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Abstract

Polymer electrolyte fuel cells have shown great potential in providing clean energy with no emissions.
The kinetics of the cathode reaction, i.e. the oxygen reduction reaction (ORR) are sluggish necessitating
high loadings of the catalyst metal, i.e. platinum. Platinum is a limited resource and expensive. Its price
has been one of the major drawbacks in wide scale commercialisation of fuel cells. In an effort to
improve the activity of the catalyst and therefore reduce Pt loadings on the catalyst, Pt can be alloyed
with transition metal elements (e.g. Ni, Co and Fe) to form bimetallic catalysts. Alloying has been
known to improve the activity and stability of a catalyst for the ORR. The enhanced activity of the
alloys originates from the modified electronic structures of the Pt in these alloy catalysts which reduces
the adsorption of spectator species therefore increasing the number of active sites for the ORR (Wang
etal., 2012 (2)).

The aim of this study was to gain a better understanding of the influence of Pt alloy particle size and
active surface morphology on the ORR activity. The Pt alloy that was investigated was Pt;Co/C. The
surface morphology was modified by varying the Pt/Pt;Co loading on a carbon support. The catalysts
were prepared using thermally induced chemical deposition. The support used was Vulcan-XC-72R.
The effects of varying the metal loadings on the ORR was investigated. The loadings that were
investigated were 20, 40, 60 and 80 wt. % Pt and Pt;Co. The alloy catalysts were subjected to annealing
at 900 °C and acid leaching. The catalysts were analysed using electrochemical characterisation
techniques such as cyclic voltammetry, CO stripping voltammetry, rotating disk electrode and rotating
ring disk electrode. Physical characterisation of the catalysts was also implemented. The techniques

used were x-ray diffraction, thermogravimetric analysis and transmission electron microscopy.

The Pt particles on the carbon support were found not to agglomerate significantly despite the loading
being increased. This trend was also observed for the Pt;Co/C catalysts even after heat treatment and
leaching. The lack of agglomeration was credited to a new reactor system developed in this work. The
particle growth increased from low loadings to high loadings for both the Pt/C and Pt;Co/C catalysts.
Particle growth was more significant for the PtzCo/C catalysts at high loadings. At lower loadings (20
and 40 wt. %) the particle sizes between the Pt/C and Pt;Co/C catalysts were comparable despite the

Pt;Co/C catalysts undergoing annealing and leaching.

The mass specific activity of the Pt/C catalysts was not improved by alloying with the exception of the
20 wt. % catalyst which saw an enhancement factor of 1.66. The surface specific activity of the Pt/C
catalysts was improved significantly with factors of 2.40 and 3.11 being recorded for the 20 and 80 wt.
% Pt;Co/C catalysts respectively. The enhancement factors of the intermediate loadings (40 and 60 wt.

%) were lower and fairly similar at 1.30 and 1.35 respectively.
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1. Introduction

In recent years the search for alternative forms of clean energy has increased. Polymer electrolyte
fuel cells (PEFC) have generated much interest as an alternative to traditional conventional internal
combustion engines, secondary batteries and other power sources (Zhang et al., 2013). The benefits
of fuel cells over other energy equipment are: they are quiet, have no moving parts and have zero
emissions. However, there are several drawbacks associated with this technology. The oxygen
reduction reaction (ORR) which occurs on the cathode of PEFC requires high catalyst loadings
because of its slow kinetics. The catalyst metal often used is platinum (Pt). It is well-known that Pt
is expensive because it is a limited natural resource and its price will probably increase as time goes
on. The cost of the catalyst is therefore one the factors hindering wide scale commercialisation of
fuel cells. For example, in order for fuel cells to be implemented commercially for automobiles a
five-fold enhancement of the catalytic activity is required (Wang et al., 2011). In order to reduce
the cost it is essential to either decrease the amount of Pt used by increasing the mass specific
activity or an alternative non-noble metal catalyst activity with an acceptable performance will need
to be found (Zhang et al., 2013). A significant amount of research has been done on how the
catalytic activity can be improved. It has been found that alloying is one way in which that goal
can be achieved (Stamenkovic et al., 2006). Bimetallic alloys have shown enhancement factors of
up to 3 over Pt/C (Wang et al., 2011).

Another problem encountered with Pt/C catalysts is their low durability. When in operation the
catalysts agglomerate or detach from the carbon support (Zhang et al., 2013). The support is also
susceptible to oxidation which would degrade the performance of the fuel cell and reduce its
lifetime (Zhang et al., 2013). In their study Wang et al. (2011) demonstrated that using bimetallic

alloys can improve the durability of the catalyst.

The aim of the research presented was to gain a better understanding of the influence of Pt alloy
particle size and active surface morphology on the ORR activity. The alloy considered was Pt;Co/C.

The investigation was limited to the comparison of the performance of Pt/C and Pt;Co/C at
increasing metal loadings. Analyses of the catalysts was limited to the following electrochemical
characterisation techniques: cyclic voltammetry, CO stripping voltammetry, rotating disk electrode
and rotating ring disk electrode. The following physical characterisation techniques were used:
thermogravimetric analysis, x-ray diffraction, transmission electron microscopy and energy

dispersive x-ray spectroscopy.



2. Literature review

2.1. Polymer electrolyte membrane fuel cells
A fuel cell is a device that converts chemical energy into electrical energy. Figure 2.1(a) shows a typical
hydrogen fuelled PEFC. Hydrogen is fed to the anode, where is it oxidized to form protons (H*) and
electrons. The electrons released generate an electrical current whilst the H* ions pass through the non-
electrically conducting membrane. At the cathode side of the fuel cell, oxygen is reduced by the
electrons and then combines with the H* ions from the membrane to form water. A schematic of these
reactions and pathways is shown in Figure 2.1(a). Figure 2.1(b) shows an enlarged section of the cathode
side of a fuel cell, which consists of the interaction between the proton exchange membrane (PEM), the
catalyst layer and the gas diffusion layer (GDL). In the electrode, the importance of transport processes
is emphasized. A successful and effective electrode is one that can balance all the transport processes
of the three phases found in the catalyst layer (Litster and McLean, 2004). The three phases are the

protons, the electrons and the gases.

(a) (b)
Proton Carbon Electrically
PEM FUEL CELL Conducting Supported Conductive
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Figure 2.1: (a) Single PEM fuel cell (Adapted from Wang et al., 2011). (b) Three phase boundary in an electrode
(Adapted from Litster & McLean, 2004).

Figure 2.1(b) also displays the catalyst layer in detail. The catalyst particles are depicted as the dark
spheres and are usually either Pt or Pt alloys. This is the site of the cathode and anode half-cell reactions
shown below. Equation (2.1) represents the oxidation reaction at the anode. Equation (2.2) is known as

the oxygen reduction reaction (ORR) at the cathode.
H, » 2HY + 2e~ (2.2

20, +2H* + 2e” - H,0 (2.2)



The kinetics of equation (2.2) are much slower than that of equation (2.1) (Ngrskov et al., 2004). This
is exacerbated by the multi-electron process nature of the reaction which contains a number of reaction
intermediates and elementary steps (Rabis et al., 2012). As a result, the overpotential associated with
the ORR is relatively large (0.3 — 0.4 V) and high catalyst loadings are often needed to overcome this
(Rabis et al., 2012).

2.2. Oxygen reduction reaction catalysts

2.2.1. Oxygen reduction reaction mechanism
There is still no consensus over the exact mechanism for the oxygen reduction reaction. Some of this is
owing to a lack of appropriate experimental techniques, which are able to accurately determine the
composition and coverage of surface intermediates that form during the ORR (Markiewicz et al., 2015).
As this study is limited to the study of ORR in acidic electrolyte the discussion on the mechanism and
catalysts will be limited to that.

It has been suggested that there are mainly two possible mechanisms through which the oxygen
reduction reaction occurs. These are a direct 4-electron reduction pathway and a sequential pathway
with two 2-electron steps (Zhang et al., 2008). Ngrskov et al. (2004) described mechanisms for the two

pathways, the dissociative and the associative mechanism. These two pathways are depicted in Figure
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Figure 2.2: Scheme of oxygen reduction mechanism (Yue et al., 2010).

2.2.1.1. Dissociative mechanism
In the dissociative mechanism O, dissociates and adsorbs on an active site on the catalyst surface where
it is hydrogenated to form an OH* intermediate. The intermediate then further reacts with a proton and
an electron to form water and regenerate the catalyst active site. Reaction (2.3), (2.4) and (2.5)
demonstrate this mechanism (Ngrskov et al., 2004). This mechanism is suggested for the 4-electron

pathway.



%02 + *x— 0" (2.3)
O*+H*+e” - OH" (2.4)
OH*+ H" 4+ e~ - H,0 + = (2.5)

2.2.1.2. Associative mechanism
In the associative mechanism O, does not dissociate before it is hydrogenated. This process is shown
in reactions (2.6) to (2.10) (Ngrskov et al., 2004). This mechanism is suggested for the 2-electron

pathway.

0, + - 0," (2.6)
0,"+(H*+e”) > HO,” 2.7
HO,"+ (Ht+e™) » H,0+ 0" (2.8)
0"+ (H* +e”) » HO* (2.9)
HO* + (H* +e™) = Hy0 + * (2.10)

Equations (2.9) and (2.10) are also found in the dissociative mechanism. The steps (2.6) to (2.8) are
known as the associative mechanism. An alternative to forming water in equation (2.8) is to form H.0-

(Ngrskov et al., 2004). Hence this mechanism is also termed a peroxo mechanism.

Although there is a debate about which mechanism is followed exactly and what the reaction steps are,
there is some strong experimental evidence that the ORR proceeds via peroxide formation (Rabis et al.,
2012). Ideally a 4-electron pathway forming only water regardless of electrolyte would be preferred.
Hydrogen peroxide diffuses into the PEM and results in radical oxidative degradation in the membrane
(Holton & Stevenson, 2013). Recent work between researchers of HySA/Catalysis and collaborators
at the Paul Scherer Institute (PSI) has indicated that the dissociative pathway is the observed mechanism
in the ORR particularly at higher Pt loadings, i.e. reduced Pt-Pt interatomic distances (Fabbri et al.,
2014).

2.2.2. Current state of catalysts

2.2.2.1. Catalyst metal
The complexity of the ORR has caused many challenges for the selection of the catalyst material. The
material needs to be stable under extremely corrosive conditions and be chemically active enough to
activate oxygen (Holton & Stevenson, 2013). It is well known that noble metals are inert and resistant
to corrosion and oxidation in the presence of moisture. These properties make them attractive for the

use as catalyst material in the ORR.



The most commonly used catalyst is Pt. It has been proven that Pt is one of the best catalysts for ORR.
In their study, Ngrskov et al. (2004) were able to predict and compare the activities of different metals
in the ORR. They were able to construct a volcano-plot from the activities and the oxygen binding
energies they calculated using density functional theory (DFT). This is illustrated in Figure 2.3. From
Figure 2.3 it can be seen that Pt is the best metal for the ORR, however there is room for improvement

towards the peak of the volcano plot.

Alloying of the Pt metal is one way in which the improvement can be achieved. Additionally alloying

can reduce the cost of the catalyst metal.
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Figure 2.3: Variation of the oxygen reduction activities for different metals compared to the oxygen binding
energies (Ngrskov et al., 2004).

One possible explanation for the difference in activity of different metals was proposed by Narskov et
al. (2004) and pertains to the bonding of the oxygen to metals. Metals that form either weaker or stronger
bonds with oxygen than Pt have several drawbacks. If the metal binds too strongly, e.g. nickel, then the
proton transfer steps become strongly activated and therefore very slow. Conversely if the metal binds
too weakly, e.g. gold, then the proton transfer is exothermic and should be fast. Unfortunately the
oxygen will be more stable in the gas phase than it is on the surface. As a result the transfer of protons

and electrons cannot occur.

Therefore Pt has been found to be one of the most efficient metals for the ORR regardless of which
mechanism (dissociative or associative) proceeds. However, Pt is a precious metal with high costs
associated with it. As a result, in order for fuel cell technology to become reasonably competitive on a
commercial scale in automotive applications, the US Department of Energy (DoE) set an MEA catalyst
loading target for 2020 (U.S. Department of Energy, 2013): Pt group metal total loading - 0.125

mgpgmlcmzelectrode area-

The current Pt group metal loading that has been achieved is 0.15 Mgpgm/CMZelectrode area (U.S. Department
of Energy, 2013).



2.2.2.2. Support material
Catalyst supports have several important functions. A good support must have the following properties
(Wang Y. etal., 2011):

e Very good electronic conductivity

¢ High corrosion resistance

e High surface area

e Strong cohesive force to catalyst metal

e Easy formation of uniform dispersion of catalyst particles on their surface

Some of the most common supports utilized currently are high surface area carbon blacks like Vulcan
XC-72R and Ketjenblack (Dicks, 2006). Carbon supports have several durability problems that affect
their performance in automobile applications. These durability problems will be discussed in greater
detail later in this work.

A great deal of research has recently gone into the possibility of replacing carbon with inorganic
supports. Some of these include carbides, nitrides, and borides, electronically conducting polymers and
conducting metal oxides (Wang Y et al., 2011). However carbon is still the leading support material
used. This is because of its excellent physical properties, its abundance in nature making it affordable
and its processibility and relative stability in both acidic and basic solutions (Huang & Wang, 2014).

2.3.  Alloys

2.3.1. Overview
Many researchers have explored the prospects of alloying Pt with other metals. The common metals
tested for alloying are the 3d transition metals. Some of the metals explored for alloying are nickel (Ni),
cobalt (Co), iron (Fe), titanium (Ti), vanadium (V), ruthenium (Rh) and chromium (Cr) (Stamenkovic
et al., 2006). Binary and ternary alloying has been extensively researched. Alloying has been found to
improve the activity of a Pt catalyst. Figure 2.4 compares the specific activities of different bimetallic
alloys compared to Pt. From Figure 2.4, Pt-Co, Pt-Ni and Pt-Fe show large improvements in catalytic
activity. The Pt-Ti and Pt-V showed an improvement on the Pt catalyst but not as much as the other Pt
alloys. Dealloyed ternary alloys e.g. PtNisM (where M is Co and Cu) have also been shown to



significantly enhance the activity and in some cases 1.7 x more than binary alloys like PtNiz (Mani et
a., 2010) .
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Figure 2.4: The specific activity of Pt alloys for ORR expressed as kinetic densities (Stamenkovic et al., 2006)

Figure 2.5 is a model of activity proposed by Stamenkovic et al. (2006). It illustrates how the volcano
plot suggested by Narskov et al. (2004) can be improved by alloying. The model developed by
Stamenkovic et al. (2006) estimates which bond energies of Pt alloys would give the peak of the
“volcano”. It is able to predict the trend in catalytic activity. The model was able to estimate which Pt
alloys can give the highest activity. The results produced are good enough for an initial estimate of

catalytic activity.

Figure 2.5: Model of activity as a function of the adsorption energy of oxygen. The plot in red is the actual measured
activity relative to that of Pt (Stamenkovic et al., 2006).

Various explanations have been offered in literature for the enhanced activity of alloys. The most
prominent factors identified in literature are the Pt-Pt interatomic distance, the surface area, the
increased Pt d-band vacancy and the distribution of the surface (Salgado et al., 2004). Alloying causes
a lattice contraction, leading to a more favourable Pt-Pt distance for the dissociative mechanism (Zhang
et al., 2008). The d-band vacancy can be increased after alloying, producing a strong metal — O



interaction then weakening the O-O bonds (Zhang et al., 2008). Paulus et al. (2002) and Wang et al.
(2013) saw a shift in the onset potential (approximately 50 mV higher than Pt) of Pt-OH.q with alloy

catalysts and attributed it to intermetallic bonding between Pt and the alloying metal.

Of the literature covered for this report, there is no consensus on which alloy is the best. However,
generally literature cites the Pt-Co alloy systems as being one of the most active and stable catalysts in
acidic environments (Wang et al., 2013). Enhancement factors of as much as five have been reported
when alloying Pt-Co (Paulus et al., 2002). As mentioned above, the scope of this study has therefore

been limited to Pt-Co alloys.

2.3.2. Pt-Co alloys as ORR catalyst
As reported previously Pt-Co alloys have been known to improve the ORR activity. Comparing Pt-Co
alloys across literature is made difficult because of the myriad of factors affecting the activity. These
factors include the method of preparation, the degree of alloying, the particle size, shape, orientation
and of course composition with the method of preparation affecting the degree of alloying (Salgado et
al., 2004).

The origin of enhanced activity has been explored in-depth in literature. As stated previously one of the
factors responsible for the enhanced activity is the shortening of the Pt-Pt bond length (Zhang et al.,
2008). The decrease in bond length after alloying was observed by Chen et al. (2009) and is

demonstrated in Figure 2.6 below.
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Figure 2.6: Interatomic distances calculated for Pt, PtsCo and PtCo (Chen et al., 2009)



Additionally the interatomic distance was shown to decrease with an increase in Co atomic
concentration (Chen et al., 2009). Figure 2.7 shows a correlation between the d-band centre and the

oxygen adsorption energy (AEo).
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Figure 2.7: Correlation between the d-band centre and the oxygen adsorption energy (Adapted from Stamenkovic et
al., 2006)

Stamenkovic et al. (2006) provided a relationship between the d-vacancy centre and AEq as shown in
Figure 2.7. AE, is known as a good indicator for activity as explained in Section 2.3.1. However, AEg
is determined by the average energy of the d-states on the surface atoms to which the adsorbate binds
i.e. the d-band centre. The Figure 2.8 below shows the relationship between the specific activity and
the Pt-Pt interatomic bond length obtained by EXAFS. It is clear that the ORR activity increases with
a decrease in the bond length.
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Figure 2.8: Effect of the Pt-Pt neighbour distance on the specific activity (Min et al., 2000)



Paulus et al. (2002) tested carbon supported bimetallic Pt-Co catalysts with 50 and 75 at. % Pt against
Pt/C. In their work PtCo (i.e. 50 at. % Pt) produced a greater enhancement of mass activity relative to
Pt;Co. Salgado et al. (2004) reported that increasing the Co content causes a decrease in metal particle
size and an improvement in activity for the ORR. The influence of the Pt:Co on the mean particle
distance is shown in Figure 2.9 (a). Figure 2.9 (b) shows the effect of the mean interatomic distance and
Pt:Co ratio on the performance of the catalyst. From Figure 2.9 it is clear that increasing the Pt:Co is
favourable for the ORR. Smaller particles yield a larger ECSA and an improved activity of the catalyst
(Paulus et al., 2002). The improvement in activity for PtCo over PtzCo is also because the alloy metals
are oxidised on the surface with one or more OH ligands attached. This could influence the OHag
formation on nearby Pt atoms hindering the formation of oxides on them (Paulus et al., 2002). However,
the stability of the PtsCo alloy is greater than that of PtCo (Antolini et al., 2006).
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Figure 2.9: (a) Influence of the Co/Pt ratio on the mean particle size. (b) Correlation of oxygen electrode performance
of Pt and Pt-Co catalysts with the mean interatomic distance (Adapted from Salgado et al., 2004)

In some literature it has been demonstrated that the larger the second metal content, i.e. Co, past an
optimal point causes an increase in the 5d vacancy therefore the Pt-O bond becomes stronger and the
back-donation turns out to be difficult (Rabis et al., 2012). The overall result of this is a lowering in
the ORR rate.

2.3.3. Leaching of cobalt
Transition metals such as Ni, Co and Fe have been found to leach out of the catalyst alloy during
operation (Holton & Stevenson, 2013). There are several causes of leaching of the base metals (Holton
& Stevenson, 2013):

e The deposition of excess base metal in the alloy
e The use of too low alloying temperatures which result in incomplete alloying

e The base metal may be thermodynamically unstable in the alloy
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The leaching out of the base metal may contaminate the MEA. The leached out cations (e.g. Co?*) cause
a degradation of the catalyst conductivity, higher ohmic losses and lowering of the activity (Gasteiger
et al., 2005).

It has been shown that the amount of base metal that leaches out during operation can be minimized by
pre-leaching the alloy (Gasteiger et al., 2005). This effect is illustrated in Figure 2.10. The multiple

pre-leached alloy catalyst showed the least amount of leaching under operation (less than 4%).
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Figure 2.10: The effect of pre-leaching Pt-Co catalysts on the dissolution of Co (Gasteiger et al., 2005)

Pre-leaching produces a Pt-skin structure as shown in Figure 2.11 with a stable intermetallic Pt and Co
arrangement in the centre. Particles with a Pt-skin display some of the highest mass activities and

displayed enhanced durability even after 5000 cycles (Wang et al., 2013).

Figure 2.11: PtsCo atomic nanoparticles. The white and blue spheres represent Pt ad Co atoms respectively (Wang et
al., 2013)

2.3.4. Heat treatment of alloy
Thermal treatments of the alloys have been known to improve the catalyst activity. In order to create a
Pt skin on the topmost layer of the catalyst by inducing Pt segregation, thermal treatment under ultra-
high vacuum (UHV) has been used on bimetallic catalysts (PtsM) (Wang et al., 2011). Another common

method is annealing in a reducing atmosphere, i.e. in a gas stream of Hi./Ar .The potential pitfalls of
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such treatments at particularly higher temperatures (>600 °C) are sintering and therefore loss of the
electrochemical surface area (ECSA). Koh et al. (2007) annealed Pt;Co at 600 °C and at 950 ° C. They
found that higher temperature annealing (950 °C) produced particles (5 nm) in a single ordered phase.
Lower temperature annealing produced multiple phases which are generally undesired. Other studies

however reported only a single phase after annealing with various temperatures (Wang et al., 2010).

In general, the particle size increases with annealing owing to the agglomeration of particles, i.e.
sintering (Wang et al., 2010). Figure 2.12 illustrates the effect of using lower temperatures for

annealing. Annealing at 600 °C produced enhanced activity compared to annealing at 950 °C.
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Figure 2.12: Specific activity of low T (600 °C ) and high T (950 °C ) Pt3Co at 900 mV/RHE compared to Pt/C (Koh
etal., 2007)

Wang et al. (2011) investigated the post treatment of their PtNi/C alloy by annealing at 400 °C. They
observed improved activity and durability of the alloy as a result. They also reported that annealing
reconstructed the surface of the catalyst reducing the low coordination sites.

Koh et al. (2007) offered an explanation as to why the activity of low temperature annealing is better
than high temperature annealing. Comparing the voltammograms in Figure 2.13 one can see that there
is a delay in Pt-OH formation for the high temperature catalyst. This delay has been linked with ORR
activity. More importantly the capacitive current of the low temperature catalyst is higher. This

correlates to a higher surface area (Tabet-Aoul & Mohamedi, 2012).
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Figure 2.13: Cyclic voltammetry plots comparing Pt-Co alloys with Pt/C (Adapted from Koh et al., 2007)

Increasing the annealing temperature also decreases the Hypd region which corresponds to a reduction
in the electrochemical surface area (Wang et al., 2010). Some literature cites moderate temperatures
(400-500 °C) as preferable because this would still ensure the benefits of annealing are experienced

without the pronounced effect of sintering. These benefits are (Wang et al., 2010):

. Reduced surface defects

. Reduced low coordination surface sites
. Reduced oxophilicity

. Enhanced stability

However, Wang et al. (2013) compared Pt;Co annealed at 400 °C and 700 °C. The alloy at 700 °C still
had a particle size of only 5 nm measured using scanning transmission electron microscope (STEM).
Higher temperature annealing can provide much higher mass activity and greater durability under

potential cycling (Wang et al., 2013).
2.4. Catalyst Durability

2.4.1. Corrosion mechanism and consequences
For a catalyst to be successful for the ORR it must not only be active but it also needs to be stable in
the harsh environment of a fuel cell. The enhanced activity of a Pt/C or Pt;Co/C catalyst is meaningless

if it is not stable under fuel cell operating conditions.

The typical issues in relation to catalyst durability for Pt and Pt-Co alloys are Pt dissolution, Oswald
ripening, leaching out of Co, and carbon corrosion of the support. It has been reported that the processes

of Oswald ripening, Pt migration and sintering occur at a higher rate for Pt/C compared to the re-
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deposition and particle sintering of Pt alloys (Colon-Mercado & Popov, 2006). Figure 2.14 shows one
example of the mechanisms of the degradation of the catalyst, i.e. the dissolution of the Pt and its

precipitation.
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Figure 2.14: Schematic of degradation of catalyst particle (Wang et al., 2011)

As mentioned previously the leaching out of Co is a durability concern. Generally, when tested in a fuel

cell stack after 1000 h the Co leaches out onto the surface leaving a “Pt-skeleton” structure (Maillard et

al., 2010).

A Pt-skeleton schematic was shown in Figure 2.11. This structure has a Pt-Co core and a Pt shell. On
the surface the leached Co forms Co-O, i.e. surface oxides. The leached out Co cations can poison ion
exchange sites (Zhang et al., 2008). In a fuel cell proton exchange takes place in the membrane and
ionomer within the catalyst layer. The number of ion-exchange sites is however limited. Metal cations
(i.e. Co?") occupy and poison these ion-exchange sites because the cations have a higher affinity for
sulfonic groups than protons (Zhang et al., 2008). The consequences of poisoning the ion-exchange site
are (Zhang et al., 2008):

e A reduction of membrane conductivity due to dehydration leading to higher membrane
resistance.

e Anincrease in the resistance of the catalyst layer due to ionomer resistance.

e A degradation of the membrane with some metal cations e.g. Fe due to Fenton’s effect.

e The decrease in oxygen diffusion in the ionomer film.

This leads to the conclusion that the structure is not stable under real stack operating conditions after
prolonged periods. Despite this, alloy catalysts have been reported to show high durability comparable
to that of Pt/C (Gasteiger et al., 2005) and other studies found that the durability was enhanced through
alloying (Wang et al., 2011).

The formation of the Pt-skin enhanced the activity and durability of the catalyst (Wang et al., 2013). In
an alloy both the base metal and the Pt dissolve into the electrolyte (Colon-Mercado & Popov, 2006).

Pt in the catalyst alloy has been reported to dissolve in the electrolyte and redeposit itself on the surface
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of a larger particle in a phenomenon known as Oswald ripening (Colon-Mercado & Popov, 2006).
However, despite the dual effect of the dissolution of the Pt and the base metal, the surface loss
experienced by alloy has been found to be less than that of Pt/C. The movement of Pt on the surface
was found to be hindered by the presence of an alloy metal therefore suppressing the sintering effect
(Antolini et al., 2006).

2.4.2. Carbon corrosion
The carbon support can be corroded by oxidation. Carbon corrosion is induced by the transitioning
between start-up and shut-down and fuel starvation (Wu et al., 2008). The most commonly cited

reaction for the oxidation of carbon is a 4-electron pathway shown below (Ball et al., 2007):
C+2H,0 - CO,+4H™ + 4e~ (11)

Carbon corrosion can cause particle sintering and loss of active area (Colon-Mercado & Popov, 2006).
It makes the electrode more prone to flooding and accelerates the growth and redistribution of catalyst
particles (Zhang et al., 2008). The oxidation of the support is what leads to the Pt/Pt alloys falling off
the surface and the reduction of the ECSA (Shao et al., 2007). This is shown is Figure 2.15.
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Figure 2.15: Mechanism for the degradation of support and loss of ECSA. Taken from Shao et al. (2007).

2.4.2.1. Start-up/shut down cycling
Carbon corrosion is not severe under normal operating conditions. The corrosion is accelerated under

extreme operating conditions. Particularly at 1.2 V, carbon corrosion is thermodynamically favourable.
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Start-up and shut down is an example of some of the harsh operating conditions which exacerbate
corrosion. A fuel cell in an automotive mobile is expected to withstand approximately 30 000 start-ups
and shut downs in its lifetime (Zhang et al., 2009). Therefore its durability under such conditions is

pertinent to fuel cell development.

2.4.2.2. Load cycling (Potential)

Load cycling is used to investigate the performance changes during operation under various conditions
(Zhang et al., 2009). The fuel cell will experience various load changes in its lifetime. The cell will
cycle from high to low current and the potential will also vary as a consequence. If the fuel is relatively
pure Hy, the anode potential will remain close to the reversible hydrogen potential due to the facile
nature of the H, oxidation reaction (Borup et al., 2007). The cathode, however, will experience potential
swings to match variable power demands (Borup et al., 2007). This variation of the cathode potential
alters several properties of the electrode material in particular the degree of oxide coverage of both Pt
and C and the hydrophobicity of the surfaces (Borup et al., 2007).

2.4.2.3. Role of catalyst metal on corrosion
The oxidation of carbon can further be catalysed by the presence of Pt. Since the degradation is
accelerated by Pt, it has been suggested that the presence of an efficient Pt catalyst for the ORR is
increasingly detrimental to the support (Shao et al., 2007). Therefore if Pt alloys are more active than
Pt then they could possibly corrode the support at a higher rate. Additionally higher Pt loadings have
been associated with greater carbon corrosion (Shao et al., 2007).

2.4.2.4. Alternative support materials
Owing to the corrosion issues with carbon, alternative non-carbon support materials have been
investigated. These materials include mesoporous silicas, nitrides, carbides, metal oxides and
conducting polymers, some of which have demonstrated superior performance in activity, stability and
poison tolerance (Wang Y et al., 2011). However inorganic supports still have several drawbacks when

compared to carbon some of which include the following (Wang Y et al., 2011):

e Lower electronic conductivity

e Higher solubility in aqueous and acidic environments

e Less thermal stability at high temperatures, e.g. conductive polymers at > 100 °C
e Lower surface area

e Less electrochemical and chemical stability
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2.5. Catalyst surface structure and morphology

Traditionally the catalyst metal is placed on a support. Supports are used in catalysis for various reasons.
They can minimize mass transfer limitations, reduce sintering and enhance the mechanical stability of
the catalyst (Wang et al, 2011). They can also increase the surface area of the active metal. Pt or Pt
alloy nanoparticles can be dispersed on a carbon support. The loading of the catalyst material can be
varied to improve the catalyst performance. As mentioned previously the use of a carbon support can
also reduce the durability of the catalyst through carbon corrosion. Dissolution of the catalyst metal can
occur as well.

However, the catalyst metal can be also formed into an extended surface. In an extended surface the
catalyst is formed into a three-dimensional thin structure (Gancs et al., 2008). 3M developed a
nanostructured thin film (NSTF) catalyst devoid of a carbon support (Debe et al., 2006).

2.5.1. Extended surfaces
When dealing with nanoparticles, several issues arise. These particles have more edges and corners
which have low coordination numbers. They exhibit preferential oxidation for OH- which blocks
oxygen from adsorbing onto the atoms (Wang et al., 2011). They are also more susceptible to migration
and dissolution which both result in poor durability and fast decay (Wang et al., 2011).

As mentioned above 3M developed a nanostructured thin film (NSTF) catalyst. The catalyst is formed
as a part of electrodes to form “nanowhiskers”. Figure 2.16 shows scanned electron microscope (SEM)
images of the NSTF catalyst and the catalyst loaded on the membrane. As seen in Figure 2.16(a) the
NSTF consists of elongated particles that are formed by vacuum coating catalyst onto organic crystallite
whiskers (Debe et al., 2006).

(b)
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Figure 2.16: (a) SEM image of NSTF catalyst (b) SEM cross section of NSTF catalyst electrode when transferred
on to PEM. The membrane is coated with catalyst. (Debe et al., 2006)
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25.1.1. Advantages of nanostructured thin film catalysts
The advantages of these surfaces over Pt nanoparticles supported on carbon are varied. The NSTF
catalysts demonstrate enhanced specific activity and greater resistance to Pt dissolution and hence
reduced loss of ECSA at reduced Pt loadings (Sinha et al., 2011).

The performance loss due to cyclic voltammetry cycling is much less for NSTF catalysts than Pt/C
nanoparticles. ECSA loss of NSTF catalysts stabilized to approximately 33% after 9000 cycles whilst
the ECSA of Pt/C was reduced by 90% after 2000 cycles (Debe et al., 2006). This illustrates the better
stability of the NSTF catalysts. These catalysts have shown to have high thermal, chemical and
electrochemical stability under operating conditions (Gancs et al., 2008). Therefore as well as having

greater specific activity, they are also more stable than Pt nanoparticles.

There are several suggestions for the enhanced activity and stability of NSTF catalysts. These include:
the nature of the metal/support interaction, enhanced ionic transport, metal faceting, lattice strain and

surface defects.

2.5.1.2. Shortcomings of nanostructured thin film catalysts
NSTF catalysts do have some shortcomings. In a study conducted by Sihna et al. (2011) it was found
that the catalysts did not perform well at low relative humidity (RH), i.e. dry conditions. Figure 2.17
compares the fuel cell performance of the Pt/C nanoparticles and NSTF catalysts by varying the RH.
From Figure 2.17 one can see that the NSTF does not perform well at lower RH values and the Pt/C
performs better in these conditions. This is due to their low proton conductivity over Pt surface under

dry operation, which reduces catalyst utilization.
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Figure 2.17: (a) Fuel cell performance of 0.4 mg/cm? of Pt/C electrodes (b) Fuel cell performance of 0.15 mg/cm? NSTF
electrodes (Sihna et al., 2011)
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2.5.2. Change in catalyst loading for Pt/Pt alloy nanoparticles
When the amount of catalyst metal that is deposited on the carbon support is varied several interesting

results are observed.

When the Pt loading is increased, the ECSA decreases due to the agglomeration of Pt particles to form
a thin film over the support surface (Schwanitz et al., 2011). This leads to an increase in the specific
activity of the catalyst as shown in Figure 2.18. This is due the increase in edges and corner sites which
have low coordination numbers. Larger particles have less surface area but they have increased specific
activity. An increase in loading also leads to a decrease in the mass activity as shown in Figure 2.18 (a).
The trend in the mass activity can be explained by the dispersion of Pt on the surface. Catalysts with
high loadings have relatively thick layers or agglomerates, therefore some of the Pt particles do not
participate in the ORR (Fabbri et al., 2014).
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Figure 2.18: The influence of the catalyst loading on the activity of Pt/C catalysts (a) mass activity (b) surface specific
activity (Fabbri et al., 2014)

Figure 2.19 illustrates how the mass activity varies with a change in the particle size. From Figure 2.19
it can be seen that there exists an ideal particle size where the mass activity is greatest.
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Figure 2.19: Relationship between the mass activity and particle size (Wang et al., 2010)
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Gummalla et al. (2015) also investigated the effect of particle size of Pt3Co/C alloys on the performance
of the catalyst. The particle sizes they investigated were 4 .9 nm, 8.1 nm and 14.8 nm. If the particle
size is too large then the mass activity is lowered due to poor Pt utilisation. However if the particle is
too small then it will not be as stable. Additionally the amount of leached out Co under fuel cell

operating conditions is lower for larger particles.

Lower Pt loadings correlate with a greater formation of hydrogen peroxide (Fabbri et al, 2014). This is

shown in Figure 2.20 below.
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Figure 2.20: Amount of hydrogen peroxide formed with an increase in metal loading (Adapted from
Fabbri et al., 2014)

The correlation between the hydrogen peroxide and catalyst is possibly caused by the occurrence of the
2-electron reaction pathway at low loadings with isolated parti cles whereas for high loadings the H,O;
formed may be re-adsorbed onto the surface by neighbouring particles to form water (Fabbri et al.,
2014). For bulk Pt the 4 — electron pathway dominates (Antoine & Durand, 2000).

2.6. Electrochemical analysis techniques
Diagnostic tools to measure the performance of a fuel cell are an integral part of research. They are
essential in the prediction, control and optimisation of the electrochemical and transport processes in a
PEFC (Wu et al., 2008). Additionally they can help in distinguishing the structure-property performance

relationships between a fuel cell and its components (Wu et al., 2008).

Common electrochemical characterisation techniques include cyclic voltammetry (CV), CO stripping
voltammetry, rotating disk electrode and rotating ring disk electrode. The electrochemical instruments
used operate by generating an input electrical signal and measuring the corresponding output signal

(Zhang et al., 2008). Typically the input and output signals are voltage, current and charge.

2.6.1. Cyclic voltammetry
Cyclic voltammetry (CV) is an important electrochemical analysis technique which offers insight into

kinetic and thermodynamic details of a chemical system and provides some experimental information
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(Wang et al., 2012(1)). CV can be used to determine the electrochemical surface area. CV is performed
with a two or three-electrode arrangement in which the potential relative to a reference electrode is
scanned at a working electrode while the resulting current which flows through a counter electrode is
monitored (Wang et al., 2012(1)).

The potential of the system is swept back and forth between two set voltage limits whilst the current is
recorded (Wu et al., 2008). The sweeping of the potential is carried out linearly and there is a wide
range in which the sweep rate can be controlled (Zhang et al., 2008). The curve obtained from a set of
CV measurements is known as a cyclic voltammogram. An example of a cyclic voltammogram for a
Pt electrode is shown in Figure 2.21. From Figure 2.21 it can be seen that when the voltage potential
sweeps past a potential that is related to an electrochemical reaction, the current will increase causing a
peak (Wu et al., 2008). The reverse electrochemical reaction will be observed on the reverse scan (Wu
et al., 2008). The forward positive sweep represents the oxidation reaction taking place on the anode
whilst the backward sweep is the reduction reaction on the cathode.

The shaded area in Figure 2.21 is known as the hydrogen desorption region. This region corresponds to
the release of hydrogen ions. The area directly below the hydrogen desorption (Hges) region (also known
as the hydrogen under potential deposition region, Hupa) is known as the hydrogen adsorption (Hads)
region. This corresponds to hydrogen adsorbing onto the Pt surface. The oxygen adsorption and
desorption areas (Oags and Ogqes respectively) in which oxygen adsorbs and desorbs on the Pt surface are
also labelled in Figure 2.21.

The featureless region between the Hags and Oags corresponds to double layer charging. Peaks in this
region correspond to impurities such as heavy metal deposition and contaminants (Climent & Feliu,
2011). The multiple peaks observed in the Hags and Hges correspond to different Pt orientations i.e. Pt
(100), Pt (110) and Pt (111) (Climent & Feliu, 2011).
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Figure 2.21: Cyclic voltammogram of a Pt electrode in 0.5 M H2SO4 solution at a scanning rate of 50 mV/s (Adapted
from Ren et al., 2004)
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In order to estimate the ECSA using this method a conversion factor is used to estimate the charge in
the hydrogen desorption region. That factor is 210 uC/cm?, and is not an experimental value but a
modelled one (Shinozaki et al., 2007).

The disadvantages of using this technique for supported catalysts is that carbon masks the hydrogen
adsorption and desorption characteristics e.g. double layer charging and redox behaviour of surface
active groups of carbon (Wu et al., 2008).

If particle size is varied the Hupg peaks shrink as the particle size is increased as a result of the decrease
in specific surface area as shown in Figure 2.22 (Wang et al., 2012(2)).
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Figure 2.22: The decrease in CV ECSA with an increase in particle size (Wang et al., 2012(2)).

2.6.2. CO stripping voltammetry
CO stripping voltammetry can also be used to determine the ECSA. CO is a poison in fuel cells because
it strongly adsorbs on Pt (Wang et al., 2012(1)). This property of CO can be used to determine the ECSA
through the oxidation of adsorbed CO at room temperature (Wang et al., 2012(1)). It operates under the
same principles as CV. The conversion factor to estimate the ECSA is also a modelled value and found
to be 420 uClcm?y.

It has been found that the CO stripping peak charge can provide information on the active surface sites
of the catalyst layer and the CO stripping peak potential can give insight into the composition of an
unsupported metal alloy surface (Wu et al., 2008). CO stripping can give rise to double voltammeric
peaks with one peak corresponding to a low potential and the other to a high potential (Fabbri et al,
2014). The double peak has been attributed to effect of increasing Pt loading above the threshold of
particle agglomeration (Maillard et al., 2005). Pt agglomerates show a high electrocatalytic activity and
are accountable for the low potential peak while the high potential peak is attributed to isolated Pt
nanoparticles with a lower activity (Maillard et al., 2005). CO stripping is also useful for exploring the

reaction mechanism of a metal alloy with enhanced CO tolerance (Wu et al., 2008). Furthermore

22



exposing the CO to Pt and the subsequent removing of the CO by electrochemical stripping is an

excellent method of cleaning and activating Pt (Wu et al., 2008).
2.6.3. Rotating disk electrode and rotating ring disk electrode

2.6.3.1. Rotating disk electrode
Reactants are transported to and from an electrode via diffusion and convection. The dominant transport
mechanism for species around the surface of an electrode immersed in a stagnant electrolyte is diffusion
(Zhang et al., 2008). Natural convection might also occur owing to the impact of environmental
vibration and uneven temperature distribution in the electrolyte. This effect is however minimal (Zhang
et al., 2008).

Forced convection can significantly increase the mass transport rate. The convection can be achieved
by creating a relative motion of the electrode with respect to the electrolyte (Zhang et al., 2008). The
relative movement is created by rotating the electrode. This technique is called the rotating disk
electrode (RDE). Supported catalysts are therefore deposited onto a glassy carbon disc and can be
readily tested in an ordinary electrochemical glass cell (Mayrhofer et al., 2008). This method is used to
determine the kinetic current densities from RDE data using the general mass-transport correlations of
the RDE as explained in Section 4. The RDE gives information about the catalytic activity of the ORR
(Mayrhofer et al., 2008).

2.6.3.2. Rotating ring disk electrode
Rotating ring disk electrode (RRDE) is a technique for estimating how much H,O; is produced during
the ORR as well as the overall ORR activity (Paulus et al., 2001). H,O, can cause damage to the fuel
cell (Zhang et al., 2008). If one can quantify the amount of hydrogen peroxide produced during the
ORR, the ratio between the four-electron pathway versus two electron reaction pathway can be

determined, which is important for screening new catalysts (Paulus et al., 2001).

A RRDE is obtained when a coaxial ring electrode is added outside the disk electrode as shown in
Figure 2.23 (Zhang et al., 2008). The ring electrode detects the product that is swept away after being
formed at the disk electrode (Zhang et al., 2008). The potential of the ring electrode (Er) is typically set
at a value high enough to cause the immediate reaction of the product coming from the disk electrode
(Zhang et al., 2008). The Er is used to identify the product on the disk electrode and the current (ir)
observed on the ring electrode can also be used to determine how much of the product is formed (Zhang
et al., 2008).
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Figure 2.23: Rotating ring disk electrochemistry (Collman & Decreau, 2008)




3. Objectives and Hypotheses

3.1. Problem statement
The kinetics and mechanism of the oxygen reduction reaction still remains one of the main obstacles
affecting the performance of a PEM fuel cell and hence the wide scale commercialisation of the
technology. A great amount of research has been done in order to understand factors affecting the
activity of the reaction. This is necessary if the ultimate goal of reducing the Pt loading used whilst
improving the activity and durability of the catalyst can be achieved. Research has shown that alloying
of the Pt metal can improve the activity and durability of the catalyst. At the same time the exact role
of particle size, metal loading and surface morphology in the ORR is still a topic of debate. It is essential
to understand how particle size and surface morphology affect the reaction mechanism and kinetics of
the ORR when Pt-Co alloys are used. Combining the effects of alloying with extended surfaces can lead

to effective catalysts with reduced Pt loadings.

3.2. Objectives

The aims of this study are therefore to:

e Investigate the effect of increasing the loading of Pt;Co on a carbon support on the particle size,
interparticle distance and surface morphology.
o Investigate the effect of increasing the loading of Pt;Co on a carbon support on the surface and

mass specific activity for the ORR.
The hypotheses guiding this study are then as follows:

e As the loading of the Pt/Pt-Co metals is increased the particle size will increase as the metals
agglomerate on the carbon support.

e The specific activity will increase and the mass activity will decrease as the loading is increased
due to the particle size effect. This will be observed for both Pt and Pt-Co catalysts.

e At all loadings/surface morphologies Pt-Co alloys will demonstrate higher mass and specific

activities than Pt.

3.3.  Key Questions

The key questions that this study aims to investigate therefore are:

e What is the particle size and surface morphology as the Pt-Co loadings are increased?

o What are the trends in specific and mass activity of the catalyst as the Pt-Co loadings are
increased?

o What is the relationship between increased loading and hydrogen peroxide formation for Pt-Co

catalysts?
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4. Experimental plan

This section below outlines the experimental plan followed in order to produce the catalysts as well

as to conduct physical and electrochemical characterisation. All catalysts were prepared at the
University of Cape Town in the Department of Chemical Engineering. The Table 4.1 shows all the

chemicals and gases used in this study.

Table 4.1: List of chemicals and gases used

Chemical
Platinum
acetylacetonate
Cobalt (I1) chloride
hexahydrate
Alumina powder
Nafion solution
(alcoholic based)
Isopropanol
Ultra-pure water
Perchloric acid
Sulphuric acid
Hydrogen peroxide
Vulcan XC-72R
Argon
Oxygen
Carbon monoxide
Hydrogen
Argon-Hydrogen

Mixture

Chemical Formula
Pt(CsH-0,),

CoCl2.6H:0

CsH;0OH
H20
HCIO4
H2S04
H20,

Ar
02
CO
H>
Ar, H

Supplier
Sigma-Aldrich

Sigma-Aldrich

lon Power

Kimix Chemicals
Millipore, 18.2 Q
Sigma-Aldrich
Kimix Chemicals
Sigma-Aldrich
Electrochem Inc.
Air Liquide
Afrox
Afrox
Air Liquide
Air Liquide

4.1. Thermally induced chemical deposition

Purity/Composition

97 %

98 %

Swt. %

99.9 %
100 %
70 %
95 %
35%
99.999 %
99.998 %
95%
99.999 %

5 vol.% H, and 95 vol.% Ar

All catalysts were prepared by the thermal decomposition of metal organic precursors. The Pt

precursor used was platinum acetylacetonate (Pt(acac)z) and the cobalt precursor was cobalt
chloride hexahydrate (CoCl,.6H20). The Pt alloy prepared was Pt;Co/C. Pt/C catalysts were also
prepared with the same total metal loading as PtsCo/C. The various masses that were weighed out
to make the catalysts are shown in Table 4.2 below.
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Table 4.2: Precursor and carbon measurements

Catalyst Metal loading = Vulcan XC-72R (mg) Pt(acac). CoCl,.6H,0
(wt. %) (mg) (mg)
Pt/C 20 125 63.0 -
40 125 168.0 -
60 125 378.0 -
80 50 403.2 -
90 50 907.2
Pt;Co/C 20 125 57.2 115
40 125 152.6 30.8
60 125 343.4 63.3
80 50 366.3 73.9

To prepare each Pt/C catalyst, the masses in Table 4.2 were weighed into a graphite boat and placed in
a stainless steel tube as shown in Figure 4.1. The tube was inserted into a tubular furnace and an argon
gas was flown through it at 200 ml/min. The temperature of the furnace was raised to 100 °C in 30
minutes and then held at that temperature for a further 30 minutes. This is to remove all the water from
the sample. The gas lines at the entrance and exit of the reactor were then closed, to maintain an argon
atmosphere inside the reactor chamber. The temperature was then ramped to 350 °C in an hour and the
temperature was maintained at 350 °C for a further hour. This was the end of the procedure. The furnace
was cooled and once the furnace reached room temperature the catalyst was removed from the furnace.
The Pt/C catalysts were then ready for electrochemical and physical characterisation whilst the alloy
catalysts were further processed. A similar procedure was followed for the Pt;Co/C, however, they were
synthesized at different furnace conditions. The furnace was raised to 100 °C in 30 minutes and then
held at that temperature for a further 30 minutes. The temperature was then ramped to 450 °C in an hour

and the temperature was maintained at 450 °C for a further two hours.
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Figure 4.1: Illustration of the (a) stainless steel tube (b) graphite boat in which the thermally induced chemical
decomposition occurred.

4.2. Heat treatment

The alloy samples were treated using temperature controlled reduction (TPR) in a Micromeritics
Autochem HP 11 2950 Chemisorption Analyser. Each sample was placed in a U-shaped glass tube,
sealed off with quartz wool and placed in a furnace with a thermocouple to measure the temperature of
the sample. The temperature was ramped to 120 °C at 10 °C/min under Argon gas (50 ml/min and 1.01
bar) and held at that temperature for 60 minutes to remove any water and then cooled down to 60 °C at
10 °C/min. The gas was changed and a gas mixture of 5 vol. % H; and 95 vol. % Ar , was flowed
through the tube at 50 ml/min and 1.01 bar. The temperature was taken to 900 °C at 10 °C/min and held
at that temperature for 2 hours. The gas was switched back to Argon (50 ml/min and 1.01 bar) and the
furnace was cooled to ambient. The alloy samples were then ready for physical characterisation.

4.3. Leaching
After heat treatment it was necessary to pre-leach the alloys. The alloy powder was stirred with 100 ml
0.5 M H2S04 acid (Sigma-Aldrich) and heated at 80 °C under reflux for 24 hours. The sample was
rinsed using ultrapure water (18.2 MQ.cm deionised water) several times. The pH of the rinsed water
was checked to ensure that all the acid had been removed from the powder. The alloy was dried in an
oven at 40 °C for 2 hours. The alloy sample was then ready for electrochemical and physical

characterisation.
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4.4. Electrochemical characterisation

4.4.1. Cell setup and experiment preparation

Electrochemical characterisation was carried out in a three-compartment electrochemical cell (Gamry
Instruments) as shown in Figure 4.2 below. A SP-300 bipotentiostat (Bio-logic Science Instruments)
and rotation control (Gamry instruments) were used. The counter electrode used was a Pt coil and the
reference electrode was a Hg/HgSO, reference electrode used in an electrolyte filled Luggin capillary
(Gamry Instruments). All potentials were reported in terms of the reversible hydrogen electrode scale
(RHE). The electrolyte solution was 0.1. M HCIO4 and was used in all experiments. It was prepared
using ultra-pure water (18.2 MQ.cm deionised water) and concentrated HC1O4 (Sigma Aldrich).

Figure 4.2: Three-compartment electrochemical cell (Gamry Instruments) with (a) Luggin capillary (b) Pt coil (c)
glassy carbon working disk electrode (Pine instruments) (Adapted from Taylor et al. (2013)

All glassware was cleaned before use. The glassware was submerged in a 1:3 (volume ratio) solution
of hydrogen peroxide (Sigma-Aldrich) and concentrated sulphuric acid (Kimix chemicals) respectively,
and left to soak overnight. The clean glassware was removed from the cleaning solution and rinsed
several times (minimum of 10 rinses for each piece of glassware) using ultra-pure water (18.2 MQ.cm
deionised water). When handling the H.O./H,SO4 solution, in addition to wearing nitrile gloves, heavy
duty rubber gloves, a face shield and an apron were worn for additional protection.

The 5.61 mm diameter (outer diameter, OD) glassy carbon (GC) working electrode (Pine instruments,
E7R9 Series) was used for RRDE measurements. Before an ink was deposited onto the GC electrode it
was thoroughly polished to a mirror finish using first a 1 pm alumina solution (Buehler) for 2 minutes
in a “number 8” pattern. It was then rinsed with ultra-pure water (18.2 MQ.cm deionised water). This
was followed by polishing in a 0.05 um alumina solution (Buehler) for a further 2 minutes. The GC was
rinsed in ultra-pure water (18.2 MQ.cm deionised water) and then sonicated for a minute in each of the

following solutions in this order:
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ultra-pure water— isopropanol — ultra-pure water
It was then allowed to dry at ambient conditions before catalyst ink was deposited.

Surface impurities were removed from the Pt coil counter electrode by holding it in the flame of a blow
torch for 15 seconds and immediately rinsing it with ultra-pure water (18.2 MQ.cm deionised water).
This was done to cool the coil before inserting it into the electrochemical cell.

The reference electrode was calibrated each day before use. Calibration was done using the hydrogen
oxidation/reduction reaction on a Pt working electrode. 0.1 M HCIO4 acid was prepared and poured in
the three-compartment cell. H, gas was bubbled through the cell for 30 minutes to fully saturate the
solution with the gas. The reference electrode was then placed in the cell as well as the counter electrode.
A voltmeter was then used to measure the potential between the reference electrode and the counter
electrode. The measured voltage was used as the reference point for all electrochemical characterisation
that day.

Characterisation was then carried out sequentially in the following order:
Cyclic voltammetry ——» RDE —» RRDE — CO stripping

A fresh solution of electrolyte was prepared before a set of electrochemical measurements was carried

out.

4.4.2. Cyclic voltammetry

Cyclic voltammetry was used to determine the ECSA of a catalyst sample. Additionally it was necessary
to clean the catalyst surface of any impurities. The electrolyte was deoxygenated with argon gas by
bubbling the electrolyte for 30 minutes. Before the working electrode was inserted into the electrolyte
the bubble flowrate was reduced slightly to prevent bubbles forming on the surface of the working
electrode during measurements. After insertion of the working electrode, its potential was cycled
between 0.05 and 1 V vs. RHE at 100 mV/s for 250 cycles. The scan rate was then reduced to 20 mV/s
and cycled between 0.05 and 1 V vs. RHE for 5 cycles.

The final cycle taken at a scan rate of 20 mV/s was used to estimate the ECSA. The voltammogram was
analysed by integration and averaging the charge estimated in the hydrogen desorption region. In this
region it was assumed that the charge associated with a polycrystalline Pt surface was 210 puC/cm?y
(Trasatti & Petrii, 1991). This was used to estimate the ECSA in “cm?y/gy”. Equations 4.1 illustrates
this.

2
cmy,

Ipt ) 210( uc

5 ).catalyst loading(gpt)
pt

charge (nC)

ECSA ( 4.1)
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4.4.3. Linear sweep voltammetry (rotating disk electrode and rotating ring disk electrode)
Rotating disk electrode tests are necessary to determine the activity of the catalyst. After cyclic
voltammetry whilst argon gas is still bubbling through the cell, a background current for the rotating
disk electrode was recorded. The background current is the capacitive current. It is necessary to remove

any contributions of capacitive current, by subtracting it from the ORR current.

At varying rotation speeds i.e. 400, 900, 1600 and 2500, capacitive current curves are recorded as the
potential of the working electrode is swept linearly. The potential is swept from 1.0 V to 0 V vs. RHE
at 20 mV/s. This is known as the cathodic sweep. The reverse sweep is also measured from 0 V to 1.0

V vs. RHE. This is known as the anodic sweep.

In order to obtain the experimental ORR curves, the gas was switched to oxygen and the bubble flowrate
was increased. The electrolyte was saturated with oxygen by bubbling for 30 minutes. The procedure
followed when the background current curves were obtained was repeated, i.e. potential sweeping under
rotation control. The cathodic sweep was used to determine the activity of the catalysts. In analysing
the cathodic sweep data, the experimental diffusion limiting current (iq) was compared to a theoretical
value (ig, teoreticat). The ig Was seen as the flat section of the experimental cathodic sweep and was taken
to be the minimum value in that section of the curve. The ig, teoreticat Was calculated using the Levich

equation shown below.

2 1 1

ig theoretical = 0.62nFAD3w2v™sC (4.2)

Where: n is the number of electrons transferred in the half reaction, F is the Faraday constant, A is the
electrode area, D is the diffusion coefficient, o is the angular rotation speed of the working electrode, v

is the kinematic viscosity of the solution and C is the reactant concentration.

In the Table 4.3 below, the theoretical values of the diffusion limiting current compared with different
rotation speeds are shown. The table shows values for both the 5.61 mm (OD) glassy carbon working
electrode (Pine instruments, E7R9 Series) and the 5 mm (OD) glassy carbon working electrode (Pine

instruments, E3 Series).
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Table 4.3: Summary of theoretical diffusion limiting currents for 5.61 mm (OD) working electrode (Pine Instruments,

E7R9 series) and 5 mm (OD) working electrode (Pine Instruments, E3 series)

I d,theorectical

5.61 mm (OD) 5 mm (OD)
Rotation Rotation (MA) (mA/cm?) (mA) (mA/cm?)
speed,® speed,®
(rpm) (rad/s)
400 41.9 0.747 3.02 0.593 3.02
900 94.2 1.12 4.53 0.890 4.53
1600 168 1.49 6.04 1.19 6.04
2500 262 1.87 7.55 1.48 7.55

The Koutecky-Levich equation shown below was subsequently used to calculate the kinetic current (ix)

using the experimental cathodic sweep at 1600 rpm.

S=S4s 4.3)

4 lg lg

Where: i is the measured current and iq is the experimental diffusion limiting current. The kinetic
current (ix, 0.9) at 0.9 V vs. RHE was then normalised by the ECSA in order to obtain the specific activity
(ix, spec). Similarly, the mass specific activity (ix mass) Was calculated by normalisation of the kinetic

current (i, 0.9) at 0.9 V vs. RHE by the mass of the catalyst metal on the electrodes.

Where rotating ring disk measurements were needed they were taken in conjunction with the rotating
disk electrode measurements in an oxygen saturated electrolyte. Using a bipotentiostat (Bio-logic
Science Instruments), the ring was set at a potential of 1.2 V vs. RHE throughout all the disk
measurements described above. The collection efficiency (N) of the ring was taken to be 0.37 (Pine

Instruments).

In order to calculate the number of electrons exchanged during the ORR (consider 1 molecule of O,).
The mass balance equations and the charge were used as demonstrated in the equations below. Note
that 2-electron current is from the formation of H,O; and 4-electron currents from the formation of H,O
on the disk (Antoine and Durand, 2000).

. irin
lge- = Tg (4.4)
lgisk = loe~ t+ lge (4.5)
laisk _ lze” | lae”

e + . (4.6)
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Therefore:

n= ‘“d_tlsk 4.7
laisk L

Where: n is the average number of electrons exchanged during the reduction of a molecule of oxygen,

iring IS the current measured at the ring, iqisk i the current measured on the disk and N is the collection

efficiency.

The ratio (Xy,0,) of a molecule of hydrogen peroxide formed per molecule of oxygen consumed was

calculated as shown in the equation below.

2 iring /N

. irin
taiskt 9/

XHy0,= (4.8)

The ratio (Xp,0,) was plotted against the percent weight loading of the catalysts.

4.4.4. CO stripping
CO stripping was used as an alternate method to determine the ECSA. The working electrode was held
at a potential of 0.1 V vs. RHE while the electrolyte was saturated with CO for 20 minutes. This is the
potential at which CO adsorbs to the catalyst surface. The gas was then changed and Ar was bubbled
into the electrolyte for 20 minutes in order to purge the CO. The potential was still held at 0.1V vs RHE
in this interval. Five cyclic voltammograms were then recorded at a sweep rate of 20 mV/s from 0 to
1.0 V vs. RHE. The first sweep corresponds to the oxidation of CO from the catalyst surface and the
subsequent sweeps were cyclic voltammograms free from CO. The ECSA was calculated the equation

below and assuming 420 uC/cm?, per monolayer of CO adsorbed onto the catalyst metal surface.

ECSA (cmZPt) _ charge(uc) (4.9)

- uc .
Ipt 4zocm2ptxcatalyst loading(gpt)

4.5. Physical characterisation

4,5.1. Transmission electron microscopy
Transmission electron microscopy (TEM) measurements were carried out at the Electron Microscope
Unit at the University of Cape Town using a F20-FEI Tecnai™ operating at 200 kV. TEM was used to
examine the particle dispersion and nanoparticle size on the carbon support. The samples were prepared
by mixing a small amount in acetone with the sample and then sonicating this mixture for ca. 10
minutes. The sonicated mixture was then pipetted onto a copper coated grid for analysis. The grid was
then placed under a lamp for a few seconds to evaporate the acetone. The sample was then ready for

analysis. Particle sizes were determined manually with the assistance of ImageJ software.
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4.5.2. Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDX) coupled to a Scanning Electron Microscope (SEM) was
carried out at the Electron Microscope Unit at the University of Cape Town on a FEI Field Emission
Nova NanoSEM 230, using an Oxford X-Max detector and INCA software, at 30 kV. The samples were
sprinkled onto a carbon tape and were ready for analysis. This technique was used to determine the Pt:

Co ratio in the alloy.

4.5.3. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was employed to confirm the weight percentage of the Pt/Pt;Co in
the prepared catalysts. Using the Mettler-Toledo TGA/SDTA851¢, the mass of a sample was monitored

as a function of temperature.

The mass of the sample holder, i.e. a crucible and its lid, was determined initially. 2 to 3 mg of catalyst
was placed in the weighed crucibles. The temperature of the sample was increased from 25 °C to 800
°C at 10 °C/min in an atmosphere of air. A corresponding mass was recorded for an increase in
temperature. In this environment the carbon oxidises completely, leaving only the catalyst metal in the
crucible. The mass of initial sample and the final metal mass are used to calculate the particle loading
using the equation below:

Final sample mass
Initial sample mass

X 100 = metal loading wt. % (4.10)

45.4. X-ray diffraction
X-ray diffraction was used to determine the average crystallite size by line broadening analysis using
the Scherer equation (Equation 4.11). Analysis was done on a Bruker D8 Advance diffractometer with
a Cu Ka radiation source operating at 40 kV. The sample was placed in a sample holder and the x-ray
angle (26) was increased from 20 ° to 130°.

KA
Bcosb

<L>= (4.11)

Where: <L> is a measure for the dimension of the particle in the direction perpendicular to the reflecting
plane; K is a dimensionless shape factor approximately equal to 1; A is the X-ray wavelength; [ is the

peak width and 6 is the angle between the beam and the normal on the reflecting plane.
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5. Results and discussion

The following section describes the results from the physical and electrochemical characterisation that
was carried out. Section 5.1 details the results from a benchmarking study of a commercial 40 wt. %
Pt/C catalysts which was tested using the electrochemical setup described in Section 4 of this report.
This was done to ensure the reproducibility of the results and to demonstrate that the system is
functioning correctly. Section 5.2 shows the thermogravimetric analyses conducted on the precursors.
Section 5.3 details the results of an ink drying optimisation procedure. Sections 5.4 details the results
of the electrochemical and physical characterisation of the Pt/C catalysts prepared using thermally
induced chemical deposition. Section 5.5 details the results of the Pt;Co/C including the physical and
electrochemical characterisation. Finally, Section 5.6 provides a comparison of the main findings from
the Pt/C and the Pt;Co/C catalysts that were prepared.
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5.1. Benchmarking
Benchmarking experiments were conducted three times on a commercial 40 wt. % Pt/C catalyst using
a5 mm (OD) glassy carbon working electrode (Pine instruments, E3 Series) and as described in

Section 4. These results are shown below.
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Figure 5.1: Three cyclic voltammetry experiments measured separately for a commercial 40 wt. % Pt/C catalyst.
Cyclic voltammetry was carried out in an Ar saturated 0.1 M HCIOg4solution at room temperature at a sweep rate of

50 mV/s.

The results of three cyclic voltammetry experiments performed using a 40 wt. % Pt/C commercial
catalyst are shown in Figure 5.1. The voltammograms are very similar. The experimentally calculated
ECSA is shown in the Table 5.1. The ECSA values calculated are within a reasonable range from each

demonstrating the reproducibility of the experiment.

Table 5.1: Experimental ECSA of a commercial catalyst

40 wt. %0 Commercial ECSA Experimental
Catalyst (MZdge)
Test 1 49.3
Test 2 52.7
Test 3 50.6
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Figure 5.2 and Table 5.2 show the results of linear sweep voltammetry carried out on the commercial

catalyst in an oxygen saturated 0.1 M HCIO, solution at room temperature.
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Figure 5.2: Linear sweep voltammetry of a commercial catalyst (a) test 1 (b) test 2 (c) test 3. The oxygen reduction
current densities for the cathodic sweeps (5 mV/s, 1600 rpm) of the catalysts were recorded in an oxygen saturated 0.1

M HCIO4 solution at room temperature

Table 5.2 shows that the values for the diffusion limiting currents obtained for a commercial catalyst
are comparable with each other and well within range of the theoretical diffusion limiting currents at
varying rotation speeds. This demonstrates that the 0.1 M HCIO, solution was sufficiently saturated

with O and further indicates that the system is reliable.
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Table 5.2: Experimentally measured diffusion limiting current values of a 40 wt. % commercial catalyst compared to
the theoretical values

5 mm (OD)
Rotation Theoretical test 1 test 2 test 3
speed, ® ia (MA/cm?) ia (MA/cm?) i (MA/cm?) ia (MA/cm?)
(rpm)
400 3.02 3.22 3.11 3.15
900 4,53 4.57 4.59 4.56
1600 6.04 6.02 6.00 6.21
2500 7.55 7.36 7.39 7.75

5.2, Thermogravimetric analyses (TGA) of precursors

In order to make the Pt/C catalysts via thermally induced chemical deposition, platinum acetylacetonate
(Pt(acac),) was the metal organic precursor used. Its decomposition is shown in Figure 5.3 using
thermogravimetric analysis in an inert atmosphere. From Figure 5.3 the decomposition window is 197
— 270 ° C was taken from the raw data. The mass loss observed in this temperature window corresponds
with the mass loss from the initial amount of Pt(acac). loaded to the corresponding Pt metal weight.
Therefore the Pt/C catalysts were prepared in an inert environment (Ar) at 350 °C to ensure
decomposition of the precursor.
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Figure 5.3: Thermogravimetric analysis of platinum acetylacetonate.
Figure 5.4 shows the thermogravimetric analysis of CoCl,.6H,O. The decomposition window is 57 —

187 ° C.
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Figure 5.4: Thermogravimetric analysis of Cobalt (11) chloride hexahydrate

Other possible Co metal sources were also investigated. These are cobalt acetate and cobalt
acetylacetonate. The thermogravimetric analyses of them is shown in Figure 5.5.
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Figure 5.5: Thermogravimetric analysis of (a) Cobalt acetate (b) Cobalt acetylacetonate

Figure 5.5 shows that the decomposition of cobalt acetate occurs over a relatively wide temperature
range (70 — 370 °C) compared to that of Pt(acac). therefore it was not selected. The main decomposition
window of cobalt acetylacetonate occurs in the narrow range of 202 — 252 °C. However the
decomposition continues gradually beyond that temperature and even at 800 °C, the compound has not

fully decomposed to Co metal therefore this precursor was not selected for the preparation of the alloys.
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5.3.  Optimisation of ink drying methodology
As explained in Section 4 before electrochemical characterisation could begin an electrode with a thin
catalyst film needs to be prepared as described by Garsany et al. (2011). Section 4 describes the ink
preparation and drying method used. Other drying methods were investigated to find the optimal drying
method that would give consistently good films. The other drying methods that were explored were: in
an oven at 60 ° C with a beaker over the electrode, on a rotating shaft at 700 rpm, in a fume hood with
air flow and drying the ink with a beaker over the electrode. The images of the ink films produced are
shown in Figure 5.6. Ink dried under a beaker on a lab bench gave the most reproducible results and
consistently the largest ECSA. This was because the formation of a uniform film was made possible by

slow evaporation of the solvents.

un
“n

Figure 5.6: Results from ink drying experiment. (a) Ink dried on a lab bench with a beaker over the electrode. (b) Ink
dried in a fume hood with hood pulled down to allow for air flow. (c) Ink dried in an oven at 60 °C with a beaker over
the electrode. (d) Ink dried on a rotating shaft at 700 rpm.
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5.4. Analyses of the Pt/C results

Section 5.4 presents the physical and electrochemical characterisation of the Pt/C catalysts which were
prepared using thermally induced chemical deposition at varying loadings, i.e. 20, 40, 60 and 80 wt. %.

54.1. XRD

XRD analysis was carried out on the Pt/C catalyst. The results of the analyses are shown in Figure 5.7.
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Figure 5.7: XRD graphs for Pt/C catalysts (a) 20 wt. % (b) 40 wt. % (c) 60. wt. % (d) 80 wt. %

The initial peak found at 25 ° (2-Theta) is associated with carbon and becomes relatively smaller with
an increase in metal loading. The other peaks corresponding to the planes (110), (200), (220) and (311)
as shown in Figure 5.7(a) were identified by comparison to values found in literature (Pozio et al.,
2002). The d-spacings are shown in Table 5.3 . The literature value of the d-spacing of a Pt/C (110)
plane is 2.27 A (Pozio et al., 2002). The values in Table 5.3 are in close agreement with the literature
value.
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Table 5.3: D-spacings for the Pt/C catalysts

Pt (wt. %) D-spacing (A) Pt(110)
20 2.26806
40 2.26324
60 2.25838
80 2.27293

Using the Scherrer equation as described in Section 4, the particle sizes of the Pt/C catalysts were

calculated and the results are shown on Table 5.4 below.

Table 5.4: Average crystallite size (nm) of Pt/C catalysts. Particle sizes calculated using the Scherrer equation.

Wt. % Pt Average crystallite size from XRD (nm)
(220)
20 2.77
40 2.89
60 3.39
80 3.50

The results from Table 5.4 show that the average crystallite size is increasing but not by a large margin
as the loading of Pt is increased. This is as expected as at higher loadings there is a higher probability

that particles agglomerate to form bigger ones.

5.4.2. TEM analysis
Figure 5.8 shows the TEM images for the different loadings.
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The TEM images show that the Pt particles are homogenously spread across the carbon support. As the

wt. % Pt is increased, there does not appear to be a significant amount of agglomeration occurring.

Figure 5.9 shows the particle size distribution of the Pt/C catalysts calculated using TEM images of the

catalysts.
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Figure 5.9: Histograms showing the particle size distribution of 100 Pt particles from Pt/C catalysts of loadings (a) 20
wt. % (b) 40 wt. % (c) 60 wt. % (d) 80 wt. %o

By analysis of the particle size distribution, it is clear that the average particle size is increasing as the
loading is increased. This assertion is further supported by the summary of TEM data in Table 5.5
showing the average particle size of a 100 particles. The mean particle size is increasing but not by a

large amount. The results obtained are in line with what was seen from the XRD results.

Table 5.5: Summary of TEM data

20 wt. % Pt/C 40 wt.% Pt/C 60 wt.% Pt/C 80 wt.% Pt/C
(nm) (nm) (nm) (nm)
Mean 2.68 3.33 4.22 4.47
SD 0.640 0.662 0.953 0.836
Min 1.47 1.95 2.38 2.23
Max 5.27 4.99 6.57 6.65
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It is worth noting that compared to previous studies in our group (Taylor et al., 2013) less agglomeration
could be observed at the higher loadings. This is further confirmed by comparing the average particle
size obtained by XRD and TEM. If agglomerates were present this would skew the volume averaged
XRD data to higher values, which is not the case. Figure 5.10 shows a TEM image of a 60 wt. % Pt/C
synthesized using a different reactor (Taylor et al., 2013).

Figure 5.10: TEM image of a 60 wt. % Pt/C catalyst prepared used the reactor pictured in the image (Taylor et al.,
2013)

Figure 5.10 shows clear agglomeration occurring within the surface of the catalyst. This is not seen with
any of the catalysts synthesized within this report including the higher loading catalysts. This is because
different reactor systems were used. The catalysts prepared for this report were made using a graphite
boat inserted in a cylindrical (Stainless steel) reactor as described in Section 4 whereas the catalyst from
Figure 5.10 is prepared using a metallic (Haynes alloy) tubular reactor. All other variables were kept
constant, i.e. the furnace used and the amount of precursor measured. The only real difference in the
reactor systems is the operating pressure of the systems. The reactor used in this report was operating

at atmospheric pressure whereas the reactor shown in Figure 5.10 operates at approximately 2 bar.

5.4.3. Thermogravimetric analysis
The loading of the Pt/C catalysts was determined using TGA in air. Table 5.6 shows a summary of the
TGA collected for the catalysts.
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Table 5.6: TGA data collected for Pt/C catalysts.

Theoretical loading =~ Actual average loading  Loadings obtained by Tayler et al. (2013)

(wt. % Pt) (wt. % Pt) (wt. % Pt)
20 19 18
40 36 46
60 52 59
80 64 79
80(2) 64 -

Table 5.6 shows that the TGA loading is within an acceptable range for the lower loading catalysts i.e.
20 and 40 wt. % Pt/C. However as the loading is increased the system does not reach the desired
loadings. In order to test the reproducibility of the catalyst preparation system a second 80 wt. % Pt/C
catalyst was prepared and the average measured TGA reading is given in the final row of Table 5.6. It
shows that the catalyst preparation system makes reproducible results with regards to the catalyst
loading. Compared to the study of Taylor et al. (2013), where a different reactor system was used as
shown in Figure 5.10, this system gives less accurate loadings. This difference in loading may be a
result of the change in operating pressure. It is possible that atmospheric pressure does not allow for
efficient deposition at higher loadings. This further indicates that the reactor system plays an important

role in the properties of the final catalyst.

5.4.4. Electrochemical characterisation
Figure 5.11 shows the cyclic voltammograms of the Pt/C catalysts. The corresponding ECSA data is

shown in Table 5.7.
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Figure 5.11: Cyclic voltammograms of Pt/C catalysts measured in an Ar saturated 0.1 M HCIO4 solution at a sweep
rate of 50 mV/s using a 5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series).
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Table 5.7: Experimental ECSA values for Pt/C catalysts

Wt. % Pt ECSA (m?/gp)
20 46.9
40 46.5
60 43.8
80 36.1

The current measured increased as the loading was increased because the amount of Pt sites available
on the carbon support increases. The ECSA values as shown in Table 5.7 decrease with an increase in
loading. The trend is expected as mass the of Pt is increased from low loadings to higher loadings.
Figure 5.12 below shows the CO stripping data collected for the Pt/C catalysts.
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Figure 5.12: CO stripping data collected in an Oz saturated 0.1 M HCI1O4 solution at a sweep rate of 50 mV/s using a
5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series)

In Figure 5.12 the highlighted area between 0.7 — 0.9 V vs. RHE is the region in which we expect to
observe double voltammeric peaks if the particles are agglomerating (Maillard et al., 2004). At 20 wt.
% Pt there is no secondary peak. This is characteristic of a low loading catalyst because the inter-particle
distance is large and no agglomeration between particles is expected. As the loading increased from 40
wt. % Pt and onwards a small secondary peak is observed at a lower potential. This indicates that some

agglomeration is occurring as the inter-particle distance is decreasing. This corresponds to findings in
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literature in which a secondary peak at low potential occurs as agglomeration occurs (Maillard et al.,

2004). The high potential peak corresponds to isolated Pt particles.

The magnitude of the low potential peak is low indicating low levels of agglomeration. This correspond
to the TEM data shown above in which not a lot of agglomeration was observed and although the

particle size does increase due to agglomeration the increase is not significant.

Table 5.8 shows the CO stripping ECSA values measured. The values are larger than those calculated
for cyclic voltammetry and the ratio of the two ECSA values in Table 5.8. It is expected that the CO
stripping ECSA values will be larger than the CV ECSA. This is possibly because of the contribution
of the capacitance of the carbon support for high surface catalysts and a change in saturation coverage
with particle size (Mayrhofer et al., 2008). Additionally the 40 wt. % catalyst had the lowest ratio
between the CO stripping ECSA and CV ECSA. This may be due to a particle size effect (Mayrhofer
et al., 2008).

Table 5.8: CO stripping ECSA values

Wt. % Pt CO stripping ECSA | Ratio of CO stripping
(M2/gpt) ECSA and CV ECSA

20 81.3 1.73

40 70.9 1.53

60 74.2 1.69

80 76.6 2.12

5.4.5. Activity of Pt/C catalysts
The rotating disk data was collected and is displayed in Figure 5.13. These curves were used to

determine the diffusion limiting current and the activity of the catalysts as described in Section 4.
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Figure 5.13: Cathodic sweep data at 1600 rpm data measured in an Oz saturated 0.1 M HCIO4 solution at a sweep rate
of 20 mV/s using a 5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series). (a) Rotating disk
electrode curves. (b) Tafel plot showing mass transport corrected current densities (ik) calculated using data from
curves in (a). (c) Surface specific activity data corrected for Pt/C catalyst (a) Mass activity data corrected for Pt/C
catalysts

The curves in Figure 5.13(a) do not reach the theoretical diffusion limiting current of 6.02 mA/cm?.
This was noted and in order to ensure once again that the system was still working properly various
attempts to readjust and re-test the system were made. This included letting the O, bubble through the
0.1 M HCIOs for longer than 30 minutes e.g. 45-60 minutes. The system was also checked for
contaminants (in gases, glassware, and all solutions in contact with the system) and accounted for the
effect of the quality of the catalyst film on the working electrode disk e.g. the use of a Pt disk working

electrode to check the system. Some of these results are displayed in Table 5.9 below.
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Table 5.9: Comparison of diffusion limiting current values of commercial catalysts and 5 mm (OD) Pt disks

Diffusion limiting Diffusion limiting

current (mA) current (mA/cm?)
commercial 40wt% Pt/C (1) 1.34 5.42
commercial 40wt% Pt/C (2) 1.05 4.25
commercial 40wt% Pt/C (3) 1.10 5.62
commercial 40wt% Pt/C (4) 1.08 5.53
5mm (OD) Pt disk (1) 1.10 5.64
5mm (OD) Pt disk (2) 1.00 5.12
5mm (OD) Pt disk (3) 1.14 5.83

From Table 5.9 it is clear that the theoretical limiting current is not reached however the system does
get close to the theoretical value. Figure 5.13 (c) and (d) show the trends in the mass and specific
activities of the catalysts and Table 5.10 shows the mass and specific activities calculated at 0.9 vs.
RHE (V).

Table 5.10: Comparison of mass and surface specific activities of Pt/C catalysts at 0.9 vs. RHE (V)

Wit. % Pt I Ik(0.9v) Tk spec(0.9v) Ik mass(0.9V)
(mA/cm?)  (mA) (MA/cm?g) (mA/mger)

20 -5.17 0.199 0.092 43.4

40 -5.53 0.517 0.121 56.2

60 -5.33 0.451 0.090 32.7

80 -5.05 0.203 0.031 11.0

The surface specific activity of the 20 wt. % (Pt/C catalyst) and 60 wt. % are similar and the curves
intersect. The 80 wt. % showed the lowest surface specific activity as well the lowest mass activity. The
40 wt. % shows the largest surface specific activity and mass activity. This may be due to the particle
size effect. As the particles increases from low loading to high loading there is an ideal average particle
size of approximately 3.33 nm coinciding with the 40 wt. % catalyst. It is difficult to extract a trend
from the data however comparing the lowest loading with the highest loading there is a decrease in
surface specific activity. This contradicts common literature because the expected trend is an increase
in the surface specific activity with an increase in loading (Schwanitz et al., 2011). A possible
explanation is that the lack of expected large agglomeration forming at higher loading. The trend in
literature was seen for high loadings when agglomeration usually occurs (Fabbri et al., 2014). The lack

of agglomeration affects the current measured and upsetting the expected trend. The Kkinetic currents
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between the high and loading are comparable with each other and normally you would expect an

increase in kinetic current from low to high loadings.

The mass activity overall decreases from low to high loadings with the exception of the 40 wt. %
catalyst. This is the expected trend found in literature because the amount of metal is increasing as well
as the particle size. Therefore there is a decrease in Pt utilisation per unit mass which leads to the trend

observed.

5.4.6. Rotating ring disk results
The results from rotating ring disk experiments conducted simultaneously with the rotating disk

experiments for the Pt/C catalysts are shown in Figure 5.14 below.
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Figure 5.14: Rotating ring disk curves showing the hydrogen peroxide formation and the current collected by the
ring. Results were obtained measured in an Oz saturated 0.1 M HCIO4 solution at a sweep rate of 20 mV/s using a
5.61 mm working electrode (Pine instruments, E7R9 Series).

The 20 wt. % (Pt/C catalyst) showed the largest amount peroxide formation whilst the 60 and 80 wt. %
had very similar hydrogen peroxide formation. The 40 wt. % had the lowest hydrogen peroxide
formation. On repeated testing the 40 wt. % showed inconsistent results so reliable conclusions could
not be made for this material. The expected result is more hydrogen peroxide formation at lower

loadings than at higher loadings. Aside from the 40 wt. % the results follow that trend.

The high hydrogen peroxide formation at 20 wt. % supports the theory that the 2-elecron reaction
pathway dominates at low loadings where there are isolated Pt nanoparticles. The H,O, molecules are
formed in the reaction pathway and then desorb and diffuse into the bulk solution. Since the Pt particles
are isolated the H2O> does not come into contact with another Pt molecule to be converted to H.O thus

reducing the efficiency of the ORR.
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5.5.  Analyses of the Pt3Co/C results
The results of the physical and electrochemical characterisation conducted on the Pt alloys are detailed
in this section. Analysis was conducted on the catalysts prepared using thermally induced chemical
deposition at varying loadings, i.e. 20, 40, 60 and 80 wt. % Pt-Co metal. The alloys were also treated
using heat treatment and leaching in 0.5 M H,SOs.

Physical characterisation was conducted after each treatment phase and the results are shown in this

section.

5.5.1. Thermally induced chemical deposition of alloys
As detailed in Section 5.2 the metal precursors used to make the Pt alloys at varying loadings are
platinum acetylacetonate (Pt(acac).) and cobalt chloride hexahydrate (CoCl..6H,0). Initially they were
prepared at 350 °C and held at that temperature for 1 hour like the Pt/C catalysts. This was done because
from analysis of the TGA precursor data at this temperature both precursors should have fully
decomposed, but by SEM-EDS analysis some chlorine (ClI) was still detected in the catalyst.

Therefore an investigation into the correct preparation methods to ensure the removal of chlorine was
initiated. Various methods were employed to remove the chlorine. They are detailed in Table 5.11 along

with their success rate determined on whether Cl was still present.

Table 5.11: Summary of Cl removal methods

Method Comments
Acid wash of catalyst Cl removed but some Co removed
Preparation at 350 °C for 2 hours Cl still present
Preparation at 450 °C for 1 hour Cl still present but at lower amounts
Preparation at 450 °C for 2 hours No CI

As shown in Table 5.11 an acid wash of the sample was conducted to remove the CI. This was done by
rinsing the powered catalyst at room temperature in 250 ml of 0.5 M H,SO, solution and then in
ultrapure water (18.2 MQ.cm deionised water) several times. The CI did wash out however a significant

amount of Co also leached out of the sample.

Another method employed was to adjust the temperature and holding time in the furnace during the
catalyst preparation. The possible conditions chosen were selected based on the aim of not increasing
the holding time too much because of an assumption that the longer the holding time the more the
catalyst agglomerates. Higher temperatures do not have as much of an effect on agglomeration as does
the holding time on the catalyst powders. This assumption will be explained further and justified in

Section 5.5.2 when we investigate the annealing conditions selected.
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At 350 °C and after 2 hours, there was still Cl present, therefore a higher temperature of 450 °C and
holding time of 1 hour was tested. At these conditions there was still Cl present but a reduced amount
than previously observed. The holding time at 450 °C was then increased to 2 hours and analysis showed
that the Cl was no longer present. Therefore the conditions for initial catalyst powder preparation was
450 °C and 2 hours.

55.2. Heat treatment
An intensive analysis on the effect of heat treatment on the Pt alloys was not within the scope of this
report. However a short analysis was done based on the most popular heat treatment conditions found
in literature. In the conditions considered the catalyst was annealed in a reducing atmosphere under the

following time and temperature conditions:

e 500 °C for 4 hours (Wang et al., 2012)
e 800 °C for 7 hours (Oezeslan et al., (2012)
e 900 °C for 2 hours (Salgado et., 2004)

In the analyses only 40 wt. % PtsCo catalysts prepared using thermally induced chemical deposition
were considered and no other loadings. This was done to reduce the variables of the system so that the
results could be compared. After preparation by thermally induced chemical deposition the catalyst

were heat treated using TPR as described in Section 4.

Figure 5.15 shows the TEM image and particle size distribution of a typical 40 wt. % Pt3;Co catalyst

before any heat treatment.
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Figure 5.15: TEM image of a sample 40 wt. % Pt3Co catalyst
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The catalyst particles are homogenously spread out on the carbon support as shown by the TEM image
in Figure 5.15. The particle size distribution shows that the average particle of the catalyst is between

3 —4 nm. Figure 5.16 shows the TEM images of the 40 wt. % Pt;Co catalyst after annealing.

Figure 5.16: TEM images of samples after annealing in reducing atmosphere (a) 500 °C for 4 hours (b) 800 °C
for 7 hours (c) 900 °C for 2 hours

From Figure 5.16 it is clear that the particles become larger after annealing. The particle growth for
Figure 5.16(a) is however not as large as that of the higher temperature annealing samples. There is not
a significant amount of agglomeration visible on the TEM images.

The particle size distribution of the annealed samples in shown in Figure 5.17.
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Figure 5.17: Particle size distribution of a 100 particles measured
for 4 hours (b) 800 °C for 7 hours (c) 900 °C for 2 hours

from TEM images for (a) 500 °C

By analysis of the particle size distribution of the annealed samples above it is clear that the lower

temperature has on average a smaller particle size than the higher temperature. However, at 800 °C

there is a greater presence of larger particles than at 900 °C. Since the two temperatures are comparable

therefore the effect must be due to the varying holding time. The data indicates that the holding time

greatly affects the amount of particle growth observed.

In order to determine the degree of alloying achieved at the varying annealing conditions XRD was

used. XRD was also used to determine the average crystallite size as shown in Table 5.12.
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Table 5.12: XRD average crystallite size (nm). Particle sizes calculated using the Scherrer equation.

Annealing Conditions Average crystallite size (nm) (220)
No heat treatment 3.26
500 °C for 4 hours 2.74
800 °C for 7 hours 5.26
900 °C for 2 hours 4.96

From the XRD particle size data the samples treated at 800 °C has the highest average particle size thus

in agreement with the TEM analysis. Figure 5.18 shows a comparison of the XRD curves before and
after annealing at the various conditions.
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Figure 5.18:Comparison of XRD curves before and after annealing at (a) 500 °C for 4 hours (b) 800 °C for 7 hours
(c) 900 °C for 2 hours

The XRD peak positions measured were within range of indexed diffraction peaks (110), (200), (220)
and (311) for fcc- PtzCo (Schulenberg et al., 2010).There were no Co peaks observed confirming the
integration of Co in Pt structure. The XRD curves above show that the peaks have shifted after treatment
corresponding to a lattice contraction and the formation of an alloy as Co atoms are incorporated into

the Pt lattice. The intensity of the peaks also increases indicating that the particle size increases after
treatment.
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The XRD curves show that there is some shift in the peaks particularly at the higher temperatures. The
shift in the 500 °C peaks is not very clear. Therefore the change in lattice constants were calculated for

the samples and the percent change for each annealing temperature is shown in Figure 5.19.
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Figure 5.19: Comparison of the change in lattice constants before and after annealing at different XRD peaks

The change in lattice constants is greatest for the 900 °C indicating that this catalyst had the greatest
degree of alloying. The 800 °C sample showed greater alloying than the 500 °C sample. Given that the
900 °C sample also had lower particle size data as shown by TEM particle size distribution and XRD
crystallite size data, this was then the temperature used for annealing all the catalysts.

All samples where then heat treated at 900 °C followed by acid leaching to remove all unalloyed cobalt.
(Gasteiger et al., 2005). The physical and electrochemical characterisation results of all materials are

discussed below.

5.5.3. XRD data for heat treated and leached Pt;Co/C
Using the Scherrer equation as described in Section 4, the particle sizes of the heat treated and leached
Pt;Co/C catalysts were calculated and the results are shown on Table 5.13.
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Table 5.13: Average crystallite size (nm) of the PtsCo/C catalyst. Particle sizes calculated using the Scherrer equation.

Wt. % Pt:Co Average crystallite size from XRD (nm)
PtsCo (220)
20 4.97
40 4.61
60 5.76
80 8.76

Figure 5.20 shows the XRD curves of the Pt alloy catalysts before and after annealing and leaching of
the catalysts. The average crystallite size increased with an increase with loading which is expected.
The 20 and 40 wt. % Pt3Co/C showed very similar particle sizes with the 40 wt. % being marginally
smaller. The average crystallite sizes were larger for the Pt3Co/C catalysts than the Pt/C catalysts. This
is because the Pt;Co/C were subjected to heat treatment and leaching. Heat treatment increases the
particle size as shown in Section 5.5.2.
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Figure 5.20: XRD curves for carbon supported Pt3Co catalysts measured before and after treatment (annealing and
leaching) (a) 20 wt. % (b) 40 wt. % (c) 60 wt. % (d) 80 wt. % Pt3Co catalysts



The XRD peak positions measured were within range of indexed diffraction peaks (110), (200), (220)
and (311) for fcc- Pt;Co (Schulenberg et al., 2010).

The XRD curves above show that the peaks have shifted after treatment corresponding to a lattice
contraction and the formation of an alloy as Co atoms are incorporated into the Pt lattice. The intensity

of the peaks also increases indicating that the particle size increases after treatment.

The lattice constants for the annealed and leached samples are shown in the Table 5.14 below.

Table 5.14: Lattice constants for PtsCo/C catalysts

Wit. % Pt5Co Lattice Constants, Lattice Constants, D-spacing,
Pt3C0(220) (A) Pt;Co(110) (A) Pt;Co(110) (A)
20 3.8861 3.8839 2.2424
40 3.8798 3.8691 2.2338
60 3.8757 3.8669 2.2326
80 3.8737 3.8647 2.2313

The literature value for the lattice constant for fcc-PtsCo (Powder diffraction file 00-029-0499) is
3.85410 A (Schulenberg et al., 2010). The lattice constants of the PtsCo (110) peaks are close to the
literature value. The values of d-spacing are within range of those found in literature of 2.24 A (Liu et
al., 2008).

5.5.4. Particle size, distribution and composition via TEM and SEM
Figure 5.21 shows the TEM images of the Pt alloys after both heat treatment and leaching. Figure 5.22
shows the particle size distributions of the Pt;Co/C catalysts after heat treatment and leaching. The TEM

images and particle distributions of the untreated Pt alloys are found in Appendix Al.
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Figure 5.21: TEM images of heat treated and leached catalysts (a) 20 wt. % (b) 40 wt. % (c) 60 wt. % (d) 80 wt. %

PtsCo catalysts

The TEM images in Figure 5.21 show that as the loading is increased the particle growth increases.
There is also evidence of some agglomeration occurring. The particle size distribution is shown in
Figure 5.22 . From the distribution data it is clear that the average particle size increases as the loading

is increased. This is the expected trend as the loading is increased.

Even though the Pt;Co/C catalysts were heat treated and leached the average particle sizes were
relatively similar to those of the Pt/C catalysts particularly the 20 and 40 wt. % Pt3Co/C. The higher
loading PtsCo catalysts were larger than the Pt/C catalysts of similar loading but not by a very large

margin.

60



(a) Average size: 4.17 nm (b) Average size: 3.87 nm
o 40 ., 50
[<3] [<3]
S 30 S 40
£ £ 30
g 20 g
= « 20
o o
= 10 5 10
o] Q
g 0 g 0
S A N M T O ON~©OOo O O =) — N O < 1O © ~ o
z — 5 P S
= =
Particle size (nm) Particle size (nm)
(c) Average size: 5.85 nm (d) Average size: 6.94 nm
30 30
8 825
= 20 8 20
S & 15
2 10 iy 10
o o
: 55 S
80 3 0 [ | = N
e Hwamol\wmaggg 1S AN®MIT WO ON~00O0 ANM D
S o) S iR B B
z = z b
Particle size (nm) Particle size (nm)

Figure 5.22: TEM particle size distribution for a 100 particles that have been heat treated and leached (a) 20 wt. %
(b) 40 wt. % (c) 60 wt. % (d) 80 wt. % Pt3Co/C catalysts

SEM-EDX was performed on the particles to get an indication of the average Pt: Co ratios. These results
are shown in the Table 5.15 below:

Table 5.15: SEM-EDX values of PtsCo after heat treatment and leaching

Wt. % Pt;Co  After heat treatment and leaching (Pt: Co) at. %

20 80.57 :19.43
40 75.37 : 24.63
60 77.21:22.42
80 73.21:26.79

The SEM-EDX Pt:Co atomic % ratio is within reasonable range of the expected value of 75:25 (Pt:Co)
despite the samples being heat treated and leached. Only the 20 wt. % catalyst showed a significant

deviation indicating that more cobalt seem to have been leached out in that particular case.
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5.5.5. Thermogravimetric analysis

The loading of the Pt:Co/C catalysts was determined using TGA in air. Table 5.16 shows the TGA

readings taken after each stage of treatment.
Table 5.16: TGA readings after each stage of treatment
After heat treatment

Wt. % Pt3Co No treatment

(Wt. %) (Wt. %)
20 19 21
40 37 40
60 56 58
80 74 73

After leaching
(Wt. %)
20
37
56
73

The TGA readings are all within a reasonable range of 10 % from the theoretical values. The values are

also consistent after each stage of treatment showing the loadings were not affected by the treatments.
The TGA loadings of the 60 and 80 wt. % Pt;Co/C catalysts are closer to the expected loadings than the
corresponding Pt/C catalysts. The 80 wt. % Pt;Co/C catalyst TGA value in particular saw an increase

of 10 wt. % compared to the corresponding Pt/C catalyst value of 64 wt. %.

5.5.6. Electrochemical characterisation

Figure 5.23 shows the cyclic voltammograms of the Pt;Co/C catalysts. The corresponding ECSA data

is shown in Table 5.17.
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Figure 5.23: Cyclic voltammograms of Pt3Co/C catalysts measured in an Ar saturated 0.1 M HCIO4 solution at a
sweep rate of 50 mV/s using a 5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series).
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Table 5.17: Experimental ECSA values for PtsCo/C catalysts

Wt. % Pt;Co ECSA
(M*/gpiaco)
20 32.7
40 28.2
60 19.6
80 10.9

From the data above the ECSA decreases with an increase in loading. The ECSA values are lower than
that of Pt/C catalysts because there is less Pt on the carbon support surface since Co has been
incorporated into the structure. Additionally the particle size is larger owing to heat treatment of the
catalysts. This results in a loss of ECSA. The Figure 5.24 below shoes the Co stripping data collected.
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Figure 5.24: CO stripping data collected in an Oz saturated 0.1 M HCIOg4 solution at a sweep rate of 50 mV/s using a
5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series)

Double voltammeric peaks are seen between 0.5 — 0.9 (V) vs RHE which are characteristic of
agglomeration as described in Section 2 (Maillard et al., 2004). The low potential peaks which gives an
indication of agglomeration are again low however they are higher than that of Pt/C. This indicates that
more agglomeration occurring for the Pt;Co/C than the Pt/C catalysts. However the degree of

agglomeration is still low despite annealing and heat treating the samples.

The ECSA calculated from CO stripping is larger than that calculated from cyclic voltammetry (CV) as
is indicated from literature. The ratios of the ECSA values (CO stripping: CV) are shown in Table 5.18.
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The ratio of the 80 wt. % Pt;Co/C catalyst is the largest and close to double. The other lower loading

catalysts have a similar ratio.

Table 5.18: CO stripping ECSA values

Wt. % Pt;Co CO stripping Ratio of CO stripping ECSA and CV ECSA
(M*/gpiaco)
20 47.7 1.46
40 37.8 1.34
60 24.7 1.26
80 21.6 1.99

5.5.7. Activity of Pt;Co/C catalysts
The rotating disk data was collected and is displayed in Figure 5.25. These curves were used to

determine the diffusion limiting current and the activity of the catalysts as described in Section 4.
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Figure 5.25: Cathodic sweep data at 1600 rpm data measured in an Oz saturated 0.1 M HCIO4 solution at a sweep rate
of 20 mV/s using a 5.61 mm (OD) glassy carbon working electrode (Pine instruments, E7R9 Series). (a)Rotating disk
electrode curves. (b) Tafel plot showing mass transport corrected current densities (i) calculated using data from
curves in (a). (c) Surface specific activity data corrected for Pt3Co alloy (a) Mass activity data corrected for PtsCo
alloy
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The rotating disk electrode curves shown above indicate that the theoretical limiting current was not
reached as was the case for the Pt/C catalysts. However, the limiting currents reached were similar. The
mass and specific activities showed similar trends to the Pt/C catalysts. The lower loadings
demonstrating higher mass and specific values. This is shown additionally in Table 5.19 where the mass

and specific activities were calculated at 0.9 vs. RHE (V).

Table 5.19: Mass and Surface specific activity for cathodic sweep data of PtsCo/C catalysts at 0.9 vs. RHE (V) and
1600 rpm

wt.% la Ik©.9 V) Ti,spec(0.9 V) ik mass (0.9 V) Ik spec (0.9 V) Ik mass (0.9 V)
Pt:Co  (mA/cm?)  (mA)  (MA/cMZ%sco) (MA/MPpice)  (MA/CmZ:)  (MA/mMger)
20 -5.07 0.332 0.221 72.12 0.243 79.38
40 -5.11 0.409 0.158 44.53 0.174 49.02
60 -4.75 0.328 0.121 23.79 0.134 26.19
80 -5.05 0.192 0.096 10.47 0.106 11.52

Again the trend of decreasing surface specific activity is observed as the loading is increased. The Pt/C
catalyst gave similar trends particularly comparing the 20 and 80 wt. % Pt/C catalysts. As explained
previously in Section 5.4.5 these trends may be as a result of low particle agglomeration and therefore
the morphology and catalyst structure being observed for both the Pt/C and Pt:Co/C catalysts. This
causes the current measured not to increase significantly with an increase in loading and therefore
affecting the specific activity. In Table 5.19 the kinetic current of the 80 wt. % Pt;Co/C actually
decreased compared to 20 wt. % Pt;Co/C. The surface specific activity of the Pt;Co/C catalysts
improved compared to the Pt/C catalysts. This is characteristic of alloys and literature shows that these
catalysts in general perform better than their Pt/C counterparts. This will be further discussed in Section
5.6.

The mass activity showed a decrease in activity with an increase in loading as is found in literature.
This is due to the reduction in Pt utilisation per unit mass as the amount of metal loading is increased.
The larger particles for the higher loadings means that relatively less metal is on the surface as opposed

to the bulk which then leads to lower mass activity.
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5.5.8. Rotating ring disk results
Figure 5.26 shows the rotating ring disk results that were measured simultaneously with the rotating
desk electrode measurements. The current collected on the ring and the H,O, formation are shown in
Figure 5.26.
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Figure 5.26: Rotating ring disk curves showing the hydrogen peroxide formation and the current collected by the ring.
Results were obtained measured in an Oz saturated 0.1 M HCIO4 solution at a sweep rate of 20 mV/s using a 5.61 mm
working electrode (Pine instruments, E7R9 Series).

The 20 wt. % (PtsCo/C catalyst) gave the highest peroxide formation. The 40 wt. % and 60 wt. % gave
similar H,O, formation pattern which were lower than that of 20 wt. %. The 80 wt. % gave the lowest
H,O, formation. Compared to the Pt/C catalysts, the Pt;Co/C give a more distinct trend in the peroxide
formation. Low loadings correspond to higher peroxide formation. This can also be explained by the
idea that the 2-electron process dominates at lower loadings where there are more isolated Pt/Pt;Co

particles. This phenomenon was explained in Section 5.4.6.

5.6. Summary of PtzCo/C and Pt/C results
The particle sizes of the Pt;Co/C catalysts were on average larger than the Pt/C although for lower
loadings (20 and 40 wt. % Metal) the particle size distribution was similar. This was observed despite
the Pt3Co/C catalysts being annealed at 900 °C and being leached.

The TGA loadings were similar at lower loadings (20 and 40 wt. %) whilst at higher loadings the wt.
% loadings deviated from each other. The 80 wt. % Pt;Co was closer to the theoretical loadings at 73
wt. % Pt;Co than the Pt/C catalysts which gave 64 wt. % Pt. The difference between the two being 10
wt. % Metal. This indicates that the particular reactor system used seems to be more suited towards

obtaining reliable loadings for alloy materials.

The CO stripping data, combined with results from TEM, showed that none of the catalysts experienced

the level of agglomeration seen at comparable metal loadings with the reactor system used by Taylor et
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al. (2013). This is an important finding as it shows that the reactor system and preparation method
developed in this work can give access to catalyst with higher loading while limiting the level of

agglomeration.

In order to compare the influence of the alloy on the activity the ratio of the surface specific and mass

specific current of the Pt;Co and Pt catalyst was calculated. An overview is given in Table 5.20.

Table 5.20: Comparison of mass and surface specific activity between Pt/C and PtzCo/C

Wit.% Tk spec (0.9 v) ratio Ik mass (0.9 v) Fatio
Metal (Pt or Pt;Co) Pt;Co:Pt Pt;Co:Pt
20 2.40 1.66
40 1.30 0.79
60 1.35 0.73
80 3.11 0.95

From the ratios of Pt3Co:Pt it is immediately clear that for all catalysts only when considering surface
specific activity the alloy is much better with up to three times higher values obtained. This is in line
with literature. The 20 wt. % and the 80 wt. % catalysts displayed the highest increases in surface
specific activity (2.40 and 3.11 respectively) whilst for the intermediate loadings the increase was less

and approximately 1.3.

The mass activity of the 20 wt. % showed the largest improvement while at all other loadings the mass
activity showed no improvement. The mass activity result for the 80 wt. % catalyst shows that although
there is less surface area due to larger particles the Pt;Co catalysts remains as efficient per mass. This
suggests that with a slightly better control on the particle size during the annealing phase, not in the

scope of this work, the high loading Pt;Co would be the most active catalyst.

Overall it can be seen that the 20 wt. % Pt;Co loading shows the best improvement when considering

the mass and surface specific activity as well the lower cost of the catalyst.
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6. Conclusions

From the results discussed in Section 5 the following conclusions were drawn. The reactor system
chosen plays an important role in the surface morphology of the catalysts synthesized. The reactor
system developed for this work did not yield a significant amount of agglomeration of the Pt/Ptz:Co
particles even at loadings as high as 70 wt. %. This is an important finding as with previous systems
used in our group agglomeration was seen and therefore a system and a method has been developed

to avoid agglomeration up to high loadings.

Particle growth occurred as the Pt/PtsCo loading was increased. The annealing of the Pt;Co/C
catalysts at 900 °C caused particle growth at higher loadings however at lower loadings the growth
was minimal compared to Pt/C catalysts which were not heat treated.

The surface specific activity was improved by alloying the catalyst and leaching it. The
improvement was three times larger for the 80 wt. % Pt3Co loading and 2.64 times for the 20 wt. %
Pt:Co loading. The intermediate loadings had no significant improvement in surface specific
activity between the Pt/C and PtsCo/C catalysts. The mass activity was not affected by alloying
with the exception of the 20 wt. % Pt;Co/C loading which outperformed its Pt/C counterpart by a
factor of 1.66. Additionally the surface specific activity decreased with an increase in loading due

to a lack of agglomeration as the loading was increased.

This leads to the conclusion that for alloy catalysts compared to pure Pt catalysts, intermediate
loadings do not seem to be beneficial. One either needs to opt for a low loading alloy (20 wt. %) or
a very high loading (80 wt. %) in order for the alloy material to exceed or equal the mass specific
activity of the high loadings. Overall, from this work the 20 wt. % Pt3Co/C catalysts showed the
most favourable surface specific activity and mass activity compared to the other catalysts and
utilised the least amount of Pt. Of course if mass transfer limitations might be an issue for a catalyst
layer made from a low loading catalyst then the 80 wt. % Pt;Co alloy might be a better alternative

given that the particle size can be better controlled during annealing.

This leads immediately to new research questions that could be generated from this work. As just
mentioned, the control of particle size during annealing for the materials prepared in this work can
lead to very high surface and mass specific activities. Another important aspect is to investigate the
exact differences in reaction conditions between the new reactor system developed in this work as

opposed to the older, smaller and less flexible system used in previous studies.
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8. Appendices

Al. TEM analysis of Pt:Co/C catalyst
The TEM images of the Pt;Co/C catalyst before any treatment.

Figure 8.1: TEM images of PtzCo/C catalysts with no treatment (a) 20 wt. % (b) 40 wt. % (c) 60 wt. % (d)
80 wt. %
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Figure 8.2: Particle size distribution of PtsCo/C catalyst before treatment
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