic current, i4 is the diffusion limited current,
and i the experimentally recorded current in Figure 3.6¢. Specific current was
normalized with the total metal loading on the electrodes. As shown in Figure 3.6d, the
Pt-Pd/C electrode exhibits a specific mass activity of 197.3 mA mg™' metal based on the
total loading of Pt and Pd at 0.9 V (vs. RHE). The value is 2.1 times and 2.3 times
higher than that of the hollow Pt/C (94.5 mA mg ' metal) and the commercial Pt/C (87.1
mA mg metal). Normalized with the Pt loading, the specific activity of Pt-Pd is 2.5 and
2.8 times greater than that of the hollow Pt/C and the commercial Pt/C. The specific
area activities were also calculated by normalising the kinetic current to the specific
area. The Pt-Pd/C showed a specific area activity of 532.5 mA/cm? p, Which was about
1.65 and 2.7 times higher than those of the hollow Pt/C (322.3 mA/cm® p) and the
commercial E-Tek Pt/C (194.2 mA/cm® p). The enhancement of catalytic activity could
be attributed to the lattice contraction and ECSA increase of Pt on Pd and again
confirmed that the controlled growth of Pt on the Pd could significantly improve the
electrochemical activities of Pt by increasing the Pt utilization thus reduce the overall

cost of the electrocatalyst.
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Tek Pt/C in O, saturated 0.1 M HCIOj electrolyte with a scan rate of 5 mv s b) The

RDE polarisation curves of the Pt-Pd/C collected at various speed from 2500 rpm to

100 rpm. c¢) K-L plots derived from b). d) The specific mass activities and area activities

of the hollow Pt-Pd/C, hollow Pt/C and E-Tek Pt/C at 0.9 V derived from the RDE

results.

3.3.8 Stabilities Test

The stabilities issue of the PGM group electrocatalysts is still one problem needed to be

addressed before commercialising the electrocatalysts, to this end, the durability test

were conducted using the accelerate durability test (ADT) method by cycling the

electrocatalysts in O, saturated electrocatalysts for hundred thousand times to study the

change on the ORR performance.[3, 27] The ORR polarisation curves for the Pt-Pd/C,
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hollow Pt/C and the E-Tek Pt/C were recorded before and after subjecting them into the
O, saturated electrocatalysts for 10 000 voltage cycles between 0.6-1.0V, which is
shown in Figure 3.7. As could be seen, after 10 000 continuous cycles, the half-wave
potential £, underwent only a small negative shift of ~ 5 mV, while ~ 16 mV and ~29
mV negative shift was observed on the hollow Pt/C and commercial Pt/C electrode.
These observations suggested the stability of the Pt-Pd was largely improved compared
with the hollow Pt/C or the E-Tek Pt/C due to the well-controlled growth of Pt
nanoparticle on the Pd shell and the alloyed nature of the synthesized products, which
would significantly inhibit the Pt nanoparticles or dissolving from aggregation during
the long-term electrochemical cycling process. And these results also suggested that the
alloying of Pd into the Pt lattice would not only reduce the cost but also the increase the
electrocatalytic activities as well as the stability of the electrocatalysts, which proved
the effectiveness of this method in fabricating improved electrocatalytic ORR

electrocatalyst with lower cost.
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Figure 3.8 The ORR polarisation curves of a) Pt-Pd/C and b) hollow Pt/C and c¢) E-Tek

Pt/C before and after 10,000 cycles potential scan

3.3.9 Single Fuel Cell Test

The RDE system is ideal in identifying the candidates for the ORR, however for

practical applications, the testing of electrocatalysts in a real device is needed. [28] At
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last, to acquire the real performance of the electrocatalysts under practicable fuel cell
device, proton exchange membrane fuel cell tests were conducted and the polarisation
curves for the Pt-Pd/C, hollow Pt/C, and commercial Pt/C were recorded as shown in
Figure 3.8. Evidently, the single-cell results are in good accordance with the RDE data
illustrated above. A remarkable improvement in the whole polarization region was
observed from the Pt-Pd/C electrode. At practicable operating potential (= 0.6V),[29]
the Pt-Pd/C showed a current density of 563 mA cm™ , in comparison, the hollow Pt/C
and E-Tek Pt/C showed current densities of 399 and 317 mA cm™. The maximum
power density based on the geometric area is 395.9 mW cm™ for the Pt-Pd/C electrode,
which is about 1.3 times and 1.7 times higher than that of the hollow Pt/C
electrode(295.5 mW cm™)for the and the commercial E-Tek Pt/C electrode(231.4 mW
cm™). These comparisons once again indicate that the superior electrocatalytic activities
of the Pt-Pd/C and also evident the Pt-Pd/C could work as more efficient
electrocatalysts than the commercial E-Tek Pt/C under real practicable environment.
The improved performance may again be ascribed to the “constrain effects” due to the
alloying of Pd-Pt nature and hollow and porous structure of the Pt-Pd electrocatalysts
which could provide large specific area, more electroactive sites and sufficient mass

transport channels on the gas diffusion electrode.[30]
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Figure 3.9 a) Polarisation curves obtained in single fuel cell test using the hollow Pt-
Pd/C, hollow Pt/C and E-Tek Pt/C as cathodes catalysts and b) comparisons of the

current density at 0.6V and power density derived from a).

3.4 Conclusion

In this chapter, we have demonstrated using a modified galvanic replacement to
stabilize Pt nanoparticles on the Pd hollow interior and used as ORR electrocatalysts
with higher electrochemical and superior stability for the PEMFC. The lattice constrain
effects and the porous structure generated by lattice mismatch between the Pt and Pd are
believed to be the important factor that accounts for the improved performance of this
electrocatalysts. Besides as the Pt nanoparticles were stabilized on the Pd interior, the
conventional carbon erosion problems would be resolved thus prolonging the stability
of Pt compared with the Pt/C electrocatalysts.

It is believed that the open and porous structure could provide the electrocatalysts
with higher utilization efficiency of Pt via producing more active sites and abundant
mass transfer channels thus facilitating the ORR process thereby reducing the relative
cost of the electrocatalyst, which was confirmed by the ECSA and RDE measurements.
In the ADT tests, we have evidenced the Pt-Pd/C could work as more endurable
electrocatalyst in longer term operating conditions with minor performance drop during
up to 10,000 potential cycles compared with the hollow Pt/C or E-Tek Pt/C. At last, we
conduct the PEMFC tests with the synthesized Pt-Pd electrocatalysts confirming the Pt-
Pd/C electrocatalysts could work as practicable electrocatalyst under real-world devices.

To conclude, this chapter discussed the possibility of using a Pd hollow interior to
increase the utilization of the Pt nanoparticles and increase the stability of Pt, whereas it

should be noted that not all the Pd atoms were alloyed into the Pt lattice due to the
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preparation method, thus it is considered that the electrocatalytic activity of the Pt
nanoparticles would be further increased by alloying Pt with another metal. In the next
chapter, to further reduce the cost and improve the electrocatalytic performance of the
electrocatalysts, we will discuss the alloying Pt with transition metal Cu forming a PtCu
bimetallic electrocatalysts which possess significant improvement in the electrocatalytic

performance towards the ORR.
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4.1 Introduction

The performances of proton exchange membrane fuel cell (PEMFC) is believed to be
kinetically limited at cathodes because of the sluggish reaction schematics of oxygen
reduction reaction(ORR).[1, 2] As a commonly used and high effective catalysts
towards ORR, Platinum (Pt) has been extensively studied, however it is inhibited from
large scaled commercialisation due to its high cost and poor stability[1, 2]. Previous
chapter demonstrated that the stability as well as the electrocatalytic performance of Pt
nanoparticles towards the ORR could be improved by stabilization growth of the 2-3 nm
Pt nanoparticles on the hollow Pd interior. The enhance performance is attributed to the
well-defined porous structure and the lattice constrain effect generated between Pt and
Pd. However it is aware during the preparation process, not all the Pd atoms were
alloyed into Pt lattice (some of Pd was beneath Pt skin in the form of metallic Pd) and
Pd is still expensive compared with the transition metals, thus to further reduce the cost
of the Pt electrocatalysts, it is desirable and interesting to develop cheap transition
metals alloyed Pt electrocatalysts with improved electrocatalytic performance. It is well
documented that the ORR performance of Pt could be effective improved when alloying
with early transition metals such as Ni[3], Fe[4, 5], Cu[6] and Co[7, 8] due to changes
of the geometric (Pt-Pt bond distance and coordination numbers) and electronic
structures of Pt[4, 9]. Therefore, compared alloying with the noble metals (such as
Pd[2], Au[10], Ag[11]), platinum alloying with transition metals (much less expensive)
provides a more practical pathway in preparing electrocatalysts for oxygen reduction
reaction (ORR) in fuel cells.

Recently, many efforts have been devoted into the synthesis of Pt-Cu in order to
investigate the origin of the high ORR activity and designe dealloyed Pt—M catalysts

with superior activity and durability.[12-15] For example,, PtCu hollow nanocrystalls
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with better electrocatalytic activities have been synthesised in organic solutions[12],
however the organic solvent based process raised an environmental issue on post-
treatment of samples compared with the approach using aqueous solution. Also PtCu or
PdCu hollow nanotublar structures were also reported [13, 14], however, the synthesis
of copper nanostructures templates was difficult and multiply steps were needed to
prepare final products. More importantly, without excess reductants, copper contents
would be rather low (2.9 wt.%) due to the large sacrifice of copper[14]. Thus there is
still an urgent need in developing green and facile synthetic procedure of Pt-Cu
bimetallic nanostructured electrocatalysts for the ORR, moreover, as the ORR is
believed to be a surface-based catalytic process, [9] the synthesis of porous surface
would be an advantage for the electrocatalysts because of the enlarged electrochemical
surface area and abundant active sites on the electrocatalysts.[2, 15, 16]

In the last chapter, we have well demonstrate the unique properties of hollow
nanostructure, including their high surface area, low density, and catalysts utilization
efficiency[13], and it was aware that the so called sacrificial template (galvanic
replacement) [17], could also been applied in fabricating bimetallic nanostructure with
hollow features[18]. Inspired by this, in this chapter, we report the successful synthesis
of porous PtCu hollow nanostructures in aqueous environment using copper
nanoparticles as sacrificial templates via a modified galvanic replacement approach.
Physical characterisation confirmed the copper was alloyed into the Pt lattice with a
maximum atomic percentage of 57% revealing the expense of the electrocatalysts would
be largely reduced. In addition, the electrochemical tests towards ORR revealed that the
as-synthesised porous PtCu hollow NPs had a significant high specific activity of 1286
nA/cm® (when the precursors molar ratio of Pt/Cu =0.5/1, which was further denoted as

Pty sCu; in this chapter), which is seven times higher than that of commercial available
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Pt/C (192 pA/cm®) at 0.510V under identical conditions. Moreover, the accelerated
durability test displayed the prepared porous PtCu hollow NPs had an excellent
electrochemical stability over potential cycling from 0.5 to 1V (vs. SHE) up to ten
thousands cycles. Combined with the single cell tests, it has proved that the synthesized
porous hollow PtCu electrocatalysts could potentially be a much more efficient and

durable low-cost catalysts for ORR than commercial available Pt/C catalysts.
4.2 Experimental

4.2.1 Reagents

Cetyltrimethylammonium bromide (CTAB, 99.9+%, Fluka), cupric chloride (BDH
Anala R), ammonia solution (Ajax Finechem), hydrazine (35% wt in water, Sigma
Aldrich), H,PtCls-xH,O (Sigma-Aldrich), carbon black (CB, Vulcan XC-72 R, Cabot
Corp.), carbon fibre paper (GDL, 5 cm?), acetone (Sigma), perchloric acid (ACS reagent,

70%, HC104, Sigma-Aldrich)

4.2.2 Synthesis

Copper nanoparticles were synthesized according to the procedures elaborated earlier
[19]. In a typical experiment, two solution of 37 mg CTAB dissolved in 20 ml water
solutions, one containing 100 uL 0.1 M cupric chloride and with PH=10 adjusting by
ammonia solution and the other containing 60 ul hydrazine were mixed together with
vigorous stirring for 3 hours until a red wine colour appeared. Once copper
nanoparticles were formed, 50 pL. 0.1 M H,PtClg-xH,0O in 20 ml degased water was
added dropwisely and let it react for another 3 hours. To avoid particle aggregation, the
alloyed PtCu nanoparticles were supported on carbon black to a loading amount of 20wt%

by mixing the above colloids and functionalised CB water dispersion and stirring
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overnight. Before filtration, an aliquot amount of acetone was added with stirring for
another 2 hours, then the products were rinsed with water for several times to remove
any unreacted hydrazine or surfactants and dried at 80 °C overnight and collected. This
sample was denoted as PtysCu;/C. To find a better molar ratio of Pt/Cu as
electrocatalysts, several molar ratio of Pt/Cu were prepared with 1, 0.75, and 0.25:1 by
adding different amount of H,PtCls-xH,O and these samples were denoted as Pt;Cuj,

Pty 75Cuy, Pto,zsCulrespectively.

4.2.3 Physical Characterisation

The transmission electron microscope (TEM) images of samples were taken using a
JEOL JEM-2100 F transmission electron microscope operated at 200 kV. Energy
dispersive spectroscopy (EDS) in the STEM mode was employed for elemental
composition and distribution of the catalyst particles. HRTEM were conducted at a
JEOL JEM-3000F transmission microscope operated at 300 kV. Samples for TEM were
prepared through placing one drop of the cleaned nanoparticles ethanol dispersion on
gold grid (200 mesh). The powder X-ray diffraction (XRD) patterns were recorded with
a Bruker D8-advance X-ray powder diffracto-meter with Cu Ka radiation (A= 1.5406
A )(XRD instrument details).Energy dispersive spectroscopy (EDS, Bruker) in the SEM
was used to determine the elemental composition and distributions of the catalysts.
Inductively coupled plasma mass spectrometry (ICP-MS 7500CS, Agilent Technologies)

were used to determine the metal contents of the products.

4.2.4 Electrochemical measurements

Electrochemical measurements were performed using a glassy carbon rotating ring disk
electrode (RRDE, Pine Research Instrumentation, disk area=0.2475 cm?) connected to a

CHI 720c potentiostat (CHI instrument) in a standard three-electrode cell with a Pt mess
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as the counter electrode and a 3 M KCI saturated Ag/AgCl electrode as the reference
electrode. An electrochemical cell (Pine Instrument) was filled with about 100 ml 0.1M
perchloride acid and covered with a Teflon cap. The eletrocatalysts ink was prepared by
dispersing the electrocatalysts in 5% Nifion/H,O/isopropanol (m/m/m/=0.5/10/50) to
reach a Img/ml dispersion with an ultrasonicator (Brandson). 30 uL of the ink was
dropped on the RRDE electrode and let it air-dry for 2 hours before the electrochemical
tests. Assuming that copper were not stable during electrochemical test, the electrode
film was cycled 200 times between -0.28 and 0.962 V at 0.5 V/s to a stable current-
voltage curves in nitrogen saturated electrolyte.

The additional CV curves were recorded in 0.1 M perchloride acid with a sweeping
rate of 50 mV/s, and the Pt electrochemical surface area (ECSA) was estimated from the
charge of the underpotentially deposited (UPD) hydrogen, assuming 210
uC/em?’p.Oxygen reduction reaction (ORR) curves were recorded in oxygen saturated
0.1 M perchloride acid with a sweeping rate of 5 mV/s at successive rotation speed of
100, 400, 900, and 1600 rpm from —0.2- 1V. Stability tests were carried out by voltage
scanning from 0.4 -1 V (vs. Ag/AgCl) for 10 000 cycles with a sweeping rate of 100
mv/s in oxygen saturated 0.1 M perchloride acid.

To evaluate the electrochemical performances, electrochemical surface areas
(ECSAs) were calculated by measuring the charge collected in the Hupd
adsorption/desorption region after double-layer correction and assuming a value of 210
mC/cm2 for the adsorption of a hydrogen monolayer. The number of electrons
exchanged in the ORR (n) and the percentage of hydrogen peroxide (% H202) can be

obtained using the following equations.
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%H,0, =100(4 —n)/2
(Where Ipis the disk current, I is the ring current and N is the collection efficiency
of the RRDE apparatus used in this study which is 0.37 determined using the Fe"/Fe™
redox system in a solution containing 1 mM K;Fe(CN)¢ and 0.1 M NaNOs.)
To detailed study the electroactivities of the PtCu/C and Pt/C, the kinetic current is

calculated from ORR polarization curves by considering the mass-transport correction
using the Levich-Koutecky equation (% = ll + Ll , Where i}, is the kinetic current and i,
k d

is the diffusion limiting current) and normalized against to electrochemical surface area

and mass of platinum to compare the specific area activity and mass activity.[2]

4.2.5 Single Fuel Cell Test

Membrane electrode assembly were prepared by the methods we described earlier[20].
The electrocatalysts ink were prepared and brushed on the carbon fibre paper (GDL, 5
cm’®) with a loading of 0.4 mg cm™ .For comparison purpose, commercial E-Tek Pt/C
and Pty sCu;/C were chosen, suspended, brushed and used as the cathode electrodes.
Pt/C with a loading of 0.2 mg cm™ on carbon fibre paper was used as the anode
electrodes. The prepared MEAs were tested using a 850e fuel cell test system (Fuel Cell
Technologies, Inc., USA) fed with humidified hydrogen and oxygen respectively. The
gas flow was controlled at 0.08 mL min™'. The fuel cell measurements were carried out
at 80°C under 15 psi (103.42 kPa) back pressure. The MEAs were activated and electro-
dealloyed by the method reported[21]. The polarization curves were recorded using a
potential scan method by holding the cell at each potential for 60s in order to get the

steady-state current value with a scan rate of 25 mV s from 0.95 V to 0.65 V.
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4.3 Result and Discussions

4.3.1 Synthesis of Porous Hollow PtCu Nanoparticles

NH-NH, () @ B
H,0, N, . @ @

Cu? CTAB @ CuNPs
PtCl.* @D PtCu Hollow NPs

Figure 4.1 Schematic illustration of the formation of porous PtCu hollow NPs

The schematic illustration of the synthesis procedure was depicted in Figure 4.1. In a
typical synthesis, copper nanoparticles were firstly synthesized using CTAB as
surfactant under inert atmosphere. The chosen of a catholic surfactant would absorb the
anodic Pt salts on the surface of copper nanoparticle thereby facilitating the whole
process.[8] Once copper nanoparticles were formed, chloroplatinic acid was added into
the system under inert environment, the galvanic replacement would take place
immediately following the reaction equation shown in 2Cu + PtCI2~ — 2Cu?* + Pt +
6Cl~ Equation 4.1, as the standard reduction potential of Cu(Il)/Cu
(0.34V vs. SHE) is much lower than that of PtCI%2~/Pt pair (0.74V vs. SHE), such a
large gap on the standard reduction potential would accelerate the reaction mechanism
of the sacrifice step.

2Cu + PtClZ~ - 2Cu?* + Pt + 6Cl~ Equation 4.1
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4.3.2 UV-Vis Spectroscopy Analysis
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Figure 4.2 (A) UV-Vis spectrums of copper nanoparticles before (0 min) and after
begining adding 50 puL 0.1 M H,PtCls-xH,O added for 1 min~ 40 min. (adding rate 1
mL/min, finishing adding after 20 mins); (B) UV-Vis spectrums of copper nanoparticles
colloids (0.5 mmol CuCl,-:2H,0, 37 mg CTAB, 60 pL hydrazine) and PtysCu;
nanoparticles (50 pL 0.1 M H,PtCls-xH,O added), Pty 75Cu; nanoparticles (75 p 0.1 M
H,PtCls-xH,0 added), Pt;Cu; nanoparticles (100 uL 0.1 M H,PtCls-xH,0O added)

Ultraviolet—visible (UV-Vis) spectrum was used to in-situ investigate the formation of
platinum-copper nanoparticles (Figure 4.2).The strong absorption peak appeared at 572
nm could be ascribed to the excitation of plasma resonances or interband transitions of
copper nanoparticles[22]. As could be seen in Figure 4.2a, with the addition of
chloroplatinic acid, the density of the peak at 572 nm was gradually decreased reflecting
the galvanic reduction of Pt began at copper surface and copper was consumed as
sacrificial templates progressively. With more amount of chloroplatinic acid addition,
the peak would be lowered and when an amount of 100 pL 0.1 M H,PtCls-xH,O added,
the peak around 572 nm was still remaining suggested the existence of copper in the

final products.(Figure 4.2b).
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4.3.3 Impacts of the Precursors’ Molar Ratio on the Structure of the Products

Moreover, we also found that mild reaction process plays a pivotal role in formation of
the mesoporous shell of the nanoparticle, as shown in Figure 4.3. At low or mild
concentration of Pt precursors (precursors molar ratios of Pt/Cu=0.5/1 or 0.25:1), the
shell were much incomplete and constructed with numerous PtCu small grains, while at
higher concentration of Pt precursor(precursors molar ratios of Pt/Cu=0.75/1 or 1:1,
where the galvanic reaction would occur through a much faster way, a complete and
dense shell without any porous features were formed, these comparisons clearly
suggested the faster reaction mechanism between the Pt and Cu and mild reaction

environment both contributed to the production of mesoporous shells.
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Figure 4.3 The comparison of the structure synthesized from different precursor reation.
From a)-d) are the typical TEM images of the Pt;Cu;, Pto75Cu;, PtosCu;, Pty25Cu; (the

molar ratio of Pt and Cu precursor are 1, 0.75, 0.5, and 0.25 respectively)

4.3.4 Morphology Analysis of the Pty sCu; Hollow Nanoparticles

Figure 4.4 Morphology characterisation of the resultant product. Typical (a-c) TEM
images and (d) HR-TEM images of the Pty sCu; hollow nanoparticles.

The mesoporous PtCu hollow nanoparticle synthesized from the precursor ration of
0.5:1 (Cu:Pt) were firstly characterised by the TEM and HRTEM, the corresponding

images are shown in Figure 3.2. It could be clearly seen from the TEM images that the
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as-synthesised PtCu hollow nanoparticles had an average diameter of about 20-30nm
and a shell thickness of 2-3nm. More interestingly, the shells of the hollow
nanoparticles were constructed by discontinuous and seamless alloyed PtCu
nanoparticles (Figure 3.2c-d), which generated an incomplete and porous shell of the
PtCu hollow NPs. This phenomenon, which was not observed using silver[11],
selenium[23] as the templates, was also reported when using copper|[14] or cobalt[24] as
templates. Such a porous structure would benefit oxygen intake and mass transfer
thereby facilitate oxygen reduction. The possibilities of formation mechanism of this
kind of porous shell structures were generally believed to be caused by the faster
reaction kinetics of Pt/Cu, compared with Pt/Ag, Se.[13] Figure 3.2d showed the HR-
TEM images of the PtysCu; nanoparticle, the lattice fringe was calculated to be

approximate 0.227nm indicated the PtCu hollow NPs were alloyed nanostructures.

4.3.5 STEM-EDS Analysis of the Pt;sCu; Hollow Nanoparticles

The STEM-EDS is powerful in qualitatively identifying the structure of the hollow
nanoparticle, giving important information on element distribution. showed the STEM-
EDS analysis of the Pty sCu; hollow nanoparticles. The STEM image also confirmed the
nanoparticle was hollow shaped with average size around 20-30 nm, besides the particle
also showed mesoporous features. EDS line scanning profiles ( c-d) further confirmed
both Pt and Cu elements were homogenously distributed through the nanoparticle with
more copper were detected. While as it should be mentioned, these copper could be
easily etched away through acid washing or electrochemical dealloying and this would
be discussed later. Also it could been seen the overall element distribution of Pt and Cu

were more abundant on the shell revealing the particles were hollow shaped.
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Lica

Figure 4.5 STEM-EDS analysis of the as-synthesized Pty sCu; hollow nanoparticles. a)
Typical STEM image, red line indicates where the EDS line scan was performed, b)
EDS line scanning profile and c) EDS spectrum of the as-synthesized Pty sCu; hollow

nanoparticles.

4.3.6 X-ray diffraction and ICP-MS Analysis

The XRD pattern would provide useful information on the crystal structures as well as
the element composition of the bimetallic nanoparticles while the ICP-MS provides

more accurate information of the composition of the element in the hollow nanoparticle.
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Figure 4.6 XRD patterns of the hollow PtCu/C with various Pt/Cu ratios and the
commercial E-Tek Pt/C

As could be seen in Figure 4.6, the four characterised peaks at about 40.7, 47.3,
69.3 and 82.8° (20), could be indexed to a face-centred-cubic (fcc) structure Pt/Cu alloy
(JCPDS 48-1549). Compared with the Pt/C, the shifted peaks of PtysCu,/C clearly
indicated the formation of Pt/Cu alloyed nanostructures. Products with various molar
ratios were also examined by XRD (Figure 4.6). In all XRD patterns, the positions of
four characterised peaks of PtCu alloyed nanostructures (40.7, 47.3, 69.3 and 82.8° (20))
were almost unchanged regardless of the variation of Pt precursor concentrations
revealing the fractions of Cu atoms adsorbing in Pt atoms were the same, which is
further confirmed by the ICP-MS, as shown in Table 4.1. In addition, as indicated from

the UV-Vis spectrum (Figure 4.2), a minor peak at 43.3 indexed to the (111) phase of
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fcc Cu, two main peaks of CuO due to the oxidation of the unreacted Cu at 35.5, 38.7°
when decreasing the concentration of Pt precursors were shown in the XRD data. The
lattice parametres could be calculated from the three major phase ((111), (200) and (220)
of PtCu alloyed nanoparticles and the composition of the Cu and Pt in the alloyed PtCu
excluding the presence of Cu crystals or CuO crystals could be obtained by Vegard’s
law[25], which were listed in Table 4.1.

Table 4.1 Metal contents of the synthesized PtCu nanostructures

Reactant Ratio (P:Cu) Analysed from ICP-MS Derived From XRD

Pt (wt3) Cu(wi¥e) Pt‘Cu Lattice Pt Cu PCu
atomic Parameter  molar molar  atomic

ratio (Am) fraction fraction ratio

1 916 20s 146 3832 061 039 1.56

0.75 421 1.13 121 3330 0.60 0.40 1.50

0.5 214 095 0.73 33829 0.59 041 143

0.25 3.06 4.64 022 3828 0.58 042 1.38

The accurate composition of the PtCu nanostructures was also analysed by the ICP-MS.
It could be seen that the content of copper increased in all samples indicating copper
was remaining in all samples after the sacrificial replacement due to the existence of the

reducing agent, which is also in good accordance with the UV-Vis spectrum.

4.3.7 Acid Treatment and Electro-dealloying of the Hollow Nanparticles

As copper or copper oxides were not stable in acidic environment and they showed
limited ORR performance in catalysing oxygen in acidic medium, thus copper and
copper oxides crystals need to be removed before the measurement of the
electrochemical performance of the bimetallic hollow PtCu nanostructure. Fortunately,
this could be feasibly done by acid etching or electrochemical etching.

The chemical acid washing was carried out by sonicating the resultant products in pure

acetic acid and further reacted for 6 h at 80°C in the air. The XRD of the product after
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washing was shown in Figure 4.7. As could be seen in the XRD pattern, the peaks for
the PtCu is nearly unchanged after acid washing suggesting copper alloyed in the Pt
atoms was stable, while the characteristic peak for the copper oxides was mostly

eliminated revealing copper or copper oxides was removed during acid washing.

Pt, ;Cu,/C before acid treat |

s WS S

Intensity (a.u.)

I’:tg_sCuj/C after acid treat

. J ' T J | s T y
30 40 50 60 70 80 20
2 theta

Figure 4.7 XRD patterns of the Pty sCu;/C before and after acetic acid treatment

We also conduct the EDS analysis to investigate the changes of element distribution
after acid washing, which is shown in Figure 4.8, while a Pt abundant shell was
constructed after acid washing, such a structure would benefit the ORR process, as the

Pt is more stable and efficient in catalysing ORR in acidic environment.
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Figure 4.8 STEM-EDS line scanning profile of the PtysCu;/C before and after acetic
acid treatment

Also the copper or copper oxide could be removed by electrochemical dealloying
through cyclic voltammetry (CV) at the potential range of —0.227V to 0.973V (vs.
Ag/AgCl) with a scan rate of 100 mv/s for hundred cycles, as shown in Figure 4.9. In
the first cycle of the CV, slight bump at ~0.4V was observed which was attributed to
dissolution of Cu and the characteristic peak of Pt was not observed suggested the
hollow particles was covered with copper species. After 100 cycles, the absence of peak
around ~0.4V indicating unalloyed copper were etched away forming a Pt-rich surface
and the CVs remained unchanged during the next 100 cycles indicating PtCu
nanoparticles were well alloyed and a stable state was reached, which could be used for

electrochemistry performance study.
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Figure 4.9 CV curves of the PtysCu;/C before (initial) and after electrodealloying for

100 cycles and 200 cycles

4.3.8 Thermogravimetric analysis

To minimize nanoparticles aggregation and make a comparison with the commercial E-
Tek (20 wt%), the synthesized nanaoparticles were supported with high-surface-area
carbon black support (surface area ~ 200 m?/g) with a loading amount of 20 wt.%. The
thermaogravimetric analysis was carried out in order to obtain the real loading amount
of the electrocatalysts and make comparison with the commercial Pt/C (20 wt.% Pt on
Vulcan XR72c¢ carbon black). Figure 4.10 showed the TGA curves of PtysCul/C
calcinated in air atmosphere, it could be seen the loading amount is about 20 wt.%,

which is very close the theoretic calculation indicating the efficient loading methods.
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Figure 4.10 TGA curves of the Pty sCul/C calcinated in air atmosphere

4.3.9 Cyclic Voltammetry Measurement

CV curves were firstly obtained and used for a preliminary study of the electrochemical
performance of the hollow nanoparticles. (Figure 4.11) The CVs are consistent with
typical characterized CV regimes of Pt: typical hydrogen underpotential
adsorption/desorption peaks in the potential range of —0.22 to 0.05 V; a double-layer
capacitance region from 0.05 to 0.45 V; and Pt oxidation/reduction peaks in the range
between 0.45 and 0.95 V. The electrochemical surface active area (ECSA) was
calculated based on the charge transfer in the hydrogen adsopriton/desoprtion region at
around —0.22 to 0.05V (vs. Ag/AgCl), subtracting the double layer correction and
assuming 0.210 mC cm™ for the adsoprtion of a monolayer of hydrogen on the Pt
monolayer surface.[3] The ECSAs calculated are 32 m? g'lpt for Pty sCu;/C and 62.0 m?
g'lpt for Pt/C. The lower ECSA of the Pty sCu,/C compared with Pt/C could be attributed
to the smaller nanoparticle sizes and higher surface Pt concentration [3, 4]. The ECSAs
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for other PtCu prepared with different precursor molar ration were also calculated,

which were 39.2, 31.0 and 28.8 m’ g'lpt for the Pt;Cuy, Pty 75Cuy, Pty 25Cu; respectively.
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Figure 4.11 CV curves of (A) PtysCu,/C and Pt/C; (B) PtCu/C hollow nanostructures

with various ratios of Pt and Cu precursor
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4.3.10 The Oxygen Reduction Reaction Polarisation Curves

The ORR polarisation curves were acquire using the rotating ring disk electrode (RRDE)
technique to assess and compare the electrocatalytic performance towards ORR of the
PtCu/C which is shown in Figure 4.12. It could be seen the Pty sCu;/C and Pty 75Cu;/C
showed similar ORR behaviours which are more efficient that the other two products
prepared from precursor ratio of Pt:Cu= 1:1 and 0.25:1 in terms of the onset potential
(from which oxygen began to reduce) and half wave potential (E; ;). Thus the Pty sCu;/C
was selected to make a comparison between the commercial available Pt/C (20 wt.%, E-
Tek), and the ring curves were also obtained to study the production content of
hydrogen peroxide during the ORR process of the two electrocatalysts as shown in
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Figure 4.12 Polarisation curves of PtCu hollow nanostructures with various ratios of Pt
and Cu precursor using a RRDE technique in oxygen saturated electrolyte (0.1 M

HCIO,) with a scan rate of 10 mV s™".
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Figure 4.13 (a) Ring and (b) Disk Currents of PtysCu;/C and Pt/C in ORR curves
obtained using a RRDE technique in oxygen saturated electrolyte (0.1 M HCIO4) with a
scan rate of 10 mV s™'

As shown in Figure 4.13a and b, the half-wave potential of Pt0.5Cul/C (0.510V) was
positively shifted (30 mV) than that of Pt/C (0.480V) indicating the Pt0.5Cul/C had a
higher electrocatalytic activity towards ORR than that of Pt/C at the same metal loading.

The much lower ring current indicated a higher efficiency of Pt0.5Cul/C towards ORR
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with less hydrogen peroxide generated compared with the Pt/C. Besides the electron
transfer number calculated based on Error! Reference source not found.a and b was four
on Pt0.5Cul/C indicating that the oxygen reduction proceeded via four-electron
pathway, whereas for Pt/C it was 3.29 revealing less efficient compared with the
Pt0.5Cul/C.

For further investigation of electroactivities among the various ratios of as-
synthesised PtCu/C and commercial Pt/C catalysts, the specific area activity and mass
activity were calculated as described previously[2] (Figure 4.14). Despite the low
ECSAs , the PtCu/C showed much enhanced electrocatalytic performance which could
be ascribed to the unique hollow alloyed nanostructures of the PtCu/C. In addition, the
introduction of a second metal to Pt could also possibly induce the changes of Pt surface
geometric features thereby improving the ORR activities[4, 9, 28]. As indicated in the
histogram (Figure 4.14), the Pt0.5Cul/C exhibited best electrocatalytic performances of
~ 3.5 and 7 times higher ORR mass activity and specific area activity than those of
commercial E-Tek Pt/C at the potential of 0.510V. We suggested that the higher
electrochemical activities of Pt0.5Cul/C compared with other products may be ascribed
to the porous structures which would facilitate the oxygen molecular transfer and
enlarge the surface areas to build up more sites for ORR.[12] However as for
Pt0.25Cul/C, the mass of Pt was too low to support efficient oxygen reduction which

would possibly cause the inferior performance at this ratio.
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Figure 4.14 Mass activities (solid column) and specific area activities (diagonal pattern

filled column) of the hollow PtCu/C with different molar ratios and the E-Tek Pt/C.

4.3.11 Durability Test of the Electrocatalysts

To determine the relative durability of the PtCu catalyst, the ORR activity of a catalyst
thin film was measured before and after being subjected to 10,000 voltage cycles from
0.45V to 0.90V (vs Ag/AgCl) in oxygen saturated electrolyte at a rate of 50 mV/s.[26]
The polarization curves for ORR before and after 10,000 potential cycles were recorded
on Pt0.5Cul/C and the commercial Pt/C electrocatalysts, as shown in Figure 4.15. No
clear degradation changes were observed after 10,000 cycles indicating a significant
durability of the Pt0.5Cul/C, while the E-Tek Pt/C suffered a 70% loss after the same
stability tests. Therefore, it suggested that of the Pt0.5Cul/C could work as much more

durable and practicable electrocatalysts for fuel cell.
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Figure 4.16 A) TEM images; B) EDS line scan profiles of the Pt0.5Cul/C after
durability test

To study the morphology and structural changes during the durability tests, the
electrocatalysts was peeled off from the electrocatalysts and characterised with STEM-
EDS analysis, as shown in Figure 4.16. TEM of the Pt0.5Cul/C after durability test
revealed the particle sizes were not changed, while EDS analysis showed copper were

still remained after dualities test with a minor proportion reduced
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4.3.12 Single Proton Exchange Membrane Fuel Cell Test
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Figure 4.17 Polarisation curves obtained in single fuel cell test using the Pt0.5Cul/C
and Pt/C as cathodes catalysts

The ORR polarisation curves are useful in identifying candidate materials, however to
demonstrate the practicable performances of the electrocatalysts, the tests operated
under more closely to fuel cell operating conditions are needed[27]. Therefore we
conducted single cell tests at last to measure the electrocatalysts performances operated
under practicable environment (Figure 4.17). Under identical conditions, the
Pt0.5Cul/C exhibited a much higher electrocatalytic performance in single fuel cell
tests, with a current density (248 mA cm™mg'p) 2.3 times larger than that of the Pt/C
(107 mA cm™mg'p) at the operating voltage of 0.65V. The maximum power density
obtained on the Pt0.5Cul/C electrocatalysts is 200 mW cm'zmg'lpt, which is about 2.6

times higher than that from the Pt/C electrocatalyst (75 mW cm™“mg’'p). These
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comparisons clearly proved that the as-synthesised porous PtCu hollow NPs could work

as the potentially more efficient catalysts under practicable environments.

4.4 Conclusion

In this chapter, we have described a modified galvanic replacement method to
synthesize hollow PtCu hollow nanoparticles with mesoporous features, it was found
the concentration between the ratios of precursor plays important role in determining the
structure of final products. The TEM confirmed the formation of porous hollow shape,
the EDS and XRD confirmed the alloyed nature of the nanoparticle consisting of both
Pt and Cu elements even Cu or CuO was also detected in the final products, which
could be further removed using chemical washing or electrochemical dealloying process
producing a Pt rich shell in the catalysts.

Electrochemical tests revealed the mesoporous could work more efficient
electrocatalysts compared with the commercial Pt/C with more stable and endurable in
the acidic environment. Besides the single fuel cell tests also evidenced the
electrocatalysts could work practicable electrocatalysts with much lower cost. The
enhanced performance was referred as the change of electronic and geometric structure
of Pt due to the introducing Cu into Pt atoms and the mesoporous features which could
provide large surface area and ample active sites for oxygen reduction thus facilitating
the ORR process.

In addition, we have described the synthesis of Pt-based electrocatalysts with much
higher efficiency and stability for PEMFC compared with the commercial Pt/C
electrocatalysts in Chapter 3 and 4. Although the synthesis procedures were both based

on a modified galvanic replacement method, there are a number of differences between
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the Pt-Pd electrocatalysts and Pt-Cu electrocatalysts in terms of their structural
composition and the nature of alloying state.

Recently, the ORR in alkaline medium have recently draw considerable research
interests because the overpotential of ORR would be greatly decreased and the
mechanism of the ORR could be largely facilitated in alkaline medium thus offering
wider selection of electrocatalysts. In addition, the development in the anion exchange
membrane in recent decades suggests that the performance of anion exchange
membrane fuel cell (AEMFC) could reach the same magnitude of that in the PEMFC,
therefore it is high attractive to fabricate low-cost, high-efficient electrocatalysts for
AEMEFC in alkaline medium. With this well-developed acrificial template method in
synthesis of Pt-based hollow shaped electrocatalyst for PEMFC, in the next chapter we
would demonstrate that the synthesis of non-Pt electrocatalysts to replace the use of Pt
through this method. Palladium (Pd), with intrinsic electrocatalytic performance
comparable with Pt in alkaline medium, was selected and alloyed with transition metal
nickel through the similar procedures. We examine the electrochemical performance of
the PtNi hollow nanoparticles in alkaline medium and the PdNi hollow nanoparticles
showed improved electrocatalytic ORR performance compared with the Pt/C in alkaline

medium.
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5.1 Introduction

We demonstrate the synthesis of Pt based alloyed electrocatalysts with improved
catalytic oxygen reduction reaction (ORR) performance in acidic environment and the
application of them in the proton exchange membrane fuel cell (PEMFC) in the
previous chapters and these Pt based electrocatalysts have shown improved
electrocatalytic performance as well as better stabilities in PEMFC. Recently a great
efforts have been devoted into the synthesis of non-Pt based electrocatalysts for the
ORR in alkaline medium because it has been well documented that the overpotential for
the ORR will be significantly reduced in high pH (alkaline) environment, thus offering
the possibilities of lower usage and wider selection of electrocatalysts other than
platinum to be available for this catalytic reaction.[1, 2]

At the meantime, the anion exchange membrane fuel cell (AEMFC), where the
alkaline anion exchange membranes (AAEMs) is used instead of the conventional
acidic Nafion® membrane in the proton exchange membrane fuel cell (PEMEC),[3-5]
has recently received considerable attraction with the development of AAEMs.[3, 6]
The cell design of AEMFC is typical the same with PEMFC except AAEMs were used
to only allow anion transfer from the cathode to anode, in specifically, the oxygen in the
cathode is reduce to OH™ and crosses through the AAEM to react with H' and generate
water, this difference between the PEMFC would generate alkaline medium in the
cathode of AEMFC thereby offering the opportunities of using the ORR electrocatalysts
explored in alkaline medium. Moreover, recently studies have shown that the
possibilities of the performance of the AEMFC could reach the same magnitude
performance of the PEMFC, and this adds further incentive in developing non-Pt

electrocatalysts for the ORR in AEMFC.
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Palladium (Pd), with competitive intrinsic electrocatalytic performance in alkaline
medium towards the ORR compared to Pt, is less expensive and more abundant and has
received considerable attention recently.[2, 7-10] Pd alloyed with transition metals (Pd-
TMs), such as Pd-Ni,[11, 12] Pd-Cu,[13-16] Pd-Fe,[2, 17, 18] and Pd-Co,[19] has
proven to be an effective way to reduce cost and simultaneously to enhance catalytic
performance due to the change of electronic and geometric structure of Pd.[2, 20]
Compared with alloying with noble metals such as Pd-Au[7, 21, 22] or Pd-Ag,[1, 20,
23] Pd alloyed with TMs provides a more practical and economical way to produce Pd-
based bimetallic electrocatalysts for the ORR in alkaline media.

Previous chapters have well demonstrated the advantage of using hollow
nanostructure in catalyzing ORR, including economically viability, higher surface area
and catalyst utilization efficiency compared with their filled solid counterparts.[24] The
so called sacrificial template protocol (galvanic replacement), which was first well
demonstrated by Xia’s group[25], has been modified and widely applied to synthesise
Pt-based bimetallic hollow nanostructures such as Pt-Pd[26], Pt-Cu[27] in the last
chapters with enhanced electrocatalytic performance. In comparison with the
development of Pt-bimetallic hollow nanostructures, reports on synthesising Pd-based
bimetallic hollow nanostructures have been rare, mainly because the activity and the
durability of Pd in the ORR are poor in acidic media.[2] For example, Pd-Ag hollow
nanorings were synthesized with good methanol tolerance,[23] while the ORR
performance was not improved, mainly because the larger lattice constant of silver
would subject the Pd to a tensile strain effect, decreasing the electroactivity of Pd
towards the ORR.[28] Pd-Co[29] and Pd-Cu[30] hollow nanostructures were also
reported with large particle size (> 50 nm) but their ORR properties were not

extensively studied due to the large particle size, which may decrease the active surface

155



Chapter 5

area. Thus, there is still an urgent need to develop Pd-TM bimetallic hollow
nanostructures with catalytic oxygen reduction abilities in alkaline media.

In this chapter, with the well-developed method in the previous chapter, we present
novel hollow PdNi nanostructures synthesized via a modified galvanic process using Ni
nanoparticles as sacrificial templates in aqueous solution. Electrochemical testing to
investigate the ORR effects showed that the as-synthesized PdNi had an outstandingly
high mass activity of 588.97 mA g'pg, which is 3.9 times higher than that of Pt/C, when
the precursor ratio of Pd:Ni was 1:1 (denoted as Pd;Ni; in this report) at —0.114 V (vs.
Ag/AgCl). Together with single H,/O, fuel cell testing, it is evidenced that Pd;Ni;/C
could serve as an efficient and durable AEMFC electrocatalyst in a practical working

device.
5.2 Experimental

5.2.1 Reagents

Nickel(IT) chloride hexahydrate (NiCl,-6H,0), palladium(II) chloride (PdCl,), sodium
citrate (99%), and sodium borohydride (NaBH4, 99.99%) were purchased from Sigma-
Aldrich. Carbon black (CB, Vulcan XC-72 R) was provided by the Cabot Corporation.
All glassware and PTFE-coated magnetic stir bars were cleaned with aqua regia,

followed by copious rinsing with distilled water before drying in an oven.

5.2.2 Synthesis

Ni nanoparticles were synthesized using the borohydride reduction method. Briefly,
0.02 mmol NiCl,-6H,0 and 29.4 mg sodium citrate were added to 40 ml distilled water.
After deoxygenating with nitrogen for 15 min, 2 ml freshly prepared NaBH, (7.5 mg)

was injected into the solution by syringe. The colour of the solution immediately turned
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dark yellow after the addition of NaBHy4, indicating the formation of Ni nanoparticles.
After a few minutes, 0.02 mmol H,PdCls in 40 ml deoxygenated water was added
dropwise into the Ni particle/colloid at a rate of 1 ml min" and allowed to react for
another 2 hours. The synthesized PdNi nanoparticles were supported on carbon black
(CB, Vulcan XC-72 R, Cabot Corp.) with a loading of 20 mass%, achieved by mixing
the above colloids with acid treated CB. A solid sample was obtained by filtration.
Before filtration, an aliquot of sodium hydroxide was added with stirring for another 2
hours, and then the products were filtered and rinsed with water several times to remove
the residual impurities in the catalysts, and then dried at 80°C overnight. This sample
was denoted as Pd;Ni;/C. To determine the optimized molar ratio of Pd:Ni, PdANi/C
catalysts with various precursor mole ratios of Pd to Ni, 3:1, 2:1, 1:1, and 0.5:1, were
synthesized. The corresponding samples were denoted as Pd;Ni;/C, Pd,Ni;/C, Pd;Ni,/C,

and Pdy sNi;/C respectively

5.2.3 Physical Characterisation

Low magnification TEM images were collected with a JEOL JEM-2100F transmission
electron microscope (TEM). High resolution (HR)-TEM images, scanning transmission
electron microscope (STEM) images, and probe-corrected energy dispersive
spectroscopy (EDS) line scans were collected in high-angle annular dark-field imaging
(HAADF)-STEM mode, using a JEOL-JEM 2200FS TEM operated at 200 kV. Samples
for TEM were prepared by dropping one drop of the cleaned nanoparticles in ethanol
dispersion on a copper grid (200 mesh). The powder X-ray diffraction (XRD) patterns
were collected using a Bruker D8-Advance X-ray powder diffractometer with Cu Ka
radiation (A = 1.5406 A). X-ray photoelectron spectroscopy (XPS) spectra were

collected using a Thermo Scientific K-Alpha instrument. Metal contents of the products
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were determined using energy dispersive spectroscopy (EDS, Bruker) in SEM (JEOL-
7500FA) and inductively coupled plasma — mass spectrometry (ICP-MS 7500CS,

Agilent Technologies).

5.2.4 Electrochemical measurements

Electrochemical measurements were performed using a glassy carbon rotating ring disk
electrode (RRDE, Pine Research Instrumentation, disk area=0.2475 cm?) connected to a
CHI 720c potentiostat (CHI instrument) in a standard three-electrode cell with a Pt mess
as the counter electrode and a 3 M KCI saturated Ag/AgCl electrode as the reference
electrode. An electrochemical cell (Pine Instrument) was filled with about 100 ml 0.1M
KOH and covered with a Teflon cap. The eletrocatalysts ink was prepared by dispersing
the electrocatalysts in 5% Nifion/H,O/isopropanol (m/m/m/=0.5/10/50) to reach a
Img/ml dispersion with an ultrasonicator (Brandson). 30 pL of the ink was dropped on
the RRDE electrode and let it air-dry for 2 hours before the electrochemical tests.

The cyclic voltammetry (CV) traces were recorded in N,-saturated KOH(aq) (0.1 mol
L") solution with a sweep rate of 50 mV s'. The ORR polarization curves were
recorded using a linear sweep voltammetry (LSV) technique in oxygen saturated
electrolyte with a sweep rate of 10 mV s at various rotation speeds of 100, 400, 900,
and 1600 rpm from 0.1 to -0.8 V. Stability tests were carried out by the
chronoamperometry technique at the potential of -0.2 V and with rotation at 1600 rpm
in oxygen-saturated electrolyte for 8000 seconds.

To evaluate the electrochemical performances, electrochemical surface areas (ECSAs)
were calculated by measuring the charge The electrochemical surface active area
(ECSA) was calculated based on the charge transfer in the metal reduction region at

around -0.25 (vs. Ag/AgCl), subtracting the double layer correction and assuming 0.405
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mC cm™ for the reduction of a monolayer of PdO on the catalyst surface and 0.210 mC
cm for the reduction of a monolayer of PtO.[2]

In order to obtain the kinetics of the ORR, ORR polarization curves were collected at
various rotation speeds, and corresponding Koutecky-Levich (K-L) plots were drafted
from the ORR polarization curves at different potentials. The number of electrons
involved per O,-molecule reduction can be determined using the Koutecky-Levich (K-L)
equation

Jj=1/jx + 1/Bw®;
[B = 0.2nF(Dg,)*/3 (1) 74 Cp,]

where, j; is the kinetic current, ® is the electrode rotation rate, n is the transferred
electron number, F is the Faraday constant (F = 96485 C mol™), Do, is the diffusion
coefficient of O, = 1.9x10” cm® s, v is the kinetic viscosity (0.01 em’ s™), and Cp, is
the bulk concentration of O, (1.2x10° mol cm™). The constant 0.2 is adopted when the

rotation speed is expressed in rpm.

5.2.5 Single Fuel Cell Test

The anion-exchange membranes used were electron-beam-grafted EFTE membranes
(graft co-polymerised) using vinylbenzyl chloride and functionalised using
trimethylamine (University of Surrey);[5] the membrane used was of type S80, with
membrane thickness = 80 um (thickness depends on hydration level) and ion exchange
capacity IEC ~ 1.3 meq g'. The anodes and cathodes were prepared as described
previously.[5] In brief, the electrocatalyst ink with ca. 10 mass%. PTFE as binder were
firstly sprayed on the gas diffusion layers (GDLs, 5cm?) to a loading of 0.4 mg cm™ and
were then spray-treated with poly(vinybenzyl chloride) dissolved in ethyl acetate. The

prepared GDLs were subsequently immersed in undiluted N, N, N, N’-
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tetramethylhexane-1,6-diamine (TMEDA) for 24 hours and then washed thoroughly
with water. The Pt/C was used as the electrocatalysts for anodes. For comparison
purpose, the commercial E-Tek Pt/C and the Pd;Ni;/C were chosen and used as
catalysts for cathodes. Before single fuel cell testing, the AAEMs and GDL electrodes
were immersed in KOH(aq) (1 mol L) solution for 1 hour to give alkaline anion-
exchange materials (OH conducting polymer electrolyte and cross-linked ionomer). The
membrane electrode assemblies (MEAs) were preparing by sandwiching the anode
GDLs and the AAEMs and tested using an 850e fuel cell test system (Fuel Cell
Technologies, Inc., USA) fed with humidified hydrogen and oxygen. The gas flow was
controlled at 0.08 ml min™. The fuel cell measurements were carried out at 60°C under
15 psi (103 kPa) back pressure. The polarization curves were recorded using a potential
scan method by holding the cell at each potential for 30 s in order to obtain the steady-

state current value with a scan rate of 25 mV s from 0.90 V to 0.25 V.
5.3 Result and Discussions

5.3.1 Synthesis of Porous Hollow PdNi Nanoparticles

P L ]
- o - Borohydride
] Reduction
e 8 é
® -
- [ ]
Ni**t+citric acid Nickel Nanoparticle
[
Pd*ions} ® @
®e
Hollow shaped PdNi PdNi nuclei on Ni surface

Figure 5.1 Schematic illustration of the formation of PdNi hollow NPs
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The schematic illustration of the synthesis procedure was depicted in Figure 4.1, which
is quite similar to the mechanism proposed in our previous work.[27]. In a typical
synthesis, nickel nanoparticles were firstly synthesized using citric acid as surfactant
and sodium borohydride as reducing agent under inert atmosphere. As the standard
reduction potential of Ni(IT)/Ni (-0.257 V vs. standard hydrogen electrode (SHE)) is
lower than that of the PdCI2~ /Pd couple (0.59 V vs. SHE), once dihydrogen
tetrachloropalladate(Il) solution is added the galvanic replacement will occur
immediately following the reaction equation shown in Equation 5.1. In this process, Ni
nanoparticles serve as the template and are gradually consumed by Pd salts, thereby
forming hollow cores. The Pd(II) ions will be co-reduced with a certain amount of Ni(II)
(leached away during the previous process) and to be deposited on the surface of the Ni
nanoparticles and form PdNi alloy shells.

2Ni + PdCI3~ — 2Ni?* + Pd + 4Cl~ Equation 5.1

5.3.2 Morphology of the Synthesized PdNi Hollow Nanoparticless with Various

Precursor Ratio

Impacts of the precursors’ molar ratio on the morphology of the nanoparticles were
carefully examined, as shown in Figure 5.2. When the precursor ratio Pd/Ni is > 3, the
hollow feature can barely be observed due to the relatively thick shells of the
nanoparticles (> 10 nm, Figure 5.2(A)). The shell thickness decreases, and the particle
size slightly increases, with reduction of the Pd proportion. As a consequence, well-
defined hollow shapes gradually appear. When the ratio of Pd/Ni is 0.5 in the precursor,
some smaller nanoparticles with sizes of about 15 nm are also produced (Figure 5.2(D)),
which may be because the Pd ions were insufficient to consume all the Ni nanoparticles

to form hollow shapes in the solution, causing the thus produced nanoparticles to be
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partially solid. This was evidenced by the single Ni peak on the XRD patterns, which
would be discussed later. The shell porosity was also changed when the ratio in the

precursors was varied; with less Pd, the shell tended to be more porous.

A) (B)

Figure 5.2 Typical TEM images of PdNi hollow nanoparticles with different Pd/Ni

precursors ratios; the molar ratios of Pd/Ni are (A) 3:1, (B) 2:1, (C) 1:1, (D) 0.5:1

5.3.3 Crystal Structure Analysis

XRD was employed to analyse the crystal structures of the hollow PdNi particles, as
shown in Figure 5.3. The diffraction peaks indicated that the structure could be indexed

using a face-centred-cubic (fcc) lattice, with (111), (200), (220), and (311) crystal planes
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forming the facets. In comparison to the pure Pd/C (JCPDS 89-4897), the four
characteristic peaks of PANi/C are noticeably shifted toward higher diffraction angles,
suggesting the formation of Pd/Ni alloyed nanostructures. Moreover, a single pure Pd

peak was not detected, indicating that all the Pd is in the alloyed state.
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Figure 5.3 XRD patterns of the synthesized nanoparticles: (a) “homemade” Pd/C, (b-¢)
PtNi hollow nanoparticles with various Pt/Ni products: (b) to (e) PdysNi;/C Pd;Ni,/C,
Pd,Ni,/C, and Pd;Ni,/C.

Products with various mole ratios were also examined by XRD. The positions of
the four characteristic peaks of the PdNi alloyed nanostructures (40.7°, 47.3°, 69.3°, and
82.8° (20)) are almost unchanged, regardless of variation in the Pd precursor
concentration, revealing that the fractions of Ni atoms alloyed with Pd atoms were the
same (~ 22%, Table 5.1). A single Ni peak (marked with the star symbol) which could
be assigned to the (111) planes of the face-centered-cubic (fcc) nickel (JCPDS No. 04-
0850) is detected when the precursor ratio of Pd to Ni is decreased to 0.5:1, revealing

that some Ni still remains unconsumed in the final products.
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5.3.4 Metal Contents Analysis

The metal composition of the final products was determined through using the ICP-MS
and also calculated from the result of the XRD using the Vegard's Law by calculating
the lattice parameters of the major three phase of the PANi alloy and the results were
shown in Table 5.1. As could been seen, the final Pd/Ni ratios in the products are mostly
around 3.0-3.7:1, decreasing as the molar ratio of Pd to Ni decreases in the precursor.
When the Pd/Ni precursor ratio was 0.5:1, the results derived from XRD show that the
Pd/Ni molar ratio is 2.89 in the alloyed PdNi nanoparticles, excluding the presence of
Ni nanocrystals. When considering the existence of unconsumed Ni, the ICP-MS shows
a more accurate ratio of Pd:Ni, which is about 0.53.

Table 5.1. Summary of metal contents derived from ICP-MS and XRD.

Precursors Derived from ICP-MS Derived from XRD*
Lattice Constant Pd mole Pd/Ni mole
Pd/Ni mole ratio (A) fraction ratio
3 3.44 3.812 78.92 3.74
2 3.32 3.802 76.22 3.20
1 3.06 3.798 75.13 3.04
0.5 0.53 3.795 74.32 2.89

The lattice parameters were the average lattice spacings calculated from the three major
reflections ((111), (200), and (220)) of the alloyed nanoparticles; the Pd molar fraction

were obtained assuming Vegard’s law.
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5.3.5 Electrochemcial Catalytic ORR Performance of Synthesized
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Figure 5.4 (a) ORR polarization curves and (b) Mass activities of the synthesized PdNi
hollow nanoparticles with different precursor molar ratio at —0.1V.

To qualify the electroactivities of the PdNi/C ssynthesized with different precursor
molar ratio, the solid state ORR polarisation curves and the kinetic mass current density
were obtained. (Figure 5.4) The onset potential and half-wave potential of the Pd;Ni,/C
(synthesized from the precursor molar ratio of Pd/Ni=1/1) is obviously positive than
other three products synthesized from different precursor molar ratios indicating the
Pd;Ni;/C had a higher ORR catalytic activity than the other three products.(Figure 5.4a)
The mass activity also revealed the similar trends on the ORR activities of the various
products, the mass activity the Pd;Ni;/C is 282.76 mA g'pg, which is significantly
higher than those of the other products activities (151.11, 139.44, and 100.23 mA g"'pq
for PdysNi;/C, Pd,Ni;/C, and Pd;Ni,/C respectively at —0.1 V (vs. Ag/AgCl)). The
enhanced ORR activity of the Pd;Ni;/C can be ascribed to the optimized hollow
structures with porous shells of Pd;Nijnanoparticles compared with the other three
products.[2] Thus in this chapter, the Pd;Ni; nanoparticles was further characterized in
detail and made comparisons with the commercial E-Tek Pt/C and homemade Pd/C

electrocatalysts to study the differences of the electrocatalytic ORR abilities.
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5.3.6 Morphology Analysis of the Pd;Ni; Nanoparticles

Morphologies of the Pd;Ni; nanoparticles thus produced were examined by TEM
(Figure 4.2a and b). It is clear that the nanoparticles are mostly well dispersed, with the
shell color much darker than the inside core, suggesting hollow-featured nanostructures.
The average diameter of the hollow spheres is ca. 30 nm, and the shell thickness of 5-7
nm. Another feature of the hollow nanoparticles is that their shells are constructed from
numerous discontinuous grains (crystalline alloy particles (Figure 4.2¢) with an average
size of 3-5 nm, which indicates that the shells are incomplete and porous. This
mechanism could be explained by the faster reaction kinetics of Pd/Ni, as proposed in
our previous report.[27] The selected area electron diffraction (SAED) pattern (inseted,
Figure 4.2b)) indicates that the nanoparticles are polycrystalline nanocrystals with a
face-centred-cubic (fcc) structure. The d-spacing of lattice fringes determined from the
HR-TEM images (Figure 4.2d) is 0.216 nm, corresponding to the (111) planes of the

PdNi alloy nanostructure.
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Figure 5.5 (a) low magnification TEM image and (b) high magnification TEM image of
the Pd;Ni; hollow nanoparticles, inset: corresponding SAED pattern ; (c) representative
high resolution (HR) TEM image d) Ultra high resolution (UHR) TEM images showing

with lattice spacing of the hollow Pd;Ni; nanoparticles.

5.3.7 Element Analysis of the Pd;Ni; Nanoparticles

The high-angle annular dark-field imaging (HAADF)-STEM image of the Pd;Ni;
hollow nanparticles (Figure 5.6 a) further confirmed the as synthesized nanoparticle are
hollow shaped with uniform size about 25 nm. The probe-corrected HAADF-STEM

EDS line scan analysis (Figure 5.6 b) was further used to determine the elemental
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distribution within the nanoparticles. As is shown, Pd and Ni are both distributed
through the particles, with more Pd aggregated on the shell. In addition, more of the
elements were detected on the shell than in the core, reflecting the formation of a hollow

shape.

Figure 5.6 a) High-angle annular dark-field imaging (HAADF)-STEM image of the
Pd;Ni; hollow nanparticles and b) Probe corrected EDS line scan profile of the Pd;Ni;

nanoparticle indicated in a).

5.3.8 X-ray Photoelectron Spectroscopy Analysis of the Pd;Ni; Nanoparticles

X-ray Photoelectron Spectroscopy (XPS) was employed to acquire important
information on the composition as well as the electronic state of the metals component
in the nanoparticles (Figure 5.7). It could be seen all the element were presenting in the
XPS spectra except Ni, which is possibly due to the Ni was under the skin of Pd.
Considering XPS is a surface sensitive technique, it was understanding that nickel was
not detected using the XPS analysis. The narrowed XPS was employed to investigate
the electronic environment of Pd in the hollow Pd;Ni; nanoparticles (Figure 5.7b). The
two peaks around the binding energies of 341 and 336.5 eV are assigned to the Pd 3d3,,

(high-energy band) and 3ds, (low-energy band), reveal that Pd is metallic Pd(0) in the
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alloyed nanostructures.[31] When compared to data for pure Pd/C, the binding energy is
lowered by ca. 0.8 eV , clearly showing the changes in the electronic structure of Pd,

possibly due to the charge transfer between Ni and Pd in the alloyed shell.[12]
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Figure 5.7 a) XPS spectra and b) Narrowed scan of Pd 3d of Pd;Ni;/C and

“homemade” Pd/C

5.3.9 Cyclic Voltammetry Measurement

CV traces were obtained and used for a preliminary study of the electrochemical
properties of the synthesized Pd;Ni;/C, Pd/C, and E-Tek Pt/C (Figure 5.8).The CVs are

consistent with typical characterized CV regimes of Pd or Pt: typical hydrogen
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underpotential adsorption/desorption peaks in the potential range of -0.9 to -0.6 V; a
double-layer capacitance region from -0.6 to -0.4 V; and metal oxidation/reduction
peaks in the range between -0.3 and 0.1 V. The electrochemical surface active area
(ECSA) was calculated based on the charge transfer in the metal reduction region at
around — 0.25 (vs. Ag/AgCl), subtracting the double layer correction and assuming
0.405 mC cm™ for the reduction of a monolayer of PdO on the catalyst surface and
0.210 mC cm™ for the reduction of a monolayer of PtO.[2] The ECSAs are 48.1 and
44.5 ng'lpd for Pd;N1,/C and Pd/C, and 59.7 ng'lpd for Pt/C. Although the particle
size of Pd;Ni;/C is much larger than that for Pd/C, it still shows a slightly higher ECSA

than that of the Pd/C, mainly because of its hollow and porous characteristics.

I.O T T T T v T T T M 1
0.5
"g
o
< 0.0
E
-
=-0.5
=
o
-1.0- ——Pd,Ni /C
- = = E-Tek PY/C
-1.5 T T T T T T T T "'."Pd/lC
-0.8 -0.6 -0.4 -0.2 0.0

Potential (V vs. Ag/AgCl)

Figure 5.8 CVtraces of the Pd;Ni;/C, home-made Pd/C, and commercial E-Tek Pt/C.
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5.3.10 Performance of Electrocatalytic Oxygen Reduction Reaction

J 7 0 T T T
a) b)
14 1
1 !
2 ~ 2 [
R E L ¢l
5 3 23] e 1
< g ] B
§—4 = A
s E s A
E .54 =2 !
3 hd Sl T 0 RPM
B B et Y . I ki
| PdNi /C ;oo Y00 REM
] - - -F-Tek PU/C 71 e L === 1so0REY
) —-—- Pd/C T —--—- 2500 RPN
T ¥ T T T \J T v T _8 T T T T T T T T T T
-0.8 -0.0 -0.4 -0.2 0.0 -0.8 0.6 =04 -0.2 0.0
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
07 . . - 3 1600
wld
0.6 = 1400
0.5+ “F500 10 £
E . H
- Z 3
L, 04 £ am 4 !
E e s
03 z w2
PEIE Z
- -
024 i -
= ]
« e 1V - L0 2
01 i 04V | -
] 200

T T T T T T T T T
0.02 0.04 0.06 0.08 0.10
w_w{rpm'j :}

T haNC
Figure 5.9 a) ORR polarization curves of the Pd;Ni;/C, home-made Pd/C, and
commercial E-Tek Pt/C. (b) ORR polarization curves of the Pd;Ni,/C at various rotation
rates. (c) K-L plots derived from the ORR curves of the Pd;Ni,/C at different potentials.
(d) Mass activities and specific activities of the Pd1Nil/C, Pd/C, and E-Tek Pt/C at -0.1
V.

The thin film rotating-disk electrode (TF-RDE) technique was used to study the ORR
activities and kinetics at the Pd;Ni,/C, Pd/C, and commercial Pt/C electrodes. Figure
5.9a shows the ORR polarization curves of these catalysts obtained at a rotation speed
of 1600 rpm. All the polarization curves display a well-defined diffusion-limiting
current region from —0.8 V - —0.2 V and a mixed kinetic-diffusion control region from
0.05V - —-0.2 V. The half-wave potential of the Pd;Ni,/C for the ORR is —0.114 V

(RSD=1%), which is slightly higher than that of Pt/C (-0.117 V, RSD=1%) and much
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more positive than that of Pd/C (-0.135 V, RSD=1%), indicating the hollow shaped
Pd;Ni; nanoparticles feature a significant enhancement in the electrocatalytic ORR in an
alkaline medium compared with Pd/C or commercial Pt/C.

In order to obtain the kinetics of the ORR, ORR polarization curves were collected at
various rotation speeds (Figure 5.9b) and corresponding Koutecky-Levich (K-L) plots
(Figure 5.9¢) were drafted from the ORR polarization curves at different potentials. The
number of electrons involved per O,-molecule reduction can be determined using the
Koutecky-Levich (K-L) equation

Jj=1/jx + 1/Bw®%;

[B = 0.20F(Dg3) /3 (1) ™/5Co,]
where, j; is the kinetic current, ® is the electrode rotation rate, n is the transferred
electron number, F is the Faraday constant (F = 96485 C mol™), Do, is the diffusion
coefficient of O, = 1.9x10” cm? s'l, v is the kinetic viscosity (0.01 cm’ s']), and Cp; is
the bulk concentration of O, (1.2x10° mol cm™). The constant 0.2 is adopted when the
rotation speed is expressed in rpm. The transferred electron number was calculated to be
4.20 — 4.40 at around —0.15 - —0.4 V, revealing that the ORR from 0.15 - -0.4 V is
dominated by a four-electron (4e) pathway and that O, is reduced to OH" during the
reaction.

To study the electroactivities of the PdNi/C, Pd/C, and Pt/C in detail, the kinetic
current has been calculated from the ORR polarization curves by considering the mass-
transport correction using the Levich-Koutecky equation (1/i = 1/i;, + 1/i;, where
i 1s the kinetic current and i, is the diffusion limited current), which is normalized
against and then normalized to the mass and specific area of Pd or Pt to compare the
mass activities and specific area activities of the catalysts. The mass activity and the

specific area activity of the Pd;Ni;/C is 588.97 mA g-lpd and 1434 pA cm'z, which is
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3.89 and 3.92 times higher than those of Pt/C or Pd/C, respectively, indicating the
significant improvement of ORR catalytic activity for the hollow Pd;Ni;. Comparing
with Pt/C (151.3 mA g'pq) or Pd/C (162.96 mA g'pg), we infer that the enhanced ORR
activity of the PANi/C can be ascribed to the unique hollow alloyed structures with
porous shells of nanoparticles. Moreover, the changes in the surface electronic features
through the introduction of a second metal to Pd would also contribute to the increased

activity.[2]

5.3.11 Poison Resistance Ability Test

The selectivity to methanol of the catalysts is a key factor in the real application for fuel
cells, because the relative small methanol molecular would cross through the membrane
and react with the catalysts in the cathodes causing poor ORR performance and further
reducing the cell efficiency.[23] To this end, the selectivity of Pd;Ni,/C, E-Tek Pt/C and
Pd/C were compared through chronoamperometric measurements at the rotating speed
of 1600 rpm at — 0.3 V with introduction of methanol at 200s as displayed in Figure
5.10. A stable current was observed for both catalysts revealing the ORR performance
of them were comparative. However, after the addition of methanol, a distinct change
on current was observed for the Pt/C and Pd/C catalyst indicating methanol oxidation
occurred, i.e., the selectivity of the Pd/C or Pt/C was poor. In contrast, for Pd;Ni;/C, the
current remained nearly unchanged after the addition of methanol reflecting its superior

selectivity and better methanol tolerance.
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Figure 5.10 Chronoamperometric responses of the electrocatalysts a) Pd;Ni,/C, b) Pd/C

and ¢) E-Tek Pt/C at — 0.2 V with rotation rate of 1600 rpm. ORR curves and

chronoamperometric responses were measured in O,-saturated KOH(aq) (0.1 mol L)

solution with a scan rate of 10 mV s™ with the addition of methanol at 200 s

5.3.12 Stability Tests

A chronoamperometric study was conducted to determine the durability of the catalyst

for the ORR (Figure 5.11). During the long (~ 8000 s) ORR test at -0.2 V, a 5% current

loss for the hollow shaped Pd;Ni;/C was observed. In contrast, for Pd/C or commercial

Pt/C, the current losses under identical conditions are more than 10%. These results

clearly indicate the hollow PdNi/C is much more stable than the commercial Pt/C or

Pd/C in terms of the catalytic activities of oxygen.

174



Chapter 5

3

-

=

@

=

-

o

o

2

k=

EE 0.8 -
—— PdINil/C
~ - —E-Tek Pt/C
----- Pd/C

0.7 Ll

T T T

1 1 L I ' I ¥ 1 L4 1 L4 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (sec)

Figure 5.11 Chronoamperometric responses of the electrocatalysts at -0.2 V with
rotation rate of 1600 rpm. ORR curves and chronoamperometric responses were

measured in O,-saturated KOH(aq) (0.1 mol L") solution with a scan rate of 10 mV s™

5.3.13 Single Anion Exchange Membrane Fuel Cell Test

The TF-RDE technique is useful for identifying candidate materials but tests operated
under conditions that are much closer to fuel cell operating conditions are necessary to
demonstrate the practical performances of the electrocatalysts,. Anion exchange
membrane fuel cell tests as described previously[5] were carried out in order to evaluate
the performance of the catalysts in a practical environment. Figure 5.12 shows the
polarization curves and power density curves of AEMFC tests with commercial E-Tek
Pt/C and Pd;Ni,;/C cathode catalysts, respectively. The peak power density obtained
with the commercial E-Tek Pt/C electrocatalysts is 92 mW c¢m™ at the loading of 0.4 mg
cm™, which is compatible to the previous results.[5] Under the same testing conditions,

the hollow Pd;Ni,/C electrode exhibits much higher power density and current density
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than those with Pt/C. The peak power density of the hollow Pd;Ni,/C electrode obtained
at 0.4 V is 150 mW cm?, which is more than 1.7 times higher than that with the
commercial Pt/C (90 mW/cm?). In addition, at 0.4V the current density of the hollow
Pd;Ni/C is 375 mA cm™, which is 1.5 times larger than that of the Pt/C at the same
voltage (current then 240 mA cm?). These results, which are consistent with the RDE
results (Figure 5.9a), provide clear evidence to suggest that the Pd;Ni,/C
electrocatalysts have the potential to perform as more promising and efficient
electrocatalysts in alkaline membrane fuel cells (a working, real environment) when

compared with state-of-the-art commercial Pt/C electrocatalyst.
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Figure 5.12 AEMFC polarization curves (round symbols) and power density curves
(square symbols) of a single cell test using E-Tek Pt/C (filled symbols) and PdNi/C
(hollow symbols) as cathode catalysts with a loading amount of 0.4 mg cm™. Operating
conditions: cell temperature 60°C, humidifier temperatures 60°C for both H, and O,,

flow rate 0.08 L min'l, and back pressure 15 psi for both H, and O,
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5.4 Conclusion

In this chapter, with the method we have developed in synthesized hollow PtCu which
was described in last chapter, we continuously use the modified galvanic replacement
method synthesizing the hollow PdNi hollow nanoparticles with porous features, it was
also found the concentration between the ratios of precursor plays important role in
determining the structure of final products. The TEM confirmed the formation of porous
hollow shape, the EDS and XRD confirmed the alloyed nature of the nanoparticle
consisting of both Pd and Ni elements. The XPS results give further evidence in the
change of electronic structure of Pd owing to the introducting of Ni into the Pd atoms,
which may cause the enhancement of the catalysts’ performance.

Electrochemical tests revealed the hollow PdNi nanparticles could work more
efficient electrocatalysts compared with the commercial Pt/C or Pd/C with more stable
and selective in the basic environment for the AEMFC. At last the single fuel cell tests
also evidenced the electrocatalysts could work practicable electrocatalysts with much
lower cost. The enhanced performance was ascribed to the change of electronic and
geometric structure of Pd due to the introducing Ni into Pd atoms and the hollow
features of the electrocatalysts which could provide large surface area and ample active
sites for oxygen reduction thus facilitating the ORR process.

To further reduce the cost of the ORR catalysts, the synthesis of noble-metal free
electrocatalysts with comparable electrocatalytic activities, better methanol tolerance
and longer stability has been devoted into many efforts in recent decades. The
heteroatoms doped carbon has been recognised as one of the most promising
electrocatalysts for the ORR as they offer comparable electrocatalytic performance, low
cost and much better stability compared with the commercial Pt/C. In the later chapters

of this study, we will demonstrate the synthesis of non-noble metal based
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electrocatalysts using nitrogen doped graphene or using transition metal oxides, cobalt
oxides as catalytic sites and explore their applications in the catalytic ORR in alkaline
medium. Initial research on these non-noble metal electrocatalysts involves the
synthesis of nanostructured porous nitrogen doped graphene with well controlled
nitrogen doping level and configuration, which is derived from the vapour phase
polymerisation of PPy on graphene aerogel following by heat treatment and the
synthesized nitrogen doped crumpled graphene showed comparable electrocatalytic
ORR performance compared with the commercial Pt/C. Further, to improve the
catalytic performance of the nitrogen doped graphene, we incorporated cobalt /cobalt
metal oxides onto the doped graphene aerogel through a facial hydrothermal synthesis
method and the electrochemical results showed the as-synthesized cobalt /cobalt oxides
based electrocatalysts showed improved electrocatalytic ORR performance compared
with the pure nitrogen doped graphene aerogel and with similar electrocatalytic

performance with the Pt/C.
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6.1 Introduction

Previous chapter has shown PdNi hollow nanoparticle could work as the improved
electrocatalytic oxygen reduction reaction (ORR) electrocatalysts, while to further
reduce the cost of the electrocatalysts, synthesis of non-noble metal based
electrocatalysts has become a necessarily in the real-world application. Recent advances
in synthesis of heteroatoms (nitrogen,"*! boron,"*! sulfur,'° phosphorus,[10, 11] etc.)
doped graphene suggested that the doped carbon could be used to replace the high-cost
platinum (Pt) as efficient and “poison”-resistant electrocatalysts for the oxygen
reduction reaction (ORR), which is recognized as a kinetically limited step in fuel cells
and metal-air batteries due to the sluggish reaction mechanism.[12, 13] The chemically
converted graphene[14-16], owing to the ease of preparation and processing, has been
extensively used for doping through chemical vapor deposition,[17] thermal annealing
with nitrogen-contained precursors at high temperatures[2, 5, 6, 9, 18-20], hydrothermal
reactions at relatively low temperatures[8, 12, 21, 22] or nitrogen plasma treatment.[23,
24] During the doping of foreign atoms, the alternation of the spin density and charge
distribution on carbon could effectively improve the chemical and electronic properties
of pristine graphene sheets thus producing enhanced performance electrocatalysts for
the ORR.[5, 6, 22, 25] However, the chemically derived graphene sheets are vulnerable
to stack and aggregate during the reduction or drying processes due to the strong van
der waals and hydrogen bonding between water molecular and graphene sheets[26, 27].
This irreversible stack would decrease the specific surface area, cause the losses of
active sites and further hamper uniform doping thereby compromising the overall
properties of the electrocatalysts.[16, 18, 26-39]

In light of this, the integration of the plane sheets into designed 3D graphene

macroscopic structures becomes a key process in further widening the application of
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graphene for practical electrochemical devices because the resulted 3D structures could
prevent the flat sheets from largely aggregating, providing them with large surface areas
and ample active sites for electrocatalytic reactions.[16, 18, 26-38] The graphene
hydrogel (GH)/aerogel (GA), synthesized via a feasible self-assembly hydrothermal
method, represents a novel class of 3D macroporous graphene architectures with good
mechanical properties.[19, 21, 33, 34, 40] As was dicussed by Shi. et.al, at high
temperature (above 180 °C), the self-assemble of graphene hydrogel was possibly
driven by stacking interactions of graphene sheets and during the hydrothermal process,
the noncovalent cross-links of the graphene sheets were partly dissociated through the
parallel sliding between graphene sheets, leading to the substantial decrease in viscosity
of the graphene oxide and thereby forming GH. [32] The 3D interconnected macropores
could offer more active sites, multiple electron and ion transport pathways and easy
access to the oxygen and electrolyte thus minimizing the ions and electrons transfer
resistance between bulk electrode and electrolyte.[8, 19, 21, 32, 34, 40-43] These
features clearly suggest that graphene hydrogel or aerogel as a macroporous 3D
nanostructure aerogel could be perfectly qualified as candidates for the ORR upon
doping.

Despite many notable achievements in producing doped graphene 3D
nanostructures, [2, 19, 21, 44] there are still certain issues need to be addressed, ranging
from the doping process to the post-treatment process. For instance, the high
temperature thermal annealing GA with nitrogen source would also unexpectedly cause
the stack of graphene sheets in the GA due to the remaining n-m interactions and H-
bonds between graphene sheets[32] thus further hampering uniform doping.[17-19]
While in-situ hydrothermal reaction doping during the formation of graphene hydrogels

proposes a strategy for uniform doping, the nitrogen configuration, which is crucial in
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determining catalysts performance, is beyond control.[8, 21, 22] Moreover, these doped
3D monolithic graphene aerogels would be inevitably sonicated and re-dispersed for
preparing oxygen reduction electrodes or membranes electrodes assemblies (MEAs) of
fuel cells or metal-air batteries[1, 7, 13, 45, 46], at this time the 3D monolithic porous
structures would usually be demolished and the dispersed flat sheets in the Nafion®
dispersion would easily aggregate when drying on the electrodes which would again
decrease the specific surface areas and activated sites of the electrocatalysts.

In this chapter, we demonstrate a two-step synthesis of nitrogen doped crumpled
graphene (NCG) first evolved from hydrothermal synthesizing GH and then followed
by vapor phase deposition of PPy film on the GA sheets and then introduce the nitrogen
species into graphene lattice via thermal annealing. The vapor phase polymerization
(VPP) is a well-established method in our group to produce inherent conducting
polymer films with high conductivities, uniformities at the nanoscale on certain
substrates.[47] The uniform PPy coating would effectively inhibit stacking during heat
treatment and thus facilitate uniform doping. Besides the crumpled sheets could be
produced in the graphene aerogel during the doping process, which makes this
architecture as attracting electrocatalysts for preparing oxygen reduction electrodes or
MEAs because the micro-3D crumpled feature could be well maintained during post
treatment. The electrocatalytic performance towards ORR of the NCG was carefully
examined in alkaline medium, showing comparable electrocatalytic activities with Pt/C
but with better methanol tolerance and longer durability. At last, we conduct anion
exchange membrane fuel cell (AEMFC) tests to acquire the real performance of our
catalysts in a practicable environment. To our best knowledge, this is the first AEMFC
test using metal-free doped carbon materials as cathodes catalysts. At the same loading

level with the commercial Pt/C (10 wt. % Pt on Vulcan XC-72, E-Tek), our catalysts
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show a max power output of 63 mW cm™, reaching 83 % of the max power density of
E-Tek Pt/C (76 mW cm™) suggesting its comparable performance with the Pt/C in
practicable environment This result would provide important information on the real
performance of the metal-free catalysts and therefore benefit the research in metal-free

electrocatalysts for the ORR.
6.2 Experimental

6.2.1 Reagents

Graphite (325 mesh, Sigma), Sulphuric acid (H,SO4, concentrated, Ajax Finechem),
phosphoric acid (70%, H3PO4, Ajax Finechem), Potassium permanganate (KMnOy,
Sigma), hydrogen peroxide (H,O,, Sigma), Hydrochloric Acid (33%, HCI, Ajax
Finechem), L-ascorbic acid (L-AA, Sigma), Iron (III) p-toluenesulfonate (FeToS,

Sigma) , butanol (Sigma), Pyrrole (distilled, Sigma), Urea (Sigma)

6.2.2 Synthesis

Synthesis of Graphene Oxide (GO): GO was prepared from natural graphite flakes
(Sigma) using a modified Hummers method, which was described elsewhere.[14, 48] In
a typical synthesis, a 9:1 mixture of concentrated H,SO4/H3PO4 (360:40 mL) was added
to a mixture of graphite flakes (3.0 g, 1 wt equiv) and KMnOy4 (18.0 g, 6 wt equiv),
producinga slight exotherm to 35-40 °C. The reaction was then heated to 50 °C and
stirred for 12 h. The reaction was cooled to rt and poured onto ice (400 mL) with 30%
H,0, (10 mL). The obtained yellow bright solution was centrifuged (4000 rpm for 4 h),
and the supernatant was decanted away. The remaining solid material was then washed
in diluted HCI acid and water for 2 times. At last, the solid materials in water was

dialysis for 2 weeks with changing water frequently for before use.
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Synthesis of Graphene hydrogels (GHs) and Graphene alcogels(GAs): GHs was
synthesized by reduction of GO with L-ascorbic acid at mild temperature.[40] In a
typical procedure, a 20 mL GO (4 mg mL™") with 320 mg L™ ascorbic acid solution
were mixed and sonicated for 10 min before placing in a water bath at 70 °C for 4 hours.
After reduction, GHs were carefully taken out and purified by distilled water for one
week. To synthesize GAs, the GHs were directly freeze-dried overnight.

Synthesis of Polypyrrole coated graphene aerogels (PPy-GAs) and NCGs: In order
to deposit Iron (III) p-toluenesulfonate (FeToS) (dissolved in butanol(Sigma)), GHs
were firstly converted to alcogels by exchanging with ethanol for several times. The
synthesized alcogels were soaked into 20 wt. % FeToS butanol solutions for 20 hours,
after that alcogels were dried in a conventional oven at 100 °C for 30 minutes to prepare
FeToS films on the graphene acrogel sheets. To synthesize PPy-GA, these GAs were
placed in sealed flasks saturated with pyrrole (distilled, Sigma) monomer for 1 hour in
an oven at 60 °C to polymerized polypyrrole on the GFs sheets. After vapor phase
polymerization, the PPy-GAs were washed with copious amount of ethanol and water
several times to completely removed unreacted oxidizing agent, pyrrole and butanol.
Freeze-drying was used to dehyrate PPy-GA to maxium maintain the 3D structure of
PPy-GA. To convert PPy-GAs to NCGs, the purified PPy-GAs were annealed at
required temperature for 2 hours with a heating rate of 10 °C /min under the protection
of argon (400 sccm).

Synthesis of nitrogen doped graphene aerogel (NGA): The GH was directly
submerged into urea water solution with a concentration of 2 mol L™ for 24 hours and
then dehydrated with freeze drying without any washing. Then the aerogel was

annealled at required temperature as the manner above
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6.2.3 Physical Characterisation

SEM images were obtained using a JEOL-7500FA. TEM images, High resolution (HR)-
TEM images were collected with a JEOL JEM-2100F transmission electron microscope
operated at 80 kV. Scanning transmission electron microscopy (STEM) images and
Energy dispersive X-Ray spectrum (EDS) mapping analysis were acquired with a JEOL
JEM-ARM200F operated at 80 kV. Samples for TEM, EDS, STEM were prepared by
dropping one drop of the catalysts ethanol dispersion on a holy carbon film coated
copper grid (200 mesh). Ethanol dispersion was prepared from sonication using a probe
sonicator (Brandson S-250D) operated at 50 % aptitude for 1 hour The fourier
transform infrared (FTIR) Spectrum were collecting using a Shimadzu FTIR Prestige-
21 instrument. The The powder X-ray diffraction (XRD) patterns were collected using a
GMC MMA X-ray powder diffractometer with Cu Ka radiation (A = 1.5418 A). X-ray
photoelectron spectroscopy (XPS) spectra were collected using a Thermo Scientific K-
Alpha instrument. Raman spectrums were acquired with a Raman JY HR800

Spectrometer with the excitation laser of 632.18 nm.

6.2.4 Electrochemical Measurements

Electrochemical measurements were performed using the thin film rotating-disk
electrode (TF-RDE) technique, as reported elsewhere.[49] The electrocatalysts ink was
prepared by dispersing the electrocatalysts in Nafion/H,O/isopropanol (m/m/m =
0.05/10/50) to obtain a 2 mg ml" dispersion via a probe sonicator (Brandson S-250D).
The thin film electrode was prepared through placing 60 pL of the catalyst ink on a
glassy carbon rotating ring disk electrode (RRDE, 0.2475 cm’, Pine Research
Instrumentation). The electrode was then connected to a CHI 720c bipotentiostat (CH
Instruments) in a standard three-electrode cell with a Pt-mesh counter electrode and a
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KNOs(aq) saturated (10 wt.%) Ag/AgCl reference. Unless otherwise specified, all the
potentials are against Ag/AgCl as reference potential.

The cyclic voltammetry (CV) traces were recorded in N, saturated KOH (0.1 mol
L") solution with a sweep rate of 50 mV s'. The ORR polarization curves were
recorded using a linear sweep voltammetry (LSV) technique in oxygen saturated
electrolyte with a sweep rate of 10 mV s at various rotation speeds of 100, 400, 900,
and 1600 rpm from 0.1 to — 0.8 V. Koutecky-Levich (K-L) plots were drafted from the
ORR polarization curves at different potentials. Ohmic drop caused by system
resistentce was compensated using atomatic mode within the CHI software.[50] The
number of electrons involved per O,-molecule reduction can be determined using the
Koutecky-Levich (K-L) equation

Jj=1/jx + 1/Bw®;
[B = 0.2nF (D)% (v)"/¢Co;]

where, j; is the kinetic current, o is the electrode rotation rate, n is the transferred
electron number, F is the Faraday constant (F = 96485 C mol™), Do, is the diffusion
coefficient of O, = 1.9x10” cm?® s, v is the kinetic viscosity (0.01 em’ s™), and Cp is
the bulk concentration of O, (1.2% 10 mol cm™).
Methanol tolerant were carried out through a chronoamperometry technique at the
potential of — 0.3 V and with rotation at 1600 rpm with subsquently introducing of
oxygen and methanol (0.5 M) at set time. Stability tests were carried out by the
chronoamperometry technique at the potential of — 0.3 V with rotation spped at 1600

rpm in oxygen-saturated electrolyte up to 15000 seconds
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6.2.5 Single Fuel Cell Test

The anion-exchange membranes used were (graft co-polymerised) using vinylbenzyl
chloride and functionalised using trimethylamine (University of Surrey);[51] the
membrane used was of type S80, with membrane thickness =~ 80 pm (thickness depends
on hydration level) and ion exchange capacity IEC ~ 1.3 meq g"'. The anodes and
cathodes were prepared as described previously.[51] In brief, the electrocatalyst ink
prepared with ca. 15 wt.% poly(vinybenzyl chloride) dissolved in ethyl acetate were
sprayed on the gas diffusion layers (GDLs, 5cm?) to a loading of 0.4 mg cm™ and were
subsequently immersed in undiluted N, N, N’, N’-tetramethylhexane-1,6-diamine
(TMEDA) for 24 hours and then washed thoroughly with water. The Pt/C was used as
the electrocatalysts for anodes at a loding level of 0.2 mgp cm™. For comparison
purpose, the commercial E-Tek Pt/C with Pt loading about 10 wt. % and 20 wt. % and
the NCG-1000 were chosen and used as catalysts for cathodes. Before single fuel cell
testing, the AAEMs and GDL electrodes were submeged into KOH(aq) (1 M) solution
for 1 hour to give alkaline anion-exchange materials (OH  conducting polymer
electrolyte and cross-linked ionomer). The membrane electrode assemblies (MEAs)
were preparing by sandwiching the anode GDLs and the AAEMs and tested using an
850e fuel cell test system (Fuel Cell Technologies, Inc., USA) fed with humidified
hydrogen and oxygen (RH=80%) at temperature of 55 °C. The gas flow was controlled
at 0.17 ml min™". The cell temperature were maintained at 60°C and the back pressure is
15 psi (103 kPa). The steady-state polarization curves were recorded using a current
scan method by holding the cell at each point for 60 s with a scan rate of 10 dec/pt from

0Ato2A.
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6.3 Result and Discussions

6.3.1 Synthesis

70°C 4h Solvent Exchange

Hydrothermal
GO+L-AA Graphene Hydrogel FeToS butanol sglution
\ FeToS coated Butanol
" Alcogel Evaporation

|\ Pyrrole
. Monomer

Thermal Treatment L == '_ s34

A —
VPP deposition

Figure 6.1 (a) schematically illustration of synthetic process of NCG based on a vapor
phase polymerization method on graphene hydrogel and (b-d) SEM images collected
during the preparation process to show a comparison between the (b) GA, (c) PPy-GA
and (d) NCG-1000.

The fabrication process for NCG was depicted in Figure 6.1a. In a typical synthesis, the
GH with was firstly produced and submerged in ethanol and butanol subsequently to
exchange FeToS butanol solution in the alcogel. In the following step, the alcogel was
cut into desired shape (Figure la (II)) for better deposition and was directly annealed at
100 °C for 0.5 hour to deposit the FeToS films on the graphene sheets, at such high

evaporating rate, a uniform deposition would be formed without any observed
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crystallization.[52]During deposition, the graphene gel would be shrunk because of the
capillary force through butanol evaporation thereby crumpling the sheets in graphene
alcogel. VPP was then carried out to grow PPy films on the alcogel (PPy-GA) by
placing the FeToS film deposited alcogel in pyrrole vapor for 1 hour. To convert into
the NCG, The PPy-GA was finally annealed at a set of temperatures after carefully
washing, at this step the coated PPy would be eventually decomposed providing
nitrogen source evolving into the graphene lattice.

The morphology and structure transformation associating with the fabrication
process between the pure GA, PPy-GA and NCG was studied by scanning electron
microscopy (SEM) as shown in Figure 6.1 b-d. Compared with the GA (Figure 6.1b),
the pore sizes of the PPy-GA become much smaller and the sheets were more wrinkled
which were possibly arisen from the shrinkage of the gel during butanol evaporation.
More obviously (Figure 6.1c¢), it could be seen the graphene sheets become thicker and
not transparent indicating the deposition of PPy, which was very uniform across all the
sheets. After heat treatment, the 3D porous structure was well maintained and the sheets
of the NCG were featured with abundant crumpled wrinkles (Figure 6.1d) due to the

VPP process and heat treatment.
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6.3.2 Characterization of PPy-GA
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Figure 6.2 (a) Fourier transform infrared (FTIR) Spectrum, (b) Raman spectrum , (c) X-
Ray photoelectron Spectroscopy (XPS) spectrum of the vapor phase polymerized
polypyrrole coated graphene aerogel (PPy-GA), graphene aerogel (GA) and polypyrrole
(PPy). (d) TEM images of the PPy-GA, (e) Energy dispersive X-Ray spectrum (EDS) of
the PPy-GA, the region selected for EDS is on (d), inserted table: element percent
calculation analysis. (f-g) High-Mag SEM images of the PPy-GA

The PPy-GA was also characterized with the Fourier transform infrared spectroscopy
(FTIR, Figure 6.2a), which also indicated the existence of PPy. The characteristic peaks
of PPy could be clearly identified. Peaks located at 1554 and 1469 cm™ could be
assigned to the stretching vibrations of pyrrole rings, peaks at 1296 and 1033 c¢m™ are

attributed to the C-N stretching vibration and C-H deformation vibration, the peaks
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1168 and 898 are relating to the doping state of PPy.[53] For the GA, the 1724 cm’
were carbonyl C=0 stretching vibration, the C=C and C-OH stretching vibration were
located at 1566 cm™ and 1203 cm™ respectively. It could be obviously seen that after
VPP, the characteristic peaks of PPy were realized even with somewhat shift which may
be ascribed to the H-bonds and n-m interconnections between PPy and GA. The Raman
spectra (Figure 6.2b) further confirmed the observation on FTIR. For the sample GA,
two typical bands indexed at 1324 and 1586 cm™, which were attributed to the well-
documented D and G bands of reduced GO.[54] For instance, after VPP, the
characteristic peaks of PPy which were around 929, 972, 1048, 1081, 1248, 1313, 1386
and 1583 cm™ were observed indicating the PPy was coated on GA.[55] The relatively
broad peak of D-band and small up-shifted G-band on VPP-PPy-GA suggesting the
interaction between the PPy and GA was covalently coordinated.[55] Figure 6.2c
showed the XPS spectra before VPP and after VPP, nitrogen was detected after VPP
clearly indicated the existence of N species, further confirmation on the high-resolution
N1s spectrum (Figure 6.4) indicated the N was originated from PPy and thus convinced
the existence of PPy after VPP.

Figure 6.2d-e showed the TEM and TEM-EDS spectrum of the PPy-GA. A heavily
wrinkled nanostructure with some layer were folded together were identified in the PPy-
GA. It could been see from the TEM images that no observed PPy particles were seen
indicating the thin and uniform of coating. The EDS was carried out to determine the
nitrogen on the sample, it could be found a content of 5.61 at% was detected which
agreed well with the previous XPS results. Figure 6.2f-g showed the SEM images of the
PPy-GA, it could be seen that the transparency of the graphene sheets were lost and the

sheets were covered with PPy, and the width of the PPy were measured about 20nm.
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6.3.3 Thermal Treatment Temperature Impacts on Nitrogen Doping Content
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Figure 6.3 XPS spectrum of the a) PPy-GA and b-d) NCG annealed at a set of
temperatures from 800-1000°C

Nitrogen doping level could be well controlled by varying the annealing temperatures.
Generally, the nitrogen doping content is around 4 at. % decreasing with the increase of
temperatures. Figure 6.3 showed the trend of nitrogen content as a function of annealing
temperature. From the initial 5.66 at. % N on PPy-GA, the nitrogen was decreased to
about 4.18, 4.03 and 3.98 at. % when annealed at 800, 900 and 1000 °C, indicating the
nitrogen content loss during the increasing temperature, which might be because
instability of nitrogen atoms in graphene lattice and the difficulties in forming C-N
bonds at higher temperatures.[22] It could also be seen that the content of O was also
decreased during the increase of temperature indicating the higher temperature would

further reduce graphene.[9]

196



Chapter 6

6.3.4 Thermal Treatment Temperature Impacts on Nitrogen Configuration
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Figure 6.4 Peak analysis of high resolution N 1s XPS spectrum of a) PPy-GA and b-d)
NCG annealed at a set of temperatures from 800-1000°C; e¢) Schematic representation
of N-doped graphene (grey balls for carbon atoms, colour balls for nitrogen atoms,

different types of nitrogen were as shown, a possible defect structure is shown in the

middle of the ball-stick model)
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Nitrogen configuration could also be well regulated through varying the annealed

temperatures, which was analysed by peak fitting of the high resolution N1s spectrum

as seen in Figure 6.4. Generally, for the NCG samples the N1s peak could be fitted into

three separated peaks, quaternary N (BE=401.2 + 0.1 eV), pyrrolic N (BE=399.4 + 0.1

eV) and pyrindic N (BE=398.4 + 0.1 eV). For the PPy-GA, two peaks could be

separated, pyrrolic N (BE=399.4 + 0.1 eV) and positively charged N (BE= 401.2 ¢V)

which were characteristic N peaks of PPy.[56] The nitrogen configuration were

calculated and listed in Table 6.1. It could be seen from the table with the increase of
temperature the pyrrolic N was decreased and the quaternary and pyridinic N was

largely increased, possibly because the pyrrolic N was not stable at high
temperature.[17].

Table 6.1 Nitrogen configuration derived from peak analysis of N 1s XPS spectrum of a)

PPy-GA and b-d) NCG annealed at a set of temperatures from 800-1000°C

Samples Nitrogen Configuration
Quaternary% Pyrrolic% Pyridinic%
VP-PPy-GA - 85.67 14.33
NCG-800 52.57 28.52 18.92
NCG-900 59.42 20.13 20.46
NCG-1000 62.41 15.08 22.52
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6.3.5 Thermal Treatment Temperature Impacts on the ORR Performance
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Figure 6.5 Steady-state Linear sweep voltammetry (LSV) curves of the NCG annealing
at different temperatures from 500 - 1000 °C at the rotating speed of 1600 rpm in O,
saturated electrolyte with a sweep rate of 10 mV s™, the insert is the highlight of
potential regime from —0.1V to 0V.. Electrolyte is 0.1 M KOH

Figure 6.5 shows the ORR performance of the catalysts as a function of the annealing
temperature, it could be seen the ORR performance was largely enhanced when
annealing to above 800 °C when may be ascribed to the nitrogen configuration changed
to be dominated by quaternary and pyridinic N.[17] From 800 — 1000 °C the ORR
performance was slightly increased, it is clear that the NCG-1000 had the highest onset
potential, half-wave potential (E;;) and diffusion limiting current among these samples
(Table 6.2). Combined with the results that with the increase of temperature, quaternary
N and pyridinic N become dominate in the graphene lattice, it is reasonable to believe
that the quaternary N and pyridinic N rather than the pyrrolic N serve as catalytically

active sites for the ORR, which is in good accordance with previous reports.[17]
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Table 6.2 Electrochemical Performance Comparison of the onset potential (V, vs.
Ag/AgCl), the E;n(V, vs. Ag/AgCl) and the current density at —0.8 V(mA-cm °)

potential the NCG Synthesized at Different Annealing Temperature

Samples | NCG- NCG- NCG- NCG- NCG- NCG-

Performance 500 600 700 800 900 1000
Onset Potential —-0.232 | —0.208 | —0.157 | —0.059 | —0.055 | —0.045
Ei, Potential —-0.385 | —0.373 | —0.381 | —0.299 | —0.285 | —0.273

Current Density (—0.8V) | —3.512 | —3.94 —4.56 =5.08 =5.12 =5.22

Therefore, in this chapter, NCG-1000 was chosen for further characterisation
unless otherwise specified. Pure GA without the VPP process annealed at 1000 °C,
denoted as GA-1000 and GA annealed at 1000 °C with a commonly used nitrogen
source-urea, denoted as NGA-1000 was produced as control experiments to investigate
the structural differences due to the VPP process and study the impacts on

electrochemical properties due to different nitrogen doping methods.
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6.3.6 XPS Analysis of the NCG-1000, NGA-1000 and GA-1000
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Figure 6.6 (a) XPS spectrum, (b-c) high resolution scan of (b) Cls and (c) Nls of the
NCG-1000, NGA-1000 and GA-1000

The nature of doping was studied by X-ray photoelectron spectroscopy (XPS, Figure
6.6). Nitrogen content was almost similar for the NCG-1000 and NGA-1000, with about
4 at. % of nitrogen are incorporated into the graphene sheets. While compared with the
initial 5.91 at.% N in the PPy-GA, the doping level for the NCG-1000 was significant
efficient than the NGA-1000 and many reports,[1, 3, 6, 18, 23] the relatively high
doping level was possibly because of the strong bindings between the PPy and graphene
sheets which may be useful in converting nitrogen atoms into graphene lattice through
cyclization or rearrangement during heat treatment. The high-resolution C 1s could be

assigned into several spectral peaks: C-C at 284.8 eV, C-O at 285.9 eV, C=0 or C-N at
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287.1 eV and C-C=0 at 289.0 eV, compared with the GA-1000, the peak at 287.1 eV of
NCG-1000 and NGA-1000 was increased indicating the nitrogen was doped into the
graphene lattice (Figure 6.6).[23] The nitrogen configuration was investigated by the
high-resolution N 1s spectrum, as could be fitted to three peaks of pyridinic N (398.4
eV), pyrrolic N (399.5 eV) and quaternary N (401.5 eV) [3, 21, 23]. Nitrogen atoms for
the NCG-1000 and NGA-1000 were rearranged through heat treatment from pyrrolic N
to quaternary N and pyridinic N possible because the pyrrolic N were not stable at high
temperature,[17] while such rearrangement is beneficial for the electrocatalysts as the
quaternary and pyridinic N are more active in catalysing the ORR than the pyrrolic N as
aforementioned. In addition, for the NGA-1000, the content of pyridinic N is more than

that of the quaternary N which may be caused by the different nitrogen precursors.

6.3.7 Structural Analysis on GA-1000, NGA-1000 and NCG-1000

It’s worthwhile to note that all of the three electrocatalysts (GA-1000, NGA-1000 and
NCG-1000) maintained with porous 3D structure after heat treatment (Figure 6.7a-c),
however, for practicable applications, electrocatalysts need to be dispersed via
sonication in order to apply these electrocatalysts on membrane electrodes or other
electrodes. After deposition, the NCG-1000 still exhibits a highly porous structure
(Figure 6.7d). In contrast, the 3D macrostructure of the GA-1000 and NGA-1000 were
demolished, and most of the sheets were flat and stacked on the membrane electrode
(Figure 6.7e-f). These observations clearly suggest that the synthesized NCG-1000
manifest unique crumpled micro-3D nanostructure and this porous feature could be well
maintained during post-processing. Therefore it is expected that the NCG-1000 would
be an ideal candidate for the ORR because of the ample O, and ion transfer channels, as

well as the greater number of active sites on ORR electrodes and this unique crumpled
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feature of the NCG-1000 was further characterized in detail in order to fully understand

of its structural and nitrogen doping information.

Figure 6.7 (a-c) SEM images of (a) NCG-1000, (b) GA-1000 and (c) NGA-1000. (d-f)
SEM images of the catalysts layer deposited on the gas diffusion layer with (d) NCG-

1000, (e) GA-1000 and (f) NGA-1000 as electrocatalysts

6.3.8 SEM and TEM Analysis of the NCG-1000

SEM images confirmed a micro-3D structure composed with crumpled folded graphene
sheets was produced in the NCG-1000 (Fig. 2a). TEM also displays that the porous
structure of NCG-1000 is constructed with numerous curves and wrinkles (Fig. 2b) and
these wrinkled features were further investigated by high resolution TEM (HRTEM) as
shown in Fig. 2c. Typical graphite crystalline structure could be seen on the sheets
edges, indicating that the sheets in the NCG-1000 were somewhat stacked during the
formation of GA and the heat treatments, while on the wrinkles, no visible graphite
crystalline structures could be detected, implying these wrinkles were caused by

crumpling of graphene sheets rather than stacking of graphene.[18, 29]
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Figure 6.8. Characterisations of the NCG-1000. a) SEM images, b-c) TEM images, d)

HR-TEM images.

6.3.9 STEM and EDS Mapping Analysis of the NCG-1000

Figure 6.9 shows scanning transmission electron microscope (STEM) image of the
NCG-1000, which again confirmed the porous 3D crumpled sheets as discussed above.
The uniformity of nitrogen doping was evidenced by energy-dispersive X-ray
spectroscopy (EDS) mapping analysis, as is shown in Figure 6.9b-d. A homogenous
nitrogen doping was realized in the element mapping suggesting the effectiveness in

producing uniform doping through this method.
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Figure 6.9 a) Scanning transmission electron microscopy (STEM), (b-c) EDS element

mapping analysis (b) carbon, (c) oxygen and d) nitrogen of the NCG-1000

6.3.10 Cyclic Voltammetry Measurement

Cyclic voltammetry (CV) curves were obtained and used for a preliminary study of the
electrocatalytic oxygen reduction properties of the synthesized electrocatalysts NCG-
1000 at a scan rate of 50 mV s (Figure 6.10). As shown in Figure 6.10, a quasi-
rectangular featureless voltammetric currents within the potential range of —0.9 to 0.1 V
were observed for NCG-1000 in the N»-saturated solution, as a result of the typical
supercapacitance effect on porous carbon materials.!"® In contrast, when the electrolyte
was saturated with O,, a well-defined ORR peak centered at —0.31 V with a current
density of —2.9 mA cm™ was detected, the onset potential (the potential at which

oxygen began to be reduced) was at about —0.05 V, which was comparable with the

2
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Pt/C (—0.01 V). In comparison with the NGA-1000, which showed an onset potential of
—0.12V, the higher onset potential of the NCG-1000 suggested the determining role of
nitrogen configuration as well as the porous structures on the electrocatalytic
performance of the electrocatalysts, which also indicated the advantages of this method

in producing well-controlled nitrogen doping crumpled graphene
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Figure 6.10 Comparison of the electrochemical catalytic performance of the synthesized
electrocatalysts. CV curves of the (a) PPy-GA, (b) GA-1000, (c)NGA-1000, (d) NCG-

1000, and (e) the commercial available E-Tek Pt/C catalysts in N, (solid line) and O,

(dash line) saturated electrolyte with a scan rate of 50 mV s,

6.3.11 ORR Polarisation Curves

To gain insight into the ORR activities and kinetics of the electrocatalysts, the steady
state ORR polarization curves of the E-Tek Pt/C, PPy-GA, GA-1000, NGA-1000 and
NCG-1000 electrocatalysts were obtained (Figure 6.11a). To be used as efficient
electrocatalysts for ORR, the diffusion current limit is a crucial parameter to qualify
catalysts’ performance; a well-defined current limiting plateau reveals a higher and

more stable performance of the electrocatalysts.[57, 58] The curves on GA-1000 and
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PPy-GA showed a slow current increase and no current plateau revealing their poor
performance towards the ORR. In contrast, a well-defined diffusion-limiting current
region from —0.6 V to —0.35 V and a mixed kinetic-diffusion control region from
—0.08V to —0.35 V were observed on the NCG-1000, which is very similar to the
behavior of the Pt/C indicating its comparable activity toward ORR compared with the
commercial Pt/C. As a comparison, the NGA-1000 displayed a similar plateau but with
a much lower diffusion limiting current density possibly owing to high resistance
between the bulk electrode and electrolyte due to the lack of sufficient ion and mass
transfer channels on the electrodes. To qualify the ORR activity of the electrocatalysts,
the half-wave potential (E;), at which the current is a half of the limiting current is
calculated, for the NCG-1000, the E;, is —0.223 V, which is about 30 mV lower than
that of Pt/C (—0.193 V) and much more positive than that of GA-1000 (—0.295 V) and
PPy-GA (—0.351 V). The above comparisons clearly indicated the crumpled porous
NCG-1000 manifested significant improvement in electro-catalyzing O, in alkaline
medium compared with GA-1000, PPy-GA or NGA-1000 suggesting this doping
method could effectively increase the electrocatalytic performance of the catalysts due
to the well-organized nitrogen configuration and the well maintained porous structure
during post treatment process.

In order to obtain the kinetics of the ORR, steady state ORR polarization curves
were also collected at various rotation speeds and corresponding Koutecky-Levich (K-L)
plots were drafted from the ORR polarization curves at different potentials (See
Experimental for details). The plots of all samples shows good linearity and noticeably,
the NCG-1000 showed a much higher ORR current, which was close to that of the
commercial Pt/C and significantly higher than those of GA-1000, PPy-GA and NGA-

1000 at all rotation speeds; which was a further indication of the outstanding ORR
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catalytic performance on the crumpled doped graphene as compared with other three
carbon materials. The electron-transfer numbers (n) and the kinetic limiting current (J;)
of all the samples at —0.5 V were calculated according to the slopes of the linear fitted
K-L plots on the basis of the K-L equation (Figure 6.11b-c). The NCG-1000 exhibited a
much higher electron transfer number as well as the kinetic limiting current over the
GA-1000, PPy-GA, NGA-1000. In comparison with the E-Tek Pt/C, the J; for the
NCG-1000 was even much higher than that of the Pt/C at and was comparable or even
higher than recently reported doped graphene,[5, 6, 17, 19] suggesting the unique
superiority of this method in producing high efficient metal-free electrocatalyst for the
ORR by controllable varying the nitrogen configuration and the generation of enduring
porous structure. The electron transfer number and kinetic limiting current was also
calculated at various potential (Figure 6.11d), general increasing n value were seen as
the potential become more negative, while for the NCG-1000, the n value is about 3.8 at

most potentials suggesting a smooth and efficient process of the oxygen reduction.
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Figure 6.11 a) Steady-state Linear sweep voltammetry (LSV) curves at a rotating speed
of 1600 rpm in O, saturated electrolyte with a sweep rate of 10 mV s'. b) Koutecky-
Levich plots of the electrocatalysts at the potential of —0.5 V. ¢) The kinetic limiting
current density (J;) and the corresponding electron transfer number of various samples.
d) The electron transfer number of various catalysts at —0.4V to —0.7V. Catalyst loading

is 0.242 mg cm™. The electrolyte is 0.1 M KOH solution

6.3.12 Methanol Resistance and Durability Test

The selectivity to methanol of the catalysts is a key factor in the real application for fuel
cells, because the relative small methanol molecular would cross through the membrane
and react with the catalysts in the cathodes causing poor ORR performance and further
reducing the cell efficiency.[59] To this end, the selectivity of NCG-1000, NGA-1000

and commercial Pt/C were compared through chronoamperometric measurements at the

209



Chapter 6

rotating speed of 1600 rpm at —0.3 V with subsequently introduction of oxygen and
methanol as displayed in Figure 6.12a. The introduction of oxygen led to significant
increase in the current density and a stable current was reached for all the catalysts
revealing the ORR performance of them were comparative. However, after the addition
of methanol, a distinct change on current was observed for the Pt/C catalyst indicating
methanol oxidation occurred, i.e., the selectivity of the Pt/C was poor. In contrast, for
NCG-1000 or the NGA-1000, the current remained nearly unchanged after the addition
of methanol reflecting its superior selectivity and better methanol tolerance due to the

nature of carbon doped materials.[5, 20]

a

=2

=

o
e
L

add O

o
)
1

e
3

add MeOH
N

e

o
&
1

USSR

% Normalized Current (I/1))

NGA-1000 —— NGA-1000
—_ \(:.(.xlmm —— NCG-1000

—— E-Tek PUC —— E-Tek Pt/C
0.4

T T T T T T T T T T T
200 400 600 800 1000 0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s) Time (3)

Current Density (mA-cm™)

N S N T S
4
n

o

Figure 6.12 Chronoamperometric responses at —0.3 V of the NCG and E-Tek Pt/C at the
rotation speed of 1600 rpm a) with oxygen and methanol (1 M) added at about 260 s
and 700 s respectively, b) in O, saturated electrolyte up to 15000 seconds inserted: (the
current density of the E-Tek Pt/C and NCG-1000 before and after Chronoamperometric
tests at —0.3V.

The durability of these catalysts was also assessed by the chronoamperometric
technique at —0.3V (vs. Ag/AgCl) (Fig. 4b).[5, 6] During the long term testing (up to
15000 s), a similar current loss was observed for the NCG-1000 and NGA-1000

suggesting their durability were almost the same, whereas for the commercial Pt/C, a

210



Chapter 6

dramatic current loss was observed, indicating that the NCG-1000 had superior

advantages over the commercial Pt/C when used as long-term running electrocatalysts.

6.3.13 Single Anion Exchange Membrane Fuel Cell Test

The anion exchange membrane fuel cell tests (AEMFC) was finally conducted in order
to obtain the real performance of the catalysts in practical environment. To our best
knowledge, the testing of metal-free nitrogen doped materials in a real anion membrane
single cell was rarely mentioned,[1-6, 9, 13, 17, 19] possibly because of the lack of the
anion exchange membrane and anion exchange ionomer and the relative poor ORR
activities of the non-metal carbon electrocatalysts compared with the metal-nitrogen-
carbon electrocatalysts[60, 61] or noble catalysts.[62] The configuration of AEMFC is
very similar to that of proton exchange membrane fuel cell (PEMFC) except the
membrane was changed from Nafion to anion exchanged membrane, in this case, an
electron-beam-grafted EFTE membranes provided by University of Surrey[51, 63] were

selected an used.
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I) Anion Exchange Membrane Gas Diffusion Layer

Figure 6.13(a) Schematic illustration of anion exchange membrane fuel cell (AEMFC)
assembly. (b) Digital photo of the membrane electrode assembly (MEA) using anion
exchange membrane. ¢, d) SEM image of the ¢) NCG-1000 and d) NGA-1000 on the
gas diffusion layer after single fuel cell test

Figure 6.13c-d showed the SEM image of the NGA-1000 and NCG-1000 on the gas
diffusion layer (GDL) after single cell test, it could been seen the porous structure was
well maintained on the GDL for the NCG-1000, however in contrast (Figure 6.13c), the
porous structure of NGA-1000 were mostly demolished and most sheets were relatively
flat with some area stacking together on the GDL due to the post-process for preparing

the MEA. This is another indication of the unique advantage of this VPP method in
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preparing microporous crumpled graphene sheets which would benefit the mass
transport in a real fuel cell system and this was further evidenced by the polarization
curves of the single cell on these two catalysts, as shown in Figure 6.14.

Figure 6.14 showed the polarization curves and power density curves of a single
cell test using E-Tek Pt/C, NGA-1000 and NCG-1000 as cathode catalysts with a
catalysts. It could been seen at low current density area (< 50 mA cm'z), the polarization
curves for the NCG-1000 and NGA-1000 were almost the same, however as the
potential lowered, the NCG-1000 delivers a much higher current than the NGA-1000,
owing the open and porous structure on the electrode, which could facilitate oxygen and
ion transport thereby enhancing the performance. This comparison again suggested the
significance of the porous structure in producing high performance ORR catalysts in
real fuel cell. Further comparisons were made against the commercial E-Tek Pt/C, at the
same loading level (2 mg cm™), at practicable operating potential (~0.6 V)[61], the
current density for the NCG-1000 was about 60 mA cm™, which is about 63% of the E-
Tek Pt/C (95 mA cm™) and the max power density for the NCG-1000 was about 63 mW
cm?, reaching 83 % of the max power density of E-Tek Pt/C (76 mW cm™). These
comparisons clearly indicated the power output of the NCG-1000 was comparable with
that of the Pt/C, revealing it could work as efficient metal-free electrocatalysts under

practicable working conditions
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Figure 6.14 AEMFC polarization curves and power density curves of a single cell test
using E-Tek Pt/C, NGA-1000 and NCG-1000 as cathode catalysts with a catalysts
loading amount of 2 mg cm™. Operating conditions: cell temperature 60°C, humidifier
temperatures 55°C for both H, and O,, flow rate 0.18 L min'l, and cell back pressure is

about 15 psi

6.4 Conclusion

In summary, we have demonstrated that the uniform nitrogen doped 3D crumpled
graphene could be produced via the vapor phase deposition of PPy coated on GA in this
report. The micro-3D crumpled porous nanostructure, which could be well-maintained
after post processing in preparing ORR electrodes or membrane electrodes, enables the
catalysts high surface area and more active sites thus featuring the electrocatalyst with
excellent catalytic performance towards the ORR with better methanol tolerance and
longer durability. Besides the AEMFC tests firstly convinced these metal-free nitrogen
doped carbon materials could work as comparable efficient catalysts under real

operation condition thus giving further confidence in developing metal-free catalysts for
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the next generation fuel cells. This work will help further understand of the mechanism
of nitrogen doping on ORR electrocatalytic performance and would benefit the
development in preparing conducting polymer graphene composites and metal-free
doping graphene catalysts in the application for the electrocatalysis, energy storage
devices and energy conversion systems.

Since it was aware that the electrocatalytic performance of the pure nitrogen doped
graphene showed promising catalytic results towards the ORR in alkaline medium, we
further incorporated cobalt oxide with the form of core shell nanostructures onto the
nitrogen doped graphene aerogel to further increase the ORR performance. Cobalt
oxides have been reported with excellent catalytic performance when they were coupled
with nitrogen carbon due to the synergistic effects among the nitrogen doped carbon and
metal oxides and the formation of carbon-metal-nitrogen bonds. Such an
electrocatalysts would greatly improve the ORR performance compared with the pure
nitrogen doped graphene or metal oxides, while the metal oxides is non-electrical
conductive which would hamper electron transfer among the metal oxides thereby
limiting the overall performance of the electrocatalysts. In the next chapter, we will
demonstrate the core shell nanostructured cobalt/ cobalt oxides anchored on the nitrogen
doped graphene supports, which was synthesized from a facile hydrothermal method,
could largely decrease the electron transfer resistance between metal oxides thus

improving the electrocatalytic performance of the electrocatalyst.
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7.1 Introduction

Fuel cells (FCs) are believed to be the promising energy conversion systems to satisfy
today’s increasing energy demand because of their high specific power density and low
environment impact.[1] The cathodic oxygen reduction reaction (ORR) is considered to
be the kinetically decisive step for the power conversion efficiency of FCs because of its
sluggish reaction mechanism and high overpotential.[1, 2] As a commonly used and
effective electrocatalyst, platinum (Pt, in the form of Pt nanoparticles supported on
carbon), is impeded from large-scale commercialisation because of its high cost, limited
stability, and poor “poison” resistance.!'?! Therefore, numerous efforts have been
devoted in discovering novel electrocatalysts for the ORR with high efficiency, low cost
and environmentally friendliness. Previous chapter has shown the nitrogen doped
crumpled graphene could work as a comparable electrocatalyst with the Pt/C in alkaline
medium, while recent studies in the synthesis of transition metal-oxides coupled with
carbon supports materials have suggested that these transition metal oxides supported
on graphene sheets could be used as substitutes for the ORR with improved
electrocatalytic performance.[1, 4, 5] Apart from the low cost and abundance, these
compounds are advantageous for affording comparable catalytic efficiency, good poison
resistance and longer durability.[1, 4-7] Moreover promisingly, when nitrogen doped
graphene were used as carbon supports, owing to the unique charge transfer between
graphene-metal interface™ and the “synergistic effects” between nitrogen, carbon and
transition metal atoms, the electrocatalytic activities of the electrocatalysts towards the
ORR could be largely promoted.[1, 4-7, 9]

Despite these notable achievements, most of used graphene supports which are

produced from chemical exfoliation method owing to the ease of preparation,[1-4, 8-12],
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are vulnerable to stack and aggregate during the reduction or drying processes due to the
strong van der Waals and hydrogen bonding between water molecular and graphene
sheets. This irreversible stack would decrease the specific surface area, cause the losses
of active sites and further hamper mass transfer thereby compromising the overall
properties of the electrocatalysts.[13-16] In addition, since the transition metal oxides
were not electrical conductive, one would also question that whether the relatively
lower conductivity would possibly increase the electrical resistance and inhibit the
electron transfer thereby limiting the catalytic performance of the electrocatalysts.[7, 17]
In light of these issues, exploring simple approaches in producing high-specific area
nitrogen doped graphene support and minimizing the resistance between transition
metal oxides have become necessary in further improving the electrocatalytic
performance of this kind of electrocatalysts.

We herein report the facial and surfactant-free synthesis of novel Co/CoO core
shell nanostructure supported on nitrogen doped GA (denoted as Co/CoO-NGA) and
explore it as an efficient electrocatalyst for the ORR. The substitute of the core of metal
oxides with pure metal would greatly increase electric conductivity and facilitate the
electron transfer of the nanoparticle. [8, 18, 19] In addition, different from the traditional
method based on the complex wet chemistry method by controlled growth the shells on
the pre-synthesized metal nanoparticles using surfactant, which has low capacities in
massive production,[8, 20] our synthetic procedure provides a much more simple and
economically feasible way in large-scale synthesis of core shell nanostructures.
Moreover, the designed 3D macroscopic structures of nitrogen doped graphene aerogel
could effectively prevent the flat sheets from largely aggregating when drying and
reducing, offering more active sites, multiple electron and ion transport pathways and

easy access to the oxygen and electrolyte thus improving the electrocatalytic
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performance of the electrocatalyst.[5, 21-25] The electrocatalyst shows comparable
ORR catalytic activities with the commercial Pt/C catalysts (20 wt.% Pt on Vulcan XC-
72), but with much better stability and excellent methanol tolerance leading to a
promising electrocatalyst for the ORR. To our best knowledge, some of cobalt oxides
and graphene aerogel composites were reported,[17, 26, 27] however the core-shell
structures of cobalt oxides and the doping of nitrogen into graphene aerogel were not

mentioned in these literatures.

7.2 Experimental

7.2.1 Reagents

Graphite (325 mesh, Sigma), Sulphuric acid (H,SO4, concentrated, Ajax Finechem),
phosphoric acid (70%, H3PO4, Ajax Finechem), Potassium permanganate (KMnOy,
Sigma), hydrogen peroxide (H,O,, Sigma), Hydrochloric Acid (33%, HCI, Ajax

Finechem),Cobalt Nitrate Hexahydrate (Co(NO3y, 6H,0), Urea (Sigma)

7.2.2  Synthesis

Synthesis of Graphene Oxide (GO): GO was prepared from natural graphite flakes
(Sigma) using a modified Hummers method, which was described elsewhere.[12, 28] In
a typical synthesis, a 9:1 mixture of concentrated H,SO4/H3PO4 (360:40 mL) was added
to a mixture of graphite flakes (3.0 g, 1 wt equiv) and KMnOy4 (18.0 g, 6 wt equiv),
producinga slight exotherm to 35-40 °C. The reaction was then heated to 50 °C and
stirred for 12 h. The reaction was cooled to rt and poured onto ice (400 mL) with 30%
H,0, (10 mL). The obtained yellow bright solution was centrifuged (4000 rpm for 4 h),

and the supernatant was decanted away. The remaining solid material was then washed
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in diluted HCI acid and water for 2 times. At last, the solid materials in water was
dialysis for 2 weeks with changing water frequently for before use.

Synthesis of nitrogen doped graphene aerogels (NGA) : In a typical synthesis, 15 ml
of 2 mg mL™" well dispersed GO were mixed with 1 g urea and put into an autoclave at
170°C for 15 h to produce N doped graphene hydrogel. After reaction, the hydrogel
were taken out with a tweezer and directly freezed using liquid nitrogen and dehyrated
with a freeze-dryer for 12 h. After freeze-drying the NGA was annealled at required
temperature.

Synthesis of Co/CoO core shell supported on nitrogen doped graphene aerogel
(Co/CoO-NGA): The procedure is similar to the synthesis of NGA except 53.8 mg
Co(NO)36H,0 was added before hydrothermal process. After freeze-drying the mixed
aerogel was anealled at 800°C under argon.

Synthesis of CoO supported on nitrogen doped graphene aerogel (CoO-NGA): The

synthesis is the same as Co/CoO-NGA except the mixed acrogel was anealed at 400 °C.

7.2.3 Physical Characterisation

SEM images were obtained using a JEOL-7500FA. TEM images, High resolution (HR)-
TEM images were collected with a JEOL JEM-2100F transmission electron microscope
operated at 80 kV. Scanning transmission electron microscopy (STEM) images and
Energy dispersive X-Ray spectrum (EDS) mapping analysis were acquired with a JEOL
JEM-ARM200F operated at 80 kV. Samples for TEM, EDS, STEM were prepared by
dropping one drop of the catalysts ethanol dispersion on a holy carbon film coated
copper grid (200 mesh). Ethanol dispersion was prepared from sonication using a probe
sonicator (Brandson S-250D) operated at 50 % aptitude for 1 hour. The The powder X-

ray diffraction (XRD) patterns were collected using a GMC MMA X-ray powder
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diffractometer with Cu Ka radiation (A = 1.5418 A). X-ray photoelectron spectroscopy
(XPS) spectra were collected using a Thermo Scientific K-Alpha instrument. Raman
spectrums were acquired with a Raman JY HR800 Spectrometer with the excitation

laser of 632.18 nm.

7.2.4 Electrochemical measurements

Electrochemical measurements were performed using the thin film rotating-disk
electrode (TF-RDE) technique, as reported elsewhere.[29] The electrocatalysts ink was
prepared by dispersing the electrocatalysts in Nafion/H,O/isopropanol (m/m/m =
0.05/10/50) to obtain a 2 mg ml" dispersion via a probe sonicator (Brandson S-250D).
The thin film electrode was prepared through placing 60 pL of the catalyst ink on a
glassy carbon rotating ring disk electrode (RRDE, 0.2457 cm’, Pine Research
Instrumentation). The electrode was then connected to a CHI 720c bipotentiostat (CH
Instruments) in a standard three-electrode cell with a Pt-mesh counter electrode and a
KNOs(aq) saturated (10 wt.%) Ag/AgCl reference. Unless otherwise specified, all the
potentials are against Ag/AgCl as reference potential.

The cyclic voltammetry (CV) traces were recorded in N, saturated KOH (0.1 mol
L") solution with a sweep rate of 50 mV s'. The ORR polarization curves were
recorded using a linear sweep voltammetry (LSV) technique in oxygen saturated
electrolyte with a sweep rate of 10 mV s at various rotation speeds of 100, 400, 900,
and 1600 rpm from 0.1 to — 0.8 V. Koutecky-Levich (K-L) plots were drafted from the
ORR polarization curves at different potentials. Ohmic drop caused by system
resistentce was compensated using atomatic mode within the CHI software.[30] The
number of electrons involved per O,-molecule reduction can be determined using the

Koutecky-Levich (K-L) equation
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j = 1/ji + 1/Bw®S;
[B = 0.2nF (D)% (v)"/¢Coy]

where, j; is the kinetic current, o is the electrode rotation rate, n is the transferred
electron number, F is the Faraday constant (F = 96485 C mol'l), Do> is the diffusion
coefficient of O, = 1.9x107 cm?® s, v is the kinetic viscosity (0.01 em’ s™), and Cp, is
the bulk concentration of O, (1.2% 10 mol cm™).

Methanol tolerant were carried out through a chronoamperometry technique at the
potential of — 0.3 V and with rotation at 1600 rpm with subsquently introducing of
oxygen and methanol (0.5 M) at set time. Stability tests were carried out by the
chronoamperometry technique at the potential of — 0.3 V with rotation spped at 1600

rpm in oxygen-saturated electrolyte up to 15000 seconds

7.2.5 Single Fuel Cell Test

The anion-exchange membranes used were (graft co-polymerised) using vinylbenzyl
chloride and functionalised using trimethylamine (University of Surrey);[31] the
membrane used was of type S80, with membrane thickness ~ 80 um (thickness depends
on hydration level) and ion exchange capacity IEC ~ 1.3 meq g"'. The anodes and
cathodes were prepared as described previously.[31] In brief, the electrocatalyst ink
prepared with ca. 15 wt.% poly(vinybenzyl chloride) dissolved in ethyl acetate were
sprayed on the gas diffusion layers (GDLs, 5cm?) to a loading of 0.4 mg cm™ and were
subsequently immersed in undiluted N, N, N’, N’-tetramethylhexane-1,6-diamine
(TMEDA) for 24 hours and then washed thoroughly with water. The Pt/C was used as
the electrocatalysts for anodes at a loading level of 0.2 mgp, cm™. For comparison
purpose, the commercial E-Tek Pt/C with Pt loading about 20 wt. % and the Co/CoO-

NGA were chosen and used as catalysts for cathodes. Before single fuel cell testing, the
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AAEMs and GDL electrodes were submeged into KOH(aq) (1 M) solution for 1 hour to
give alkaline anion-exchange materials (OH conducting polymer electrolyte and cross-
linked ionomer). The membrane electrode assemblies (MEAs) were preparing by
sandwiching the anode GDLs and the AAEMs and tested using an 850e fuel cell test
system (Fuel Cell Technologies, Inc., USA) fed with humidified hydrogen and oxygen
(RH=100%) at temperature of 50 °C. The gas flow was controlled at 0.20 L-min™. The
cell temperature was maintained at 50°C without back pressure. The steady-state
polarization curves were recorded using a current scan method by holding the cell at

each point for 60 s with a scan rate of 10 dec/pt from 0 A to about 2 A.
7.3 Result and Discussions

7.3.1 Synthesis

The fabrication process for Co/CoO-NGA was depicted in Figure 6.1. In a typical
synthesis, graphene oxide, cobalt nitrate hexahydrate and urea were firstly dispersed in
water to form a stable aqueous suspension (Figure 6.1a). Subsequently, these ternary
components were hydrothermally assembled at 170 °C for 15 h to produce a graphene
based 3D hydrogel. (Figure 6.1b). In this step, the cobalt-urea complex would be
localized on graphene sheets and nitrogen species would simultaneously be
incorporating into graphene lattice. At last the hydrogel was directly dehydrated through
lyophilization to maintain the 3D structure of graphene and annealed at 800 °C for 2 h
under argon. In this way the cobalt-urea complex would be eventually converted into
metallic cobalt and decomposed nitrogen species in the complex would also doping into
the graphene lattice at high temperature. When exposed to air at ambient atmosphere,
the top surface of Co would be oxidized forming Co/CoO core shell nanostructures

(Figure 6.1c). The mechanism for formation of metallic cobalt is similar as previously
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reported.[32] To make a comparison, nitrogen doped graphene aerogel (NGA), CoO
supported on nitrogen doped graphene aerogel (CoO-NGA) were also synthesized

accordingly (See Experimental for details).

G TGO Vixed Disperesion Wﬂy]ngl' ﬁﬂ(’nﬁ:’;ﬂ;x
Figure 7.1 Schematic illustration of the fabrication process for Co/CoO-NGA based on

a hydrothermal method.

7.3.2  Structural Analysis

The synthesized products associating with different annealing temperature were firstly
examined using XRD in order to acquire the crystallization differences during the
annealing process, which is shown in Figure 7.2. Obviously, after hydrothermal process,
the intermediates of cobalt-urea complex were obtained [33]. No virtual crystal changes
could be observed when the annealing temperature was below 400 °C, indicating the
Co-urea complex was thermal stabile below 400 °C. Further increase of annealing
temperature will lead the formation of cobalt oxides indicating the decomposed of the
Co-urea complex, as reported with many other literatures.[6, 9] When the annealing
temperature was further increased, metallic cobalt could be produced. The temperatures
was finally set to 800 °C to completely reduce the Co>” and when the metallic cobalt
was exposed to air, the CoO was produced on the shell of the cobalt forming a
protecting oxidation layer to prevent further oxidation. It was observed further increase
the annealing temperature lead no changes on the XRD pattern while the nitrogen

doping content would be decreased thus a temperature of 800 °C is chosen as the
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optimized temperature and used in this study. Besides, it is worthwhile to note even
metallic cobalt could not be formed in the ammonium reducing environment at 800 °C,
[7] the successful synthesis of cobalt metallic in this experiment could be ascribed to the
formation of cobalt-urea organic complex intermediates, which would facilitate the
crystallization of cobalt metal by producing a regional reducing environment when

decomposing at high temperatures.[32]
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Figure 7.2 XRD patterns of the products synthesized with different annealing

temperatures

7.3.3 Morphology Analysis

The morphologies and structure of the synthesized products were characterized with the
SEM as shown in Figure 7.3. A 3D interconnected macroporous graphene structure, as a

supporting materials could be clearly discerned in Figure 7.3a, the pore size of the
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graphene aerogel are around tens micrometers. The graphene sheets in the GA are
transparent and relatively thin indicating the integration of 3D graphene could
effectively inhibited graphene sheets from stacking. (Figure 7.3b). Then the graphene
sheets were detailed investigated through high-mag SEM (Figure 7.3c-d). A notably
homogenously decoration of metal oxides nanoparticles with the size arranging from
20-30 nm was realized in this experiment. The uniformly decoration of cobalt based
nanoparticles on graphene of this robust strategy could be possibly originated from the
addition of urea forming the cobalt-urea organic complex, which could in-situ regulate
the pH and stabilize the growth of nanoparticles.[34] Interestingly, the nanoparticles
were grown on both sides of graphene sheets and even some of them were encapsulated
within the graphene layer, and this unique structure has been reported to enhance
interaction between metal oxide nanoparticle and graphene support and to suppress the
dissolution of the nanoparticle during electrochemical process thereby improving the

catalytic performance and stability the electrocatalysts.[5]
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Figure 7.3 Morphologies analysis: a-d) typical SEM images of the synthesized Co/Co0O-

NGA.

7.3.4 TEM Analysis

To gain insight into the structural information of the Co/CoO-NGA, TEM analysis was
conducted. The high angle annular dark field (HAADF)-scanning transmission electron
microscopy (STEM) and transmission electron microscopy (TEM, Figure 7.4 a-b)
confirmed the observation on the SEM images with homogeneously nanoparticles
decorated on the porous graphene structure were identified. The structure was further
investigated by the HR TEM images showing distinct core shell structures of the cobalt-

cobalt oxide nanoparticles, the shell thickness were calculated to be around 2-3 nm
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(Figure 7.4d), besides it could be seen lattice pattern could be well discerned suggesting
the core and shell of the nanoparticles were both well crystallized. More interestingly,
the three types of subunits, NG, CoO and Co were highly integrated together,
suggesting the strong chemical bonding between them which would benefit electron and
charge transfer among the active sites thus facilitating the ORR process and increasing

the electrocatalytic perfomance.

Figure 7.4 a) High angle annular dark field (HAADF)-scanning transmission electron

microscopy (STEM), b) TEM and c-d) high resolution (HR)-TEM images of the

synthesized Co/CoO-NGA.
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7.3.5 STEM and EDS analysis

The high-mag STEM associating with the EDS mapping analysis was conducted in
order to acquire the element distribution among the samples and is shown in Figure 7.5.
The high-mag STEM images also indicated the structure differences on the shell and
core of the nanoparticles revealing a core/shell structure. The element mapping
evidenced the existence of C, N, Co, O in the products and suggested that nitrogen was
uniformly doped into the graphene lattice. The element analysis on cobalt and oxygen
revealed the intensity of oxygen is much high around the shell of the cobalt nanoparticle,
which is due to the formation of CoO shell on the Co core thus confirming the

successful synthesis of a Co/CoO core shell nanostructure on nitrogen graphene sheets.

Figure 7.5 (a) High-mag STEM images, (b-e) the corresponding element mapping
analysis of the (b) carbon, (c¢) nitrogen, (d) cobalt, (e) oxygen and (f) EDS spectrum of

the Co/CoO-NGA. (Note Cu and Si were detected from the TEM grid)
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7.3.6  XPS Analysis
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Figure 7.6 XPS spectrum of (a) CoO-NGA, (b) Co/CoO-NGA and (c) NGA. Insert is
the highlight of nitrogen region.

The XPS was also employed to investigate the element presence and state in the
electrocatalysts as is shown in Figure 7.6. Based on the results, N was detected in all the
three samples indicating nitrogen could be doped into graphene lattice when using urea
as precursor in a hydrothermal process following by heat treatment. While for different
samples, the nitrogen content is slightly different, for the Co/CoO-NGA, only 2.8 at% N
is detected, while for the CoO-NGA and NGA, 4.5 at% and 3.2 at% N were discovered
respectively. The differences in N content is possibly because of the annealing

temperature and chemical state of nitrogen precursors.
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Figure 7.7 High resolution (a) N1s and (b) Co 2p XPS spectrum of the (i) CoO-NGA, (ii)
Co/CoO-NGA and (iii) NGA.

To further investigate nitrogen configuration, high resolution XPS spectrum of N were
obtained and fitted into three peaks of pyridinic N (=398.5 eV), pyrrolic N (=399.8 eV)
and quaternary N (=401.5 eV) [35] as shown in Figure 7.7a. In the CoO-NGA, the
content of the pyrrolic N is slightly higher than the other two. While with the increase
temperature (from 400 — 800 °C), owing to their different thermal stability[36], the
quaternary N become dominant in the N configuration and the content of pyrrolic N
were largely reduced in the samples of the Co/CoO-NGA and NGA. While such a
rearrangement is beneficial for the oxygen reduction reaction as evidenced by many
reports that, the quaternary and pyridinic N are more active in catalysing the ORR than
the pyrrolic N[36]. The high resolution XPS spectrum of Co was also acquired and
fitted in order to study the electronic state of Co, as shown in Figure 7.7b. It could be
seen that, the Co 2p spectrum were spin-orbit split into 2p;, and 2p3» components and
were all fitted, and both component qualitatively contain the same chemical information.
Broad peaks around 786.3 eV were found in the Co 2ps/,, which could be ascribed to the
shake-up satellite of the cobalt ions, indicating the metal oxides is cobalt (II) oxides.[37]

Besides, as no observed metallic Co were observed in the spectrum, it is reasonably to
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believe all Co were covered with oxides layer. In addition, compared with the CoO-
NGA, the peaks of the Co2p for the Co/CoO-NGA were slightly up-shifted about 0.5
eV, which may be caused by the Co metallic core suggesting their strong electronic

interactions.

7.3.7 CV Analysis

Cyclic voltammetry (CV) curves were obtained and used for a preliminary study of the
electrocatalytic oxygen reduction properties of the synthesized electrocatalysts NCG-
1000 at a scan rate of 50 mV s (Figure 7.8). As shown in Figure 7.8, a quasi-
rectangular featureless voltammetric currents within the potential range of —=0.9 to 0.1 V
were observed for all the three carbon based electrocatalysts, CoO-NGA, Co/CoO-NGA
and NGA in the N,-saturated solution, as a result of the typical supercapacitance effect
on porous carbon materials.[3, 38] In contrast, when the electrolyte was saturated with
0O,, a well-defined ORR peak centered at —0.25 V with a current density of —3.3 mA cm’
? was detected, the onset potential (the potential at which oxygen began to be reduced)
was at about —0.03 V, which was comparable with the Pt/C (—0.01 V) and significantly
higher than those of the CoO-NGA (—0.13V) and NGA (—0.13V) suggesting that the
incorporation of metallic Co core could significantly increase the electrocatalytic
activities of the electrocatalysts by largely increasing the electron and charge transfer
around the nanoparticles on the nitrogen doped graphene sheets.. In comparison with
the commercial E-Tek Pt/C, the Co/CoO-NGA showed a much higher ORR current
peak density (Figure 7.8) suggested the determining role of porous graphene support on
the electrocatalytic performance of the electrocatalysts in facilitating mass and ion

transfer.
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Figure 7.8 Comparison of the electrochemical catalytic performance of the synthesized
Co/CoO-NGA, CoO-NGA, NGA and the commercial available E-Tek Pt/C catalysts:

(a-b) CV curves of the Co/CoO-NGA, CoO-NGA, NGA and the Pt/C electrocatalysts in
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N, (solid line) and O, (dash line) saturated electrolyte with a scan rate of 50 mV s™'; the

black dash line indicated the onset potential of the NCG-1000.

7.3.8 The ORR Performance Analysis
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Figure 7.9 Electrochemical Characterisation of the electrocatalysts: (a) Steady-state
Linear sweep voltammetry (LSV) curves at a rotating speed of 1600 rpm in O, saturated
electrolyte with a sweep rate of 10 mV s™ of the Co/CoO-NGA, CoO-NGA, NGA and
Pt/C, (b) Rotating ring disk electrode (RRDE) curves of the Co/CoO-NGA recorded at
various rotating speed from 2500 rpm to 100 rpm, (c) Corresponding Koutecky-Levich
plots of the electrocatalysts at the potential of —0.5 V derived from (b) and (d) electron
transfer numbers of the Co/CoO-NGA, CoO-NGA, NGA and the Pt/C at different
potentials. Catalyst loading is 0.242 mg cm™. The electrolyte is 0.1 M KOH solution.

To gain insight into the ORR activities and kinetics of the electrocatalysts, the steady

state ORR polarization curves of the Co/CoO-NGA, CoO-NGA, NGA and Pt/C were
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obtained using a linear sweep voltammetry (LSV) technique with a sweep rate of 10
mV s (Figure 7.9a). To qualify catalysts’ performance, the half-wave potential (E;)),
at which the current is a half of the limiting current is calculated, for the Co/CoO-NGA,
the E;»1s —0.189V, which is very closed to that of the Pt/C (—0.170V) and much higher
than those of CoO-NGA (—0.219V) and NGA(—0.254V) indicating the Co/CoO-NGA
had comparable ORR electrocatalytic performance compared with the Pt/C and much
higher ORR catalytic activities over the other two samples.

In order to obtain the kinetics of the ORR, steady state ORR polarization curves
were also collected at various rotation speeds and corresponding Koutecky-Levich (K-L)
plots were drafted from the ORR polarization curves at different potentials (Figure 7.9
b-c). Generally, the diffusing limiting current density was increased with the increase of
rotating speed and the K-L plots of the Co/CoO-NGA shows good linearity. The
electron-transfer numbers (n) were thereafter calculated at various potentials and
showed in Figure 7.9d, general increasing n value were seen as the potential become
more negative, while for the Co/CoO-NGA, the n value is slightly higher than the other
two samples suggesting oxygen is reduced through a more efficient way than the other
two again possibly owing to the unique core-shell structure which may be beneficial in
accelerating the electron and charge transfer around the regional area around the metal

oxides nanoparticles.

7.3.9 Poison Resistance Test

The selectivity to methanol of the catalysts is a key factor in the real application for fuel
cells, because the relative small methanol molecular would cross through the membrane
and react with the catalysts in the cathodes causing poor ORR performance and further

reducing the cell efficiency.[39] To this end, the selectivity of Co/CoO-NGA and
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commercial Pt/C were compared through chronoamperometric measurements at the
rotating speed of 1600 rpm at —0.3 V with subsequently introduction of oxygen and
methanol as displayed in Figure 7.10. The introduction of oxygen led to significant
increase in the current density and a stable current was reached for both catalysts
revealing the ORR performance of them were comparative. However, after the addition
of methanol, a distinct change on current was observed for the Pt/C catalyst indicating
methanol oxidation occurred, i.e., the selectivity of the Pt/C was poor. In contrast, for
Co/CoO-NGA, the current remained nearly unchanged after the addition of methanol
reflecting its superior selectivity and full methanol tolerance. These comparisons
suggest the Co/CoO-NGA could be qualified as better electrocatalysts compared with

the commercial Pt/C in the application for the direct methanol fuel cell (DMFC).
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Figure 7.10 Chronoamperometric responses at —0.3 V of the Co/CoO-NGA and E-Tek
Pt/C at the rotation speed of 1600 rpm a) with oxygen and methanol (1 M) added at

about 260 s and 600 s respectively. The electrolyte is 0.1 M KOH.
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7.3.10 Durability Tests

The durability of the Co/CoO-NGA was also assessed by the chronoamperometric
technique under the same conditions with the methanol tests (Figure 7.11). During the
long term (up to 13000 s), only 2% of the current loss was observed for the Co/CoO-
NGA, whereas for the commercial Pt/C the current loss was calculated to be about 22%.
These comparisons clearly indicated that the Co/CoO-NGA had ultra-long stability than

the commercial Pt/C, revealing its superior potential capacities as long-term running

catalysts.

1.0 4 98%
E° 0.9
‘;‘E’ |
2 08- 18%
o
=]
Q
o 0.7-
N
=
E 0.6
S
.
=

0.5 4

Co/CoO-NGA
= E-Tek Pt/C
0.4 ) T Y T Y T v T v T v T v
0 2000 4000 6000 8000 10000 12000 14000

Time/sec

Figure 7.11 Chronoamperometric responses at —0.3 V of the Co/CoO-NGA and E-Tek

Pt/C in O2 saturated electrolyte up to 13000 seconds

7.3.11 Single Anion Exchange Membrane Fuel Cell Tests

The AEMFC test was finally conducted in order to acquire the practical performance of

the Co/CoO-NGA in a real-world fuel cell application (Figure 7.12a). To our surprise,
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under identical testing conditions, the Co/CoO-NGA electrocatalyst shows a much
similar catalytic behaviour compared with the commercial Pt/C. At the practicable
operating potential (= 0.6V), the Co/CoO-NGA celectrocatalyst delivered a current
density of 127 mA-cm™, which reached about 78% of the Pt/C (162 mA-cm™, Figure
7.12b). Additionally, the max power output of Co/CoO-NGA was 110 mW-cm™, which
was over 90% of the Pt/C (120 mW-cm™, Figure 7.12b). These comparisons clearly
indicated the Co/CoO-NGA had the similar electrocatalytic performance with the
commercial Pt/C under real world applications suggesting it could work as low cost

ORR clectrocatalysts under practical operating conditions.
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Figure 7.12 (a) Polarization curves of the anion exchange membrane single fuel cell test
using Co/CoO-NGA and E-Tek Pt/C as cathode electrocatalysts respectively. The
electrocatalyst loading amount is 0.2 mg/cm-2. (b) Comparisons of current density at

0.6 V and max power density derived from the results of the single fuel cell test.

7.4 Conclusion

In summary, we have demonstrate a facile method in fabricating core-shell cobalt
/cobalt oxide nanostructure using 3D nitrogen doped grapheneas supporting materials
(Co/CoO-NGA) without adding any surfactants. The Co/CoO-NGA was explored as an

electrocatalysts for the oxygen reduction reaction in alkaline medium, showing
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excellent ORR catalytic performance, superior methanol tolerance and strong durability.
The superb electrocatalytic performance in ORR were attributed to the excellent
electron and charge transfer properties of the unique core shell structures and the robust
3D structure of the supporting materials and the synergistic enhancement from the
nitrogen-metal-carbon interactions in the electrocatalysts. We anticipate this synthetic
method could be further employed into other transition-metal core shell nanostructure
synthesis and would be beneficial in developing low-cost, economical feasible and

environmental friendly electrocatalysts for the next-generation alkaline fuel cells.
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8.1 General Conclusion

As have been addressed in this thesis, the oxygen reduction reaction (ORR) is a
kinetically limited step in fuel cells (FCs), and the electrocatalysts for the ORR play a
pivotal role in determining the performance and energy conversion efficiency of FCs.
Platinum (Pt) is considered as the most efficient electrocatalyst for the ORR, however, it
is impeded from large-scale commercialisation due to its high cost, low “poison”
resistance, and poor stability. Therefore, in recent decades, numerous efforts have been
devoted to exploring novel electrocatalysts with low cost, high efficiency and
environmental friendliness. In this study, focusing on developing low-cost catalysts for
fuel cells, we first explored the novel Pt-based electrocatalysts for the proton exchange
membrane fuel cell (PEMFC) through alloying Pt with a second metal (Pd, Cu) to
reduce the cost. The as-synthesized materials were well characterised by
electrochemical tests showing improved ORR performance compared with Pt/C in
acidic medium.

In addition, with the development of anion exchange membranes (AEM) in anion
exchange membrane fuel cells (AEMFC), which is an analogue of the PEMFC using
anion exchange polymer membrane as electrolyte, there is an emerging demand for
electrocatalysts for the AEMFC with lower cost. In addition, there is awareness that the
replacement of proton exchange membranes with anion exchange membranes could
substantially increase the kinetics of the ORR, thus offering more choice of
electrocatalysts. Therefore, the following chapters are devoted to the development of
non-Pt based electrocatalysts, including Pd-based electrocatalyst, nitrogen-doped

graphene, cobalt/cobalt oxide core/shell nanostructures integrated on nitrogen-doped
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graphene, and their ORR performance has been well characterised within alkaline

medium.

8.1.1 Electrocatalysts for the Oxygen Reduction Reaction in the PEMFC

It has already been well documented that alloying Pt with other metals, such as Pd, Cu,
Ni, etc., could greatly reduce the cost, and at the same time, increase the catalytic
efficiency of Pt. It is still an ongoing challenge, however, to develop facile approaches
to fabricating high-surface-area Pt-based electrocatalysts for better utilisation of the Pt
and to further increase the catalytic efficiency of the Pt-based electrocatalyst. Based on
the author’s research, hollow-shaped Pt-based nanostructures, consisting of Pt-Pd, and
Pt-Cu, have shown great enhancement in the catalytic performance towards the ORR,
which was attributed to the unique hollow shaped porous structure and to the changes of
in the geometric effect and electronic effect on Pt when alloying with a second metal. It
is also found the compositions of Pt/Pd and Pt/Cu are very important for determining
the final structure and the electrocatalytic performance of the synthesized
electrocatalysts. Both of these two electrocatalysts were well examined with single
PEMEFC tests, where the catalysts indeed showed improved performance compared with

the commercially available Pt/C electrocatalyst.

8.1.2 Electrocatalysts for the Oxygen Reduction Reaction in the AEMFC

The kinetics of the ORR in alkaline medium could be largely increased, thus offering a
wider selection of electrocatalysts. In addition, recent advances in the development of
alkaline anion exchange membranes (AAEMs) has also added considerable incentives
to explore new electrocatalysts in alkaline medium, because the performance of
AEMFCs has been demonstrated to approach that of the analogous, conventional acidic

Nafion® proton exchange membrane fuel cell (PEMFC). From this perspective, a series
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of electrocatalysts, including PdNi hollow nanoparticles, nitrogen-doped crumpled
graphene sheets, and core-shell cobalt/cobalt oxide integrated on nitrogen-doped
graphene aerogel, have been developed with improved or comparable performance
compared with Pt/C. These non-Pt based electrocatalysts, with much lower cost
compared with Pt/C, have also shown better “poison” resistance and better durability.
The author also performed single AEMFC tests with the three electrocatalysts to fully
investigate the electrochemical performance of the electrocatalysts under real
practicable application, and the results revealed that these materials could indeed work

as low-cost and efficient ORR electrocatalysts for the AEMFC.

8.2 Outlook

Although the synthesized electrocatalysts (Pt based, Pd-based, N-doped carbon based)
have shown remarkable electrocatalytic performance towards the ORR, the efficiency of
the electrocatalysts as well as the feasibility of the synthetic method need further
improvements. In addition, much more efficient, low-cost electrocatalysts are urgently
needed in the near future in order to meet the requirements for the commercialisation of
fuel cells. Therefore, future work should focus on the development of non-noble-metal-
based electrocatalysts for the ORR in alkaline medium and may possibly also focus on
the following aspects: (i) the development of transition metals coordinated with
nitrogen-doped carbon materials with mesoporous features to increase the efficiency of
the ORR catalytic performance; (ii) the development of mixed transition metal oxides
coupled with nitrogen-doped carbon materials to further increase the efficiency; (iii) the
development of other nitrogen-doped carbon materials such as graphene ribbons and the

exploration of new doping methods to fabricate efficient ORR catalysts; and (iv) the
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development of cost-effective synthesis procedures for other heteroatom-doped or co-

doped carbon materials.
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