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2. ABBREVIATIONS AND SYMBOLS

ads — adsorbed

AEMFC — anion exchange membrane fuel cell
ALD — atomic layer deposition

BE — binding energy

CB — carbon black
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CDC — carbide-derived carbon

CNT — carbon nanotubes

CTAB — cetyltrimethylammonium bromide
CvV — cyclic voltammetry

CVvD — chemical vapour deposition

Do — oxygen diffusion coefficient

DFT — density functional theory
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Eonset — onset potential

E° — standard electrode potential
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GNS — graphene nanosheets

GO — graphene oxide

HMT-PMBI - hexamethyl-p-terphenyl-poly(benzimidazolium)
HOPG — highly oriented pyrolytic graphite
HR-SEM — high-resolution scanning electron microscopy
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j — current density

Ja — diffusion-limited current density

Jk — kinetic-limited current density

k — electrochemical rate constant

K-L — Koutecky-Levich



n — number of electrons transferred

NGO — N-doped graphene oxide

NrGO — N-doped reduced graphene oxide
MA — mass activity

MEA — membrane-electrode assembly
MP-AES — microwave plasma atomic emission spectroscopy
MWCNT — multiwalled carbon nanotube
ORR — oxygen reduction reaction

PANP — palladium nanoparticles

PSD — pore size distribution

PtNP — platinum nanoparticles

PVP — polyvinylpyrrolidone

RDE — rotating disc electrode

rGO — reduced graphene oxide

RHE — reversible hydrogen electrode

SA — specific activity

SEM — scanning electron microscopy
SCE — saturated calomel electrode

SHE — standard hydrogen electrode
TEM — transmission electron microscopy
UDP — underpotential deposition

UHV — ultrahigh vacuum

XPS — X-ray photoelectron spectroscopy
v — kinematic viscosity of the solution
0] — rotation rate of the electrode
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3. INTRODUCTION

The oxygen reduction reaction (ORR) is studied due to its applications in fuel
cells, hydrogen peroxide synthesis and metal-air batteries. In general, the ORR
proceeds through two main pathways: 2e” pathway (preferred for peroxide syn-
thesis) and 4e” pathway [1-3]. The 4¢ ORR pathway is preferred for fuel cell and
metal-air battery applications. The most active single metal catalyst for low-
temperature polymer electrolyte fuel cells is Pt. The second best metal for the
ORR is Pd, which historically had lower price when comparing to Pt [1]. This
price difference has changed in recent years, however, more Pd is available in
Earth’s crust. There have been studies showing that Pd outperforms Pt as ORR
catalyst in alkaline media [4-6]. The aim of this study was to use various Pd
deposition methods to prepare carbon-supported Pd nanoparticles and to evaluate
different support material effects on the Pd catalyst activity for the ORR in both
alkaline and acidic media employing the rotating disk electrode technique.

In the first part of the work the Pd nanoparticles were prepared using a citrate
method and deposited onto various porous commercially available nitrogen-doped
carbon materials, the effect of the porosity and N-doping was evaluated for the
ORR and one of the catalysts was studied in a single-cell anion exchange mem-
brane fuel cell [I]. In the second part carbon-supported cubic Pd nanoparticles
were studied for ORR, where the effect of their unique morphology was evaluated
[IL, III]. In the third part carbide-derived carbons were used as support materials
for Pd catalysts. Pd nanoparticles were deposited onto these supports using boro-
hydride method and the effects of the support porosity on the Pd deposition were
evaluated. These materials were electrochemically evaluated using cyclic voltam-
metry and ORR studies [IV]. In the fourth part of the work, electrodeposition
method was employed for Pd particle dispersion onto various nanocarbon supports.
Effects of electrochemical activation and electrodeposition overpotential were
studied in relation to the obtained Pd deposits. These deposits were also electro-
chemically tested for ORR [V]. Following the electrodeposition, physical de-
position was applied with novel plasma-assisted method in the liquid phase, where
Pd ions were reduced using solvated electrons. Furthermore, the graphene oxide
used as a support was reduced to reduced graphene oxide (rGO) in parallel to Pd.
The ORR on these novel catalyst materials was studied [VI]. In the final part
galvanic exchange as a deposition method for Pd catalysts was evaluated. For
consistency, the electron beam evaporation method was used for deposition of Cu
layers onto glassy carbon electrodes. These electrodes were then submerged to the
Pd*" ion containing solution resulting in replacement of Cu with Pd. The ORR
electrocatalytic activity of these thin Pd films was investigated [VII].
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4. LITERATURE OVERVIEW

4.1 The oxygen reduction reaction

Due to the relevance of oxygen reduction reaction (ORR) in the field of fuel cells
and metal-air batteries the reaction has been extensively studied. It occurs on the
cathode side of the fuel cell and is limited by sluggish kinetics and further compli-
cated by reaction mechanism. Multiple pathways for oxygen reduction must be
considered. The main ORR pathways observed for Pt group metals are direct 4e”
pathway and the series 2e” + 2e pathway [7]. During the 2e” + 2e” pathway a
part of the generated peroxide can desorb and it may cause the degradation of the
fuel cell cathode catalysts and ion exchange membranes [8].

In alkaline media the relevant ORR pathways are [8]:

Direct: Opads + 2H20 + 4e” — 40H™ E'=0.401V (1)
Series: Oza0s + HHO +2e” — HO, + OH  E°=-0.065V (2)
HO; aas + H,O +2¢” — 30H" E'=0.867V 3)

In acidic media the relevant ORR pathways are [8]:

Direct: Opags + 4H' +4e” — 2H,0 =129V @)
Series: Ozaas + 2H" +2¢” — H,0» E'=0.70V (5)
H200,445 + 2H +2¢” — 2H,0 E'=176V (6)

where E° is the standard potential vs. SHE.

The mechanisms of the ORR have been extensively studied on Pt electrodes [9,
10]. It has also been shown computationally that the 4e™ reduction is the most likely
pathway in acidic media for O reduction to water [11]. In alkaline, however,
there is increased likelihood of parallel 2e™ + 2e™ pathway due to the lower working
potentials, which could facilitate HO, desorption [12]. The ORR is the limiting
factor in low-temperature fuel cell development due to its sluggish kinetics, high
price of the catalyst, low resistivity to poisoning and insufficient long-term stability.
In case of Pt it has been shown that strongly adsorbed hydrogen inhibits the ORR
rate and promotes peroxide production. Markovic and others showed that in the
Hupp region the ORR follows a two-electron reduction pathway on Pt(hkl) sur-
faces [13, 14]. Similar increase in peroxide production in the Hypp region has also
been noted on Pd, furthermore the extent of H,O» production was higher in the
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Hupp region for Pd as compared to Pt due to higher quantity of hydrogen adsorbed
on Pd within that region [6]. Reaction mechanism for ORR if the Pd electrode is
covered by oxide layer has also been studied and it was suggested that the
introduction of PdO promotes peroxide intermediate formation [15]. The effect
of surface blocking by CI ions has been studied by Ledendecker et al. showing
nearly 100% selectivity between 0.1-0.5 V (vs RHE) for peroxide production in
0.1 M HCIO4 on PdNPs synthesised using PdCl; as a precursor and only 60%
selectivity for Pd nanoparticles prepared from Pd(acac), [16].

4.2 Oxygen reduction reaction on palladium

Among the pure noble metals used for ORR Pt and Pd are the best electrocatalysts
for this reaction [1-3, 8, 17, 18]. Pt is better to use in acidic conditions and is
currently widely used in low-temperature fuel cell applications. Due to scarcity
and high price of Pt, alternatives are sought for. Pd belongs to the same group in
the periodic table and has same face-centred cubic (fcc) crystal structure. Further-
more, Pd is more abundant in Earth’s crust, which has led to extensive study of
Pd as a replacement to Pt [1, 2]. However, due to increase in palladium
consumption and deficit in Pd production the price of Pd has increased since 2009
by about 10-fold while Pt price has only increased by about 10% in the same
time-period [19, 20]. While the activity and stability of Pd is lower than that of
Pt in acidic conditions, there are studies showing opposite in alkaline media [4—
6]. In acidic media the lower activity of Pd is often ascribed to stronger adsorption
of anions such as C1, C104~, SO4>", which block the active sites for O, adsorption
on the Pd catalyst [2]. Arriaga et al. compared graphene and carbon black
supported Pd and Pt catalysts in alkaline solution and found that Pd/graphene
outperformed Pt/graphene, while using carbon black as a catalyst support the Pt
catalyst outperformed Pd [5]. Superior activity on Pd/graphene was also noted by
Kim et al. by comparing to similarly prepared Pt/graphene catalyst [4].
Furthermore, it has been shown that Pd/C is more stable in alkaline environment
than Pt/C [21].

The ORR on polycrystalline Pd proceeds through a 4-electron pathway yielding
water as the final product and the reaction mechanism is proposed to be same for
Pd as on Pt [1]. Tafel slopes have been used to characterise both Pd and Pt catalyst
materials, where the reaction mechanism is described by two slopes of —120 and
—60 mV. At high current densities the slope value of —120 mV is observed and is
related to Pd surface that is not covered by oxides, while —-60 mV slope at low
current densities is attributed to Pd catalyst, which is covered by oxides [22]. In
both of these Tafel regions the rate-limiting step for oxygen reduction is con-
sidered to be the transfer of the first electron to the adsorbed O, molecule [22].

The ORR activity has been explored on the low-index planes of Pd [23]. In
perchloric acid it was shown that the Pd(100) facet was 3 times more active for
ORR than the most active plane of Pt. The activity of Pt low-index planes follows
the order (110) = (111) > (100) with the activity difference between (111) and
(110) being small, however the difference is greater in KOH solution [14]. In case
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of Pd the most active facet is (100) followed by (111) and (110), with 14 times
kinetic current density difference between (100) and (111) [23]. The effect of the
oxide film to the n(111)—~(100) series in perchloric acid showed that the ORR
activity is not affected by the oxides at 0.9 V, which contradicts results found using
Pt [24]. To date no such study has been done on monocrystalline Pd in alkaline.

4.3 ORR on nanostructured palladium

Discoveries on the electrocatalytic activity differences on low-index Pd planes
has led to study of shape-controlled Pd particles and there are studies, where higher
activity using Pd nanocubes in comparison to conventional spherical Pd particles
has been achieved in both acidic and alkaline conditions [25-30]. However, there
are contradicting results, as Shao and others compared 5—6 nm Pd octahedra (with
preferential (111) facets) to cubic nanoparticles (with preferential 100 facets) and
found 10-fold activity increase in HCIO4, 17-fold activity increase in HSO4 with
their cubic particles but no difference in the ORR activity between these particles
in alkaline environment [31]. Particle shape control has been also applied to tri-
angular Pd rods, that were prepared to have predominant (111) planes, showed
higher activity as compared to polycrystalline Pd [32]. Ten times increase in
specific activity has been observed on Pd nanorods in which case the activity
increase was attributed to (110) planes [33]. Furthermore, it has been shown that
the cubic particles, even when studied in alkaline where Pd is more stable become
spherical during potential cycling [34]. Stability of Pd nanocubes in alkaline media
showed that by increasing the concentration of hydroxide from 0.1 M to 1 M leads
to the increasing loss of kinetic current after 1000 potential cycles from 21.3% to
52.5% [30].

Pd particle size effect has been evaluated in perchloric acid by Xue et al. [35].
In their work they varied Pd particle size between 2.7 and 8.7 nm and found that
the mass activity increased monotonically, however, specific activity showed a
volcano plot with maximum around 5—6 nm. The decrease in specific activity was
attributed to surface blockage of reaction intermediates such as —OH. Similar
effects were studied in alkaline media by Jiang et al., where particle sizes were
varied between 3 and 16.7 nm, however, specific activity in the case of alkaline
did not reach a maximum with increased OH™ adsorption being suggested as the
reason for the lower specific activity. Furthermore, it was shown that the mass
activity increases when Pd particle size increased from 3 to 5 nm by 1.3 fold and
showed a volcano plot with a maximum around 5 nm [36]. Particle size effect has
also been demonstrated using DFT on Pd@Pt core-shell nanoparticles where it was
shown that particle size variation from 1 to 2.6 nm on pyramidal particles increases
oxygen binding energy (BE) from 1.1 to 1.7 eV, while with spherical particles
the BE decreased from 2.1 to 1.3 eV when decreasing particle size from 2.2 to
1.2 nm [37]. Pt and Pd particle size effect has also been evaluated by Offin and
others, by studying particle sizes between 1.5-5.5 nm and found that the optimum
for Pt was around 4 nm in 0.5 M perchloric acid, while no optimum for Pd
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particles within range up to 11 nm was observed for neither mass nor specific
activity [38].

Since larger particles generally have lower mass activities, which drive the
price of the catalyst material, better utilisation of the noble metal could be
achieved through core-shell structured catalysts [39]. Core-shell catalysts are
constructed in a way that the precious metal covers some cheaper metal, thus
reducing the cost. Furthermore, it has been shown that the underlying metal can
affect the electronic surface structure of the overlying metal. Adzic and co-
workers have studied shifting of the d-band centre of Pt, where underlying Pd
reduced the interaction of Pt-O and thus increased the activity [40]. Oxygen
binding energy has been correlated to the ORR activity and volcano plots have
been devised for Pt alloys, where the optimal BE for ORR is —0.2 eV lower than
pure Pt with a binding energy of —2.04 eV [41]. Using DFT methods Adzic et al.
has also determined the binding energy for Pd-O bond and found that particles
with PdsFe core and Pd shell show most optimal binding energy and lead to
higher mass activity than commercial Pt/C [42—44]. Optimum shell thickness was
discussed by Jiang et al. who observed a drop in half-wave potential as shell
thickness increased above 0.71 nm [45]. The effect of the underlying substrate
has also been discussed by Liu and others in their work, where PdNPs were de-
posited on SnO, nanowires. Increase of lattice spacing of 0.005 nm was observed,
which was used to interpret increase of ORR activity, however the thickness of
the particles where the spacing was observed was not available [46]. Lattice con-
traction has also been achieved on BN and C/BN supports for Pd(111) plane and
the observed lattice contraction was 4.2% and 3.4% respectively, which leads to
downshift in d-band centre and could weaken the adsorbate bond strength [47].

4.4 ORR on Pd catalysts deposited on different supports

The effect of the support material on the ORR electrocatalytic activity and stability
has been extensively studied [3, 18]. Pd/C stability differences were studied on
two different carbon black materials, where it was shown that the activity for both
materials was similar, however, higher stability was observed on Vulcan carbon
in comparison to Ketjenblack carbon [48]. Another study looked at pre-treatment
of support material for Pd nanoparticles and it was observed that the pre-treatment
of Vulcan carbon can lead to differences in morphology and dispersion of PANPs
and affect the amount of peroxide produced during the ORR process, however
H3PO,4, KOH and H»O, treatment lead to 5-fold increase in activity compared to
commercial Pd/C while HNO; treatment resulted in 10-fold decrease in activity
[49]. Treatment with 5% HNO; and H,O; led to 25-50% loss of porosity while
0.07 M H3PO4 and 0.2 M KOH kept the original porosity, furthermore, H.O»
treatment led to severe loss in the microporosity. Graphitisation degree of
graphene supports was discussed by Atanassov and co-workers showing better
PANP dispersion on graphene supports as compared to Pd/Vulcan and suggesting
that one of the reasons for the higher peroxide production on Pd/Vulcan in
comparison to the Pd/GNS materials is due to interparticle distance with
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agglomeration reducing the number of available peroxide re-adsorption sites [50].
In a follow up study it has been discussed that the microporosity can facilitate
peroxide production on graphene materials [51]. One of the main methods to
improve particle dispersion is looking at support materials for available sites for
Pd particle anchoring. By studying graphene oxide (GO) supported PdPt particles,
excessive reduction of the GO lead to agglomeration of the nanoparticles [52].
Similar Pd particle agglomeration has also been noted on carbon nanotubes (CNT)
in multiple works [53—-55]. To overcome this lack of sites linkers have been
employed, Jiang and co-workers showed a better dispersion of Pd particles on
multiwalled carbon nanotubes (MWCNT) using tungstophosphoric acid that was
immobilised on the surface of MWCNT using polydiallyldimethylammonium
chloride [56]. Same group later achieved good dispersion of PANPs on Ni
modified CNTs using poly(diallyldimethylammonium) chloride linkers [57].
Linkers have been also studied by Jeon and others on graphene surfaces [58].
Another group of materials that has been studied are various mesoporous carbons,
which have high specific surface area and could facilitate better dispersion of
nanoparticles [59, 60]. Furthermore, there is an interesting method of obtaining
support materials with controlled porosity by deriving them from metal carbides,
these materials are called carbide-derived carbons (CDC) [61, 62]. CDCs have
been extensively studied as Pt nanoparticle support by Lust and co-workers [63—
65]. When preparing CDC supports their porosity can be varied by choice of the
starting carbide and leaching method making the method highly tuneable for
preparation of porous carbon supports [61, 62].

There are various studies showing increase in particle dispersion by N-doping
of the substrate material [66, 67]. Gennaro and co-workers reported that larger Pd
nanoparticles (5-6 nm) were formed on non-doped mesoporous carbon, while
smaller nanoparticles (2—4 nm) were observed on N-doped mesoporous carbon
[67]. Generally, the increase in ORR activity is attributed to better dispersion of
the Pd particles on the support since in order to affect the electron structure of Pd
atomic or near atomic dispersion is required. A better dispersion and smaller Pd
particle size was achieved by Jeon and others showing average particle size
decrease from 8 to 2.5 nm by adding 3-aminomethylpyridine to rGO [68].
Similarly smaller PANPs on N-doped graphene, which were prepared for direct
ethanol fuel cell, where a decrease of average particle size from 4.92 + 0.51 to
3.6 £0.52 nm was observed [69]. However, there are papers discussing Pd-N
groups affecting the activity of the Pd catalyst [66, 70]. Chen and others prepared
N-doped porous carbon-cages for Pd catalyst and noticed during stability testing
a decrease in the area of the PdO reduction peak, however, the ORR activity
remained constant and thus suggested that majority of the activity came from
Pd-N groups. Furthermore, they studied the ORR in the presence of poisoning
species in an attempt to separate Pd-N and metallic Pd contribution and found that
Pd-N contributed most to the ORR activity. Sub-nanometre Pd particles
coordinated to pyridinic N showed good activity in comparison to larger 2—5 nm
particles on N-doped carbon [70].

In order to increase the stability and dispersion of Pd particles N-doping has
been employed in both alkaline and acidic conditions [71]. Generally, the
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increase in stability is attributed to anchoring effect to the N-groups on the surface
of the substrate [71, 72]. There are contradicting results, Granozzi and co-workers
showed decreased stability for N-doped carbon materials in acidic media,
suggesting that Pd*" presence increases the likelihood of Pd dissolution [73].

4.5 Methods for deposition of palladium

There are three broad methods for preparation of Pd nanoparticles, namely electro-
deposition, chemical deposition and physical deposition. Benefits and problems
when using these methods for nanoparticle preparation are discussed below.

In electrodeposition the particle size, dispersion and shape can all be controlled
by choice of substrate, Pd ion concentration, overpotential, duration of the pulse
and presence of other ions, which could adsorb to specific sites and thus control
the shape of the deposit. Mechanism of Pd deposition has been studied on pencil
graphite, where a three-step process was suggested with initial adsorption, 2D
nucleation and 3D diffusion-limited growth [74]. By changing the concentration
of the Pd ions, a change in deposited particle shape can be observed due to the
diffusion-limited step for 3D growth where nanorods became nanospheres when
lowering the concentration [33]. Similarly, a change in morphology can be
obtained when changing the overpotential from 250 to 500 mV by which flower-
like deposits became spherical particles [75]. Furthermore, the shape of the Pd
deposits can be manipulated if nucleation cycles are used before the deposition
cycles, for example 14-30 nm nanoneedles can be turned into urchinlike deposits
[76]. Uosaki and co-workers noticed during Pd deposition that the adsorption of
PdCl,*" ions inhibited the 3D growth [77, 78]. By studying the effects of the
solution Kolb and co-workers noted that the Pd growth on Au (111) in chloride-
free environment favours 3D growth [79]. These results were contradicted by a
later study by Sibert and co-workers, where in the presence of chloride ions no
inhibition of 3D growth was noted [80]. Effect of temperature on the Pd electro-
deposition was studied by Yu et al., where the deposition rate changed, however
no impact on the surface morphology was noted [81]. By decreasing the PdCl,
concentration from 3x107* to 3x10° M a change in the deposit shape from
nanorods to nanospheres was observed by Xiao et al., furthermore in the same
study by switching from CI™ ions to Br ions at the potential of —0.2 V (vs
Ag/AgCl) no Pd electrodeposition occurred [33]. Effects of the support were
noted by Unwin and co-workers when studying Pd deposition kinetics on
transmission electron microscopy (TEM) grid and highly oriented pyrolytic
graphite (HOPG), where the time lag before current flow on the TEM grid was 7
times higher than on HOPG, where they attributed the difference to availability
of step-edges, which could trap electrodeposited nuclei and these step-edges are
absent on the TEM grids [82]. The effect of the support on the dispersion of Pd
nanoparticles depending on the support material has been shown by comparing
Vulcan XC-72R carbon and wood apple shell carbon, where the larger
electrochemical surface area of deposited Pd was attributed to the increased
surface area of the carbon support [83]. Similarly, smaller Pd nanoparticle
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deposits were observed on N-doped glassy carbon (GC) in comparison to bare
GC, where the increase was ascribed to N-based defects [84]. Variation of particle
size was demonstrated by Stimming and co-workers when using double pulse
method, where particle radii followed the t'” rule for the growth pulse [85].

Another deposition method is chemical deposition where the additives are
used to facilitate growth in certain directions and limit the growth of the particle
size [86]. Various groups have synthesised shape-controlled Pd particles using
chemical methods and studied these further. However, with additives comes the
requirement to clean these particles, which has proven to be a challenge, since these
additives on the surface of the catalyst will reduce its electrocatalytic activity [87].
Effects of the supports on the deposition has been studied by Ejaz and Jeon, they
showed difference in Pd growth kinetics depending on the support by switching
the support from rGO to N-doped rGO that resulted in reduced Pd particle size
from 6—-10 nm to 2—4 nm, furthermore it was discussed how different N-centres
could affect the growth kinetics of PANPs [88]. Shape-controlled particles are
often prepared with surface blocking agents such as cetyltrimethylammonium
bromide (CTAB) [25, 89, 90], polyvinylpyrrolidone (PVP) [31, 91] or Br [92,
93], while small spherical particles have been prepared with citrate method [90],
and oleylamine has been used to construct defect-rich Pd nanonetworks [94],
furthermore the addition of W(CO)s to oleylamine resulted in Pd nanobelts [95].
Wang and others also added acetic acid and N,N-dimethylformamide to W(CO)s
and oleylamine, which resulted in sub-nanometre thick Pd metallenes [96]. All of
these oleylamine methods resulted in active ORR catalysts with high electro-
chemical surface areas. Shao and others showed how PVP with addition of Br
could produce 5—-6 nm shape-controlled Pd nanocrystals [31]. Using CTAB ~28
nm sized cubic nanoparticles have been synthesised, while using citrate method
~2.8 nm spherical particles were prepared, and these catalysts were used to study
the ORR [25]. Depending on the chosen surfactants and reducing agents different
shaped particles can be prepared, for example, with PVP and ascorbic acid Pd
nanospheres were obtained, when KBr was used cubic particles were received
and when changing KBr for citric acid Pd nanooctahedrons were formed [91].

A seldom used method to achieve core-shell structures is galvanic exchange.
This method involves exchanging less noble metal for more noble. The process
of galvanic exchange has been studied by Buriak co-workers, where they found
that the mechanism for the Pd layer growth follows initially island growth
followed by overlayer growth, furthermore the concentration of metal ions and
temperature play crucial role in size and formation of these islands [97]. Similarly,
since the exchanged metal is conductive, growth and dissolution centres can form,
hindering the formation of an uniform shell, which requires addition of
complexation agents slowing down the exchange of atoms [98]. Formation of
dissolution centres and growth centres was noted by Mohl et al. when exchanging
Cu rods, where hollow Pd rods with larger diameter were obtained [99]. When
studying the galvanic exchange process during electrode rotation it was found that
more uniform deposit can be obtained [100]. The effect of CI” ions on the
exchange process when substituting Cu is contested. It has been suggested that
presence of C1I™ improves dissolution of Cu [100] or can form complex with Cu(I)
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[101] which could lead to non-uniform deposits. This is contrasted by Sheridan et
al. who showed that the presence of excess CI” lead to complexation of Pd ions
slowing down the deposition process and lead to more uniform deposits [102].

Physical deposition methods include plasma-assisted vapour deposition [103],
chemical vapour deposition (CVD) [104, 105], physical vapour deposition [38],
atomic layer deposition (ALD) [106—108] and magnetron sputtering [54, 109].
While these methods can provide small particles, the shape control is difficult to
achieve. Khalily et al. demonstrated size control of the particles using ALD by
increasing the number of cycles, however with higher number of cycles
agglomeration became more prominent, furthermore it is difficult to assign the
dispersion and size of the particles to the method alone since the deposition was
done on N-doped carbon nanofibers [108]. While shape control is generally not
shown in these physical methods Papandrew and co-workers prepared Pd
nanotubes using CVD, however, their performance in alkaline solution was not
much better in comparison to commercial Pd/C [105]. Another negative side for
physical methods is that the equipment requirement is higher compared to
chemical and electrochemical methods, and vapour deposition methods usually
use ultrahigh vacuum (UHV) increasing the cost of preparation of these materials.
However, one place where physical methods could shine is preparing multiple
objects with minor differences over a short period of time. Abrufia and co-
workers showed a sputtering method for obtaining binary alloys on glassy carbon
and compared them in alkaline media, where PdCu outperformed various other
alloys for ORR, which could be obtained in relatively short time, suggesting it to
be a relatively good screening tool for binary alloys [109]. Screening of Pt alloys
has also been done using physical methods by Cooper and McGinn, where they
used plasma sputtering and multicell to scan through various thin-film
combinatorial libraries [110].
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5. EXPERIMENTAL

5.1 Electrode preparation

Working electrodes were obtained by mounting a glassy carbon (GC) disc (GC-
20SS, Tokai Carbon, Japan) with a 5 mm diameter into a Teflon holder. These
electrodes were polished on 1.0 and 0.3 pm alumina slurries (Buehler), after
which the electrodes were cleaned from the residue by sonicating in isopropanol
and water, at least 5 minutes in each.

5.1.1 Preparation of spherical Pd nanoparticles

Spherical PANPs were prepared using citrate method [26, 90], which used the
mixture of K,PdCls and sodium citrate, where ice cold NaBH4 solution was added.
After the synthesis the nanoparticles were supported onto carbon by adding
appropriate amount of carbon material to the mixture. The resulting dispersions
were thoroughly mixed after which NaOH pellets were added followed by
filtering and drying in the oven at 75 °C overnight.

5.1.2 Preparation of Pd nanocubes supported on carbon

30 nm Pd nanocubes were prepared using 10 mL of 10 mM H,PdCl4 and 200 mL
of 12.5 mM CTAB mixture heated to 95 °C to which 1.6 mL of 100 mM ascorbic
acid solution was added [89]. Reaction time was kept 20 min with constant
temperature of 95 °C. 10 nm Pd nanocubes were prepared using PVP, K,PdCly,
KBr and ascorbic acid water solution, which was heated for 3 h at 80 °C [92].
7 nm Pd nanocubes were prepared using a similar method, however, some of the
bromide was replaced with chloride [93]. In the case of 7 and 10 nm Pd cubes an
additional step was used for cleaning that was suggested by Zalineeva et al. [91].
This was followed by filtering and drying overnight at 75 °C.

5.1.3 Preparation of Pd/CDC catalysts

Carbide-derived carbon (CDC) materials were purchased from Skeleton Techno-
logies OU (Estonia). Due to the large size, the CDC particles were ball-milled
after which PANPs were deposited on them. Four materials were studied: CDC1
from TiC (post-activated with water vapour treatment) [111], CDC2 from TiC,
CDC4 from Mo,C and CDCS5 from SiC. ZrO, grinding jar with 5 mm ZrO, balls
was used for ball-milling. Ball-milling program was 3 cycles of 30 min milling
at 800 rpm with 5 min breaks. 1 mM H,PdCls was used as a precursor solution for
Pd/CDC catalyst preparation, which was prepared using PdCl, (Sigma-Aldrich)
and 40 % HCI (Sigma-Aldrich) and Milli-Q water. Synthesis process used 20 mg
of CDC material dispersed in 47 ml of 1 mM H,PdCl4 to which 0.94 ml of 0.1 M
NaBH4 was added. The obtained material was filtered and dried overnight in oven
at 60 °C. Same deposition process was also carried out on Vulcan carbon XC-72R
(Cabot Corp.) support for comparison.
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5.1.4 Preparation of electrodeposited Pd/C catalysts

Cleaned GC electrodes were covered by drop-coating graphene nanoplatelets (GNP,
Strem Chemicals, Inc.), graphene nanopowder (GNS, Graphene supermarket),
carbon black (CB, Vulcan XC-72R, Cabot Corp.), carbon nanotubes (CNT,
NanoLab, Inc.), and the mixture of GNP and CNT (CNT-GNP) suspensions.
Carbon inks were prepared with 1 mg of carbon material dispersed in 1 ml of
isopropanol. Activation of the carbon surfaces was carried out electrochemically
by potential cycling between 0.1 and 1.6 V at 50 mV s! in Ar-saturated 0.1 M
KOH solution. Electrochemical deposition was carried out in deaerated 0.05 M
H>SOg4 solution (prepared from 96% H>SOs, Suprapur, Merck) containing 1 mM
H,PdCly (prepared from PdCl, (Sigma-Aldrich), HCI (Sigma-Aldrich) and Milli-
Q water). Two different deposition overpotentials were used with stepping that
consisted of 500 steps. First overpotential was 0 V (vs SCE) while second one
was —0.25 V (vs SCE), while the non-depositing step for both procedures was
0.85 V (vs SCE). Step duration for deposition was 250 ms, while non-deposition
step was 3 s at an electrode rotation rate of 1000 rpm.

5.1.5 Pd/C catalysts prepared using plasma-assisted synthesis

He/H> (95/5) mixture (purity of gases 5.0) was used in experiments of plasma-
assisted processing. Pd nanoparticles were synthesised on different supports
using a simple one-step method as described in [112, 113]. Atmospheric pressure
bipolar pulsed (13 kHz) discharge in He/H> gas jet with a continuous gas flow of
150 sccm was used for the net injection of electrons and plasma active species
into the H,PdCl4 solutions with small additives of carbon support. On plasma-
liquid interface high local density of solvated electrons is generated, which serve
as strongly reducing species for the Pd ions. Current peak of 5 mA was used with
estimated current density of 0.4 A cm ™. Synthesis was carried out in sealed silica
cell with a volume of 4 ml and temperature not exceeding 40 °C. The solution
was deaerated using helium gas prior to the ignition of plasma. During the plasma
treatment the solution was sonicated with low-power ultrasonic transducer con-
nected to the bottom of the silica cell. During the deposition absorption bands
were measured and complete reduction of Pd ions could be observed in 15 min,
however with GO sample, additional reduction time was applied till absorption
band of GO at 230 nm shifted to about 270 nm, which indicates partial restoration
of electronic conjugation and aromatic structure of rGO [114].

5.1.6 Preparation of Pd nanostructures with galvanic exchange of Cu

Cu films were deposited onto clean GC surface using electron beam evaporation
method employing a Vacuum Service OY evaporation device at base pressure of
around 1x10® Torr. Immediately after the deposition process the electrodes were
submerged into deaerated 1 mM H,PdCls solution for 30 min. When the galvanic
exchange process was done, the electrodes were rinsed with Milli-Q water. Sacri-
ficial Cu layer thickness was varied between 0.5 and 10 nm. Same deposition
process was applied for GC plates used in X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM) measurements.
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5.2 Physical characterisation

For TEM measurements transmission electron microscope JEM-2010 (JEOL),
Titan 200 (FEI) or JEM-1400 (JEOL) were used. Sample materials were dispersed
and drop-coated on a carbon-covered Cu mesh. Thermogravimetric analysis was
carried out with either Mettler-Toledo TGA/SDTAS851 thermobalance or Setaram
Labsys Evo 1600 thermoanalyzer, with 20% oxygen oxidative atmosphere. High-
resolution scanning electron microscopy (HR-SEM) and energy dispersive X-ray
spectroscopy (EDX) studies were done using Helios™ NanoLab 600 (FEI) micro-
scope with EDX analyser INCA Energy 350 (Oxford Instruments). SCIENTA
SES-100 spectrometer was used for X-ray photoelectron spectroscopy (XPS)
analysis. Specific surface area and porosity of the catalyst material were determined
using N, adsorption-desorption method using NOVAtouch LX2 instrument
(Quantachrome Instruments). Raman spectroscopy was performed using a
Renishaw inVia spectrometer.

5.3 Electrochemical characterisation

The electrolyte solutions for electrochemical measurements were made from KOH
(p.a., Sigma-Aldrich) H,SO4 (Suprapur, Merck), HCIO4 (Sigma-Aldrich) and
Milli-Q water. The used gasses were supplied by AGA with purities of Ar
(99.999%), 0, (99.999%) and CO (99.997%). The electrochemical testing was
done in a standard three-electrode glass cell with platinum or gold wire counter
electrode and reference electrode was reversible hydrogen electrode (RHE) and
all potentials in this work unless stated otherwise are measured and given with
respect to RHE. The potential was applied with an Autolab PGSTAT30
potentiostat/galvanostat controlled with General Purpose Electrochemical System
(GPES) software. Before the ORR studies, cyclic voltammetry (CV) measure-
ments were carried out in deaerated 0.1 M KOH, 0.5 M H;SOy4, 0.05 M H,SO4
and/or 0.1 M HCIOy4 solution by scanning potential between 0.1 and 0.8 V with
the potential scan rate (v) of 50 mV s'. Background current was measured in
deaerated solution and was subtracted from ORR polarisation data. For CO-
stripping experiments CO was adsorbed to Pd by bubbling CO gas at electrode
potential of 0.1 V, blockage of Pd was confirmed by potential cycling between
0.1 and 0.4 V, where absence of Hupp region was noted [87]. After which CO
was purged from the solution using Ar. The CO was electrochemically oxidised
from the Pd surface by scanning to the potential to 1 V at 20 mV s '. The oxygen
reduction measurements were performed in O-saturated 0.1 M KOH, 0.5 M
H2S04, 0.05 M H,SO4 and/or 0.1 M HCIOj4 solutions by scanning the potential at
arate of 10 mV s '. For the rotating disk electrode (RDE) experiments electrode
rotation was applied using an EDI101 rotator and a CTV101 speed control unit
(Radiometer). Rotation rate (w) of the working electrode was varied between 360
and 4600 rpm. All electrochemical experiments were conducted at room tempera-
ture (23 £ 1 °C).
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The ORR data was analysed using the Koutecky-Levich (K-L) equation [115]:

S=t 4= - (7

: : - b 2/3_ _ b
J Jk o Ja nFkCo,  0.62nFDy"v=1/6C5, w1/?

j is the measured ORR current density, ji and jq refer to its kinetic and diffusion-
limited components, respectively. F is the Faraday constant (96,485 C mol™),
k is the electrochemical rate constant , » is the number of electrons transferred,
C°02 is O, concentration in bulk solution, Doy is O» diffusion coefficient, v is the
kinematic viscosity (v = 0.01 cm® s™' [116]) and w is the rotation rate of the
electrode . For 0.5 M H,SOy4 solution these values are:, C02=1.13x10"° mol cm ™
[117]and Do2 =1.8x107° cm?s ' [117]. In case of 0.1 M HCIO, these values were
used instead: C°0, = 1.22x107° mol cm > and Do = 1.93x107° cm* s ' [118]. For
0.1 M KOH these values are: C°0; = 1.2x107® mol cm > and Do, = 1.9x107° cm?s™!
[119].

To determine the intrinsic activity of the catalyst specific activity (SA) values
were calculated:

SA=I/ESA (8)

where /y stands for kinetic current at given potential and ESA is electrochemically
active surface area. Mass activities (MA) were calculated according to:

MA=I/mpq (9)
where the mpq corresponds to the mass of palladium on the electrode.

For membrane-electrode assembly (MEA) preparation for anion exchange mem-
brane fuel cell (AEMFC) tests the catalyst inks were prepared by dispersing
catalyst and ionomer in 3:1 mixture of methanol and Milli-Q water. Dispersion
consisted of 1 wt% solids with 85/15 catalyst/membrane ionomer ratio. Anion
exchange ionomer used was hexamethyl-p-terphenyl-poly(benzimidazolium)
(HMT-PMBI) [120]. This dispersion was pipetted on gas-diffusion layers (GDL)
with geometric area of 5 cm?. Loading of 0.4 mg cm 2 on cathode and 0.8 mg cm >
on anode (PtRu/C, 50% Pt, 25% Ru, Alfa Aesar) was employed. Single cell AEM
fuel cell performance was evaluated at 60 °C using Greenlight Fuel Cell Test
Station (G40 Fuel cell system, Hydrogenics, Vancouver, Canada) with back-
pressure of 200 kPa.
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6. RESULTS AND DISCUSSION

6.1 Oxygen reduction on spherical Pd
nanoparticles supported on ECS

In this part of the work three mesoporous carbon materials were used as supports
for spherical Pd nanoparticles synthesised using citrate method [I]. All of these
supports are nitrogen-doped, however ECS-003604 is also Nb-doped. Specific
surface areas (provided by producer) of the engineered catalyst support (ECS)
materials were 730 m* g' for ECS-003604, 730 m? g'' for ECS-004201 and
820 m? g for ECS-004601. The ECS-004601 material differs from ECS-004201
by having higher proportion of larger mesopores (15-50 nm). The purpose of this
work was to evaluate these materials in comparison to Vulcan carbon as a Pd/C
ORR catalyst support material. These materials were evaluated for ORR in both
0.1 M KOH and 0.5 M H>SO4 solutions using the RDE method. 40% Pd loading
ECS-003604 and Vulcan were compared using single-cell AEMFC. Materials are
named as PdX/Y, where X designates Pd loading and Y corresponds to the
support material.

6.1.1 TEM studies of Pd/ECS

From Figure 1 it can be observed that the Pd particle dispersion is better on the
ECS-003604 and ECS-004601 supports as compared to Vulcan carbon and ECS-
004201. Better dispersion of metal nanoparticles has usually been attributed to
higher porosity and N-doping [66, 67]. Particle sizes were counted from the TEM
images and since PANPs were prepared in a single batch the sizes of the particles
were same with average size of 3.9 = 0.6 nm. Worse dispersion on the ECS-
004201 material could be explained by the difference in porosity as ECS-004201
has less large mesopores and more of smaller mesopores.
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and (d) Pd40/ECS-004201 samples.

6.1.2 CV and CO experiments on Pd/ECS

Figure 2 presents the CV and CO-stripping profiles measured in Ar-saturated
0.5 M H,SO4 solution. When comparing the pseudo-capacitive region of these
materials one can clearly see the difference promoted by the variation in the spe-
cific surface areas. Three main areas on the CV (Figure 2a) profile can be
observed with the peaks between 0.1-0.3 V corresponding to hydrogen desorption
and adsorption, then from 0.7 to 1.4 V the increase in current corresponds to Pd
surface oxidation, reduction of these oxides can be seen in the reverse scan by a
peak centred at 0.7 V. Shifts in the PdO reduction peak location have been
attributed to particle size as demonstrated by Jiang et al. when they decreased Pd
particle size from 16.7 to 3 nm and observed roughly a 50 mV negative potential
shift [36].
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Figure 2. (a) Cyclic voltammograms of Pd/C catalysts in Ar-saturated 0.5 M H>SO4
solution, v = 50 mV s! and (b) electro-oxidation of pre-adsorbed CO on Pd/C catalysts,
v=20mV s

With these materials a slight shift of the peak towards more negative potentials
can be observed in comparison to Pd/Vulcan, which could be due to higher degree
of agglomeration on Pd/Vulcan. These shifts have also been observed on PtNPs
in acidic media, where the shift was attributed to stronger adsorption of OH on
smaller particles as compared to larger ones [121]. This effect has also been
studied by Markovic and co-workers who measured potential of zero charge
during OH adsorption with various Pt particle sizes [122].
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Figure 3. (a) Cyclic voltammograms of Pd/C catalysts in Ar-saturated 0.1 M KOH
solution, v = 50 mV s™! and (b) electro-oxidation of pre-adsorbed CO on Pd/C catalysts,
v=20mV s

CO-stripping profiles and CV curves in alkaline solution are provided in Figure 3.
Compared to acidic media the hydrogen adsorption and desorption region is
suppressed, which is typical for Pd catalysts in alkaline media [123]. By looking
at PA/ECS-004201 a shift of the PdO reduction peak to more positive potentials
can be observed, while CO oxidation peak shifted negative, which could be due
to unique bimodal porosity or larger degree of agglomeration that was observed
on TEM images. Peak splitting and shifts for CO oxidation peak have been
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studied in acidic media for Pt, where the effect was ascribed to agglomeration
[124]. This shift however is only present in alkaline solution, which could suggest
that these shifts are promoted by the support material. In Figure 4, a comparison
of CVs of different Pd loading on ECS-004601 is displayed in both alkaline and
acidic environments. Since higher loading promotes agglomeration then similar
negative peak shifts as discussed earlier can also be seen when increasing the Pd
loading. ESA values were calculated assuming that scanning of potential to 1.4
V creates a monolayer of PdO and thus integrating the area under the reduction
peak of PdO and dividing by its corresponding charge density (424 uC cm™?) [125].
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Figure 4. (a) CV curves of Pd/C catalysts in Ar-saturated (a) 0.1 M KOH and
(b) 0.5 M H,SOy4 solutions, v=50 mV s,

6.1.3 ORR in 0.5 M H2SO4 on Pd/ECS catalyst materials

After CV and CO-stripping studies, the electrodes were moved to O-saturated
solution for ORR studies. Potential was scanned between 0.1 and 0.95 V at
10 mV s™'. RDE polarisation curves for a 30% Pd loaded ECS-003604 catalyst
are provided in Figure 5. Slightly lower than theoretical limiting current densities
are observed, which has been attributed to Nafion film in the literature [126].
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Figure 5. (a) RDE polarisation curves for oxygen reduction on a Pd30/ECS-003604
catalyst at various rotation rates in O,-saturated 0.5 M H,SOs solution. v =10 mV s™%. (b)
K-L plots for ORR (data derived from a). The inset shows the potential dependence of n.
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The RDE polarisation data was analysed using Eq. (7), and calculated »n values
were close to 4 (inset to Figure 5b), which suggest predominantly a 4¢™ pathway
for ORR on these catalysts.
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Figure 6. (a) Comparison of RDE results for ORR in O»-saturated 0.5 M H,SOj4 solution
on 20 wt% Pd/C catalysts. (b) Mass-transfer corrected Tafel plots for ORR, data derived
from (a). @ = 1900 rpm, v =10 mV s!. Current densities are normalised to the geometric
area of GC.

In Figure 6a a comparison of the ORR results for 20% Pd loading is presented for
all supports with corresponding Tafel plots displayed in Figure 6b. Tafel slopes
between —60 and —80 mV were observed in 0.5 M H,SOs4. Pd nanoparticles
supported on Vulcan carbon exhibit the highest £1,, out of all the materials, which
might be due to their higher ESA values. Similarly, all the catalyst materials
exhibit an increase in the ESA value (Table 1) when the Pd loading is increased.

Table 1. Kinetic parameters for ORR on Pd/C materials with varied Pd loadings in
0.5 M H,SO4. @ = 1900 rpm.

Catalyst ESA (cm?) | E1n(V) | SA at 0.85 V (mA cm™) | Tafel slope (V)
Pd20/Vulcan 2.07 0.78 0.042 -0.079
Pd30/Vulcan 2.67 0.80 0.059 -0.076
Pd40/Vulcan 3.28 0.81 0.063 —-0.069
Pd20/ECS-003604 1.60 0.73 0.049 —-0.064
Pd30/ECS-003604 2.67 0.75 0.036 -0.079
Pd40/ECS-003604 2.72 0.78 0.077 -0.074
Pd20/ECS-004601 1.96 0.76 0.050 -0.073
Pd30/ECS-004601 2.02 0.79 0.063 —0.063
Pd40/ECS-004601 2.98 0.79 0.057 -0.072
Pd20/ECS-004201 1.75 0.73 0.044 -0.076
Pd30/ECS-004201 2.17 0.76 0.069 -0.067
Pd40/ECS-004201 2.74 0.79 0.083 —-0.070
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In order to compare intrinsic activity of these catalysts the SA values for ORR
were calculated using Eq. (8). Generally specific activity is lower at lower Pd
loadings, which suggests agglomeration, as it has been shown that larger particles
have higher SA values [36]. From the studied ECS materials the ECS-004601
shows similar increase of SA to Vulcan carbon, while bimodal ECS-004201
support shows improved activity. Nitrogen-doped mesoporous carbons have
shown to have higher activity when compared to undoped materials, however,
the pore size distribution within the mesoporous carbon material has not been
discussed [67]. Synergistic effects have been reported by Guo et al. with non-
doped carbon showing lower activity but diffusion limited currents suggest other
issues that might affect the activity of the catalysts besides N-doping [127].
Nitrogen-doped graphene as a catalyst support has been reported to reduce the
energy barrier for O, dissociation [128], but due to much higher activity of metal
nanoparticles as compared to N-doped carbon in acidic solutions [129] the
likelihood of reaction occurring on the support is very low. Another claim to
increased activity for the N-doped carbon supports is attributed to their ability to
facilitate more anchoring sites for Pd nanoparticles leading to better dispersion of
PdANPs [88, 130]. Increase in support conductivity due to N-doping leading to
improved ORR activity has also been suggested [131]. Increase in activity due to
presence of atomic Pd-N sites has been studied where significant proportion of
activity increase was attributed to these sub-nanometre Pd sites [66, 70].

6.1.4 ORR in 0.1 M KOH on Pd/ECS catalyst materials

ORR polarisation curves for a PA30/ECS-003604 catalyst in 0.1 M KOH are
provided in Figure 7a with corresponding K-L plots in Figure 7b.
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Figure 7. (a) RDE polarisation curves for oxygen reduction on a Pd30/ECS-003604
catalyst at various rotation rates in O,-saturated 0.1 M KOH solution. v=10mV s\
(b) K-L plots for ORR (data derived from a). The inset shows the potential dependence

of n.
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Using the K-L analysis the n values were calculated by Eq. (7) and these values
are shown in the inset of Figure 7b. The K-L analysis for all the materials gave n
values close to four which suggests a 4¢- ORR pathway.
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Figure 8. (a) Comparison of RDE results for ORR in Os-saturated 0.1 M KOH solution
on Pd/C catalysts. (b) Mass-transfer corrected Tafel plots for ORR, data derived from (a).
® = 1900 rpm, v=10 mV s™". Current densities are normalised to the geometric area of GC.

20% Pd-loaded catalysts were compared in 0.1 M KOH and this comparison is
displayed in Figure 8a with the corresponding Tafel plots in Figure 8b. SA values
calculated using Eq. (8) are provided in Table 2.

Table 2. Kinetic parameters of ORR for Pd/C catalysts with different loadings in 0.1 M
KOH. @ = 1900 rpm.

Catalyst ESA (cm?) | E1n(V) | SAat0.95 V (mA cm?) |Tafel slope (V)
Pd20/Vulcan 3.18 0.91 0.081 —0.065
Pd30/Vulcan 3.50 0.92 0.092 —-0.060
Pd40/Vulcan 3.94 0.92 0.078 —0.068
Pd20/ECS-003604 2.08 0.88 0.064 —-0.072
Pd30/ECS-003604 2.57 0.89 0.076 -0.078
Pd40/ECS-003604 3.14 0.91 0.073 —0.065
Pd20/ECS-004601 2.75 0.90 0.068 —-0.070
Pd30/ECS-004601 3.54 0.91 0.071 —-0.061
Pd40/ECS-004601 3.95 0.91 0.078 -0.077
Pd20/ECS-004201 1.69 0.89 0.080 —0.061
Pd30/ECS-004201 1.83 0.89 0.077 —0.065
Pd40/ECS-004201 2.55 0.90 0.082 -0.067

The SA values determined in alkaline solution show a significantly lower
variation between the materials as compared to the results obtained in HoSOs. As
a support material the bimodal ECS-004201 outperforms the unimodal
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ECS-004601 in terms of specific activity, but ESA values for these materials
differ greatly, which might play a role in the SA difference. Analogously to acidic
conditions, the Tafel slope values vary between —60 and —80 mV. —-60 mV Tafel
slope is suggested to correspond to Pd catalyst covered by oxides [132] with rate-
determining step being the transfer of the first electron to the O, molecule [22,
133]. Higher slope values observed in this work could suggest that N-doping
reduces the oxide coverage of Pd, which could result in higher Tafel slope values.
Similarly, higher Tafel slope values have been attributed to lower oxide coverage
in case of Pd nanocubes [134].
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Figure 9. Comparison of RDE results for ORR on Pd/ECS-004201 catalysts of various
Pd loading in (a) O-saturated 0.1 M KOH and (b) 0.5 M H,SO4 solutions. w = 1900 rpm,
v=10mV s!. Current densities are normalised to the geometric area of GC.

Figure 9 presents the electrochemical ORR behaviour of different loadings of Pd
on the ECS-004201 support in both alkaline (9a) and acidic (9b) media. A slight
increase in £, can be observed with increasing Pd loading. Furthermore, by
comparing these support materials with Pd/C materials a significant increase in
ORR activity can be observed in both alkaline and especially in acidic conditions.

6.1.5 AEMFC single cell testing with Pd40/ECS-003604 cathode

AEMFC single cell comparison for 40% Pd loading on Vulcan and ECS-003604
are provided in Figure 10. By comparing the peak power density (Pmax) values
between these two materials it is evident that significant increase on engineered
carbon support can be observed. Since the Pd particles for both catalysts have
same size, the increase could be attributed to either mesoporosity or N-doping of
the support. Mesoporosity could provide better mass transport, while N-doping
could facilitate better Pd particle dispersion on the catalyst and provide better
AEMFC performance. Similar P, increase has been previously noted on N-
doped graphene supported Pd catalyst when comparing to Pd/Vulcan as Prax
increased from 189 to 250 mW c¢m 2 [135]. By comparing undoped Pd/CNT and
Pd/Vulcan the Py increase from 26.2 to 42 mW cm 2 could be observed [136].
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Figure 10. Single cell AEMFC polarisation and power density curves with Pd40/ECS-
003604 and Pd40/Vulcan cathodes (loading 0.4 mgps cm™2) and HMT-PMBI AEM. The
anode was a commercial PtRu/C (loading 0.8 mgpr, cm2). T = 60 °C, 100% RH,
backpressure = 200 kPa.

6.2 Oxygen reduction on cubic PANPs supported
on Vulcan carbon

In this part of the work cubic PANPs were studied on Vulcan carbon support [II,
III]. Three different sized Pd nanocubes (~30, ~10 and ~7 nm) were studied. The
catalysts prepared with a loading of 20% Pd are named PdCub1-20, PdCub2-20,
PdCub3-20 for ~30, ~10 and ~7 nm Pd nanocubes, respectively. With ~30 nm
cubes 50% loading was also tested (PdCub1-50). These results were compared to
2-5 nm spherical particles PdSph-20 with 20 wt% Pd.

6.2.1 Physical characterisation of cubic Pd/C catalysts

In Figure 11 a set of TEM images of Pd nanocubes supported on Vulcan carbon
can be seen. Majority of these Pd particles have cubic shape. Size of the particles
depends on the chosen synthesis method with sizes being about 30 nm for
synthesis that used CTAB while 10 and 7 nm particles used the PVP method.
Spherical Pd particles prepared using citrate method with sizes around 2—5 nm
can be seen in Figure 11d. The particles prepared by the CTAB method have been
previously studied without carbon support [25, 90, 137], so we can safely assume
that the prevailing crystal facet on these nanoparticles is Pd(100).
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Figure 11. TEM images of carbon-supported Pd nanocubes (a) PdCub1-20, (b) PdCubl-
50, (c) PdCub2-20 and (d) PdCub3-20.

6.2.2 CO-stripping and CV studies on cubic Pd/C catalysts

Before the ORR experiments, the electrocatalyst materials were cleaned and
characterised with cyclic voltammetry and using CO adsorption followed by its
electro-oxidation. CO was oxidised by scanning up to 1 V, which resulted in a
peak at around ~0.8 V. For ESA calculation the electrodes were cycled between
0.1 and 1.4 V. Typical CV curves for Pd nanocubes can be seen in Figure 12,
similar cyclic voltammograms have been observed in alkaline solution in the
previous part of this thesis [II]. Slight shift of PdO reduction peak to more
negative potentials with decreasing the Pd particle size can be observed. This
could be explained similarly to previous work, where it was found that the smaller
Pd particles adsorb OH™ ions more strongly [36].
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Figure 12. (a) Electro-oxidation of pre-adsorbed CO on PdCub3-20,v= 20 mV s\

(b) CVs of carbon-supported Pd nanocubes in Ar-saturated 0.1 M KOH, v= 50 mV s\,
Current densities are normalised to the geometric area of GC.

6.2.3 Oxygen reduction in 0.1 M HCIO4on cubic Pd/C catalysts

RDE data comparison with corresponding Tafel plots can be seen in Figure 13. The
n values calculated using Eq. (7) were close to 4 for all of the catalysts studied.
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Figure 13. (a) Comparison of RDE voltammetry curves for ORR on Pd/C catalysts in O»-
saturated 0.1 M HCIO; and (b) the corresponding Tafel plots. @ = 1900 rpm, v=10mV s..

By comparing the polarisation curves of different Pd loading we can see an obvi-
ous increase in onset and half-wave potential values. Half-wave potentials follow
the order: PdCub1-20 < PdCub3-20 =~ PdCub2-20 < PdCub1-50 < PdSph-20, which
is dependent on the Pd particle size, since smaller particles have higher ESA value
at similar loading.

For better comparison of the ORR activity between these catalysts the values
of SA are calculated using Eq. (8). By comparing the SA values of PdCub1-20
and PdCub1-50 we can conclude that the SA values are independent of Pd loading.
The ORR kinetic parameters in Table 3 indicate that the SA values for PdCubl
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are higher than those of PdCub2 and PdCub3. This, however, could be explained
by the particle size effect, since it has been shown that larger particles tend to
have higher specific activity [38, 85]. Another reason for the lower activity of
smaller particles may be due to varying proportion of the most active (100) facets
that may be lower in case of smaller nanocubes due to truncations. Third possible
reason for the lower activity of Pd nanocubes prepared by PVP method is
insufficient removal of PVP. If PVP is not completely removed from the catalyst
surface it can block the active sites and reduce the accessibility of O, molecules
to PANP sites [138]. Around 2 times higher specific activity can be observed for
cubic PANPs (PdCub1-20, 0.20 mA cm %) in comparison to spherical particles
PdSph-20 (0.08 mA cm?), which can be attributed to smaller size of spherical
particles and different surface crystallography. When comparing cubic particles
in HCIO4 solution Shao et al. showed 10 times activity difference between cubic
and octahedral particles, which reinforces notion of this activity increase being
due to shape control [134]. To further evaluate the ORR activity of these particles
the MA values were also calculated. Mass activities follow the trend of smaller
particles to have higher mass activity. However, the catalyst with 50% Pd loading
showed lower MA suggesting poor Pd utilisation at such high loadings.

Table 3. Kinetic parameters for oxygen reduction on Pd/C catalysts in 0.1 M HCIOs.
o = 1900 rpm.

Tafel

slope SA at 0.85 V| MA at 0.85
Catalyst (mV) |Eip (V)| (mAcm™@) | V(Ag™)
PdCubl1-20 | -136| 0.65 0.24 26
PdCubl-50 | -140 | 0.74 0.27 21
PdCub2-20 | -138 | 0.69 0.18 28
PdCub3-20 | -120| 0.69 0.16 29
PdSph-20 -124 | 0.77 0.12 37
comm. Pd/C | -124 | 0.78 0.13 34

Two regions of different Tafel slope values were distinguished. Tafel slopes at
low current densities were near —90 mV but increased to above —120 mV at higher
current densities. Slope value for spherical PANPs and commercial Pd/C was
around —65 mV, which increased to —120 mV in high current density ranges. The
obtained Tafel slope values for non-spherical particles are somewhat higher than
the usually observed —120 mV, however unsupported Pd nanocubes have
previously given slope values of up to —150 mV [25]. Higher values in the low
current density region might be due to lower oxide coverage of these particles
similar to discussion in [I]. Lower oxide coverage on Pd nanocubes was also
noted by Shao et al., when observing oxygen-containing species on Pd nanocubes
and octahedra [134]. Generally, the Tafel slope values close to —120 mV suggest
that electrode is free from PdO and the ORR proceeds with rate-limiting step
being transfer of the first electron to O, molecule [22, 25, 133].
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6.2.4 Oxygen reduction in 0.1 M KOH on cubic Pd/C catalysts

Typical RDE results for PdCub3-20 obtained in 0.1 M KOH are provided in
Figure 14a. Eq. (7) was used to obtain the K-L plots (Figure 14b), with the inset
of Figure 14b displaying n-£ dependence. Current density plateaus observed in
Figure 14c are slightly lower than those observed for bulk Pd [25], which could
be attributed to Nafion [126] as it has been show that Nafion promotes 2-electron
ORR and thus decreases limiting current density. Tafel plots derived from the
RDE data are presented in Figure 14d. The variations observed in the diffusion-
limited currents can be attributed to uneven thickness of the catalyst layer or
geometric area of the electrode.
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Figure 14. (a) A set of RDE results of PdCub3-20 in Os-saturated 0.1 M KOH and
(b) corresponding K-L plots, inset shows the potential dependence of . (c) Comparison
of RDE voltammetry curves for oxygen reduction on Pd/C catalysts in O»-saturated
0.1 M KOH and (d) corresponding Tafel plots, @ = 1900 rpm, v =10 mV s

Half-wave potentials follow the order: PdCub1-50 > PdCub3-20 > PdCub2-20 =
PdSph-20 = commercial Pd/C > PdCub1-20. Both SA and MA values were
calculated according to Eqgs. (8) and (9), respectively. The SA values at 0.9 V
increased in the following order: PdSph-20 (0.15 + 0.08 mA c¢cm?) < commercial
Pd/C (0.21 £ 0.09 mA cm %) < PdCub3-20 (0.37 + 0.10 mA ¢cm?) < PdCub2-20
(0.42 £ 0.05 mA cm?) < PdCubl-50 (0.50 + 0.08 mA cm?) < PdCubl1-20
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(0.55+ 0.08 mA cm?). Threefold increase of SA values can be observed for
PdCub1-20 as compared to spherical particles. Lower SA values for PdCub2-20
and PdCub3-20 might be due to truncation or smaller particle size. Lower SA
values of spherical particles are in good agreement with literature [25]. However,
contradicting results have been obtained by Shao et al. in alkaline solution where
no structural dependence between Pd nanocubes, octahedra and conventional
spherical particles was observed [31]. It has also been shown that the SA increases
with the Pd particle size [36] in which case the activity increase could be either
attributed to increase in particle size and/or to the relative amount of Pd(100)
crystal facets. The MA values at 0.9 V decreased in the order of PdSph-20
(101 £13 A g ")>PdCub3-20 (87 = 16 A g ') = commercial Pd/C (87 £+ 12A g ') >
PdCub2-20 (62 + 11 A g') > PdCub1-20 (59 +12 A g ') > PdCub1-50 (38 =
9 A g"), which similarly to acidic conditions follow the particle sizes, and like in
acid a lower mass activity can be observed for 50 wt% Pd catalyst due to poor Pd
utilisation. However, the mass activity of commercial Pd/C was matched by
PdCub3-20. It has been reported that Pd/C in alkaline media has a maximum MA
at ~5 nm particle size [36] suggesting that further optimisation of these nanocubes
could be done.

To further analyse the RDE data Tafel plots were constructed. In alkaline
media the Tafel slope values were around —65 mV at low current densities and —
120 mV at high current densities, suggesting that no change in the reaction
mechanism or oxide coverage of these catalysts occurred in the potential regions
chosen for analysis as these are typical Tafel slope values as reported in literature
[25, 27, 30, 36, 133].

6.3 ORR on Pd/CDC electrocatalysts

Due to their tuneable porosity CDC materials could provide an opportunity to
optimise the dispersion and accessibility of Pd particles for ORR [IV]. Within
this part, 4 different CDC materials were studied as Pd catalyst supports, where
Pd particles were prepared with simple borohydride reaction. The CDCs were
prepared from TiC, Mo,C and SiC. With CDC1 and CDC2 being from TiC,
CDC4 from Mo,C and CDCS5 from SiC. These CDC-supported Pd catalyst
materials were studied in 0.1 M KOH and 0.1 M HCIO; solutions.

6.3.1 Study of textural properties of Pd/CDC materials

The initial specific surface areas of these CDC materials were measured: CDC1
(SeEr=1493 m* g '), CDC2 (Sper=1997 m* g "), CDC4 (Sper=1735 m* g '), CDC5
(Sper=1548 m* g !). Since the CDC particles were too large to apply as catalyst
support materials, they were ball-milled to reduce their grain size, however this
process destroys some of the micro- and mesoporosity of these supports. After
ball-milling and Pd deposition the measured BET surface areas were: Pd/CDCI1
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(Sper=355m? g "), PA/CDC2 (Sper=517 m? g '), Pd/CDC4 (Sper=365 m* g ') and
Pd/CDCS5 (Sper=746 m”> g '). Pore size distribution (PSD) graphs for these Pd
catalysts are provided in Figure 15. From PSD graph we can see that all of these
materials are microporous with very small sub 1 nm pores but Pd/CDC5 has
higher number of larger 1-3 nm pores available.
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Figure 15. Pore size distribution of Pd/CDC samples.

6.3.2 Raman analysis of Pd/CDC materials

First-order Raman spectra of Pd/CDC materials are provided in Figure 16. Raman
spectra were first normalised to the intensity of G peak and then fitted according
to the recommendation of Sadezky et al. [139] with four curves: three Lorentzian
(D4~1180 cm™, DI~1350cm™!, G~1580cm™') and one Gaussian peak
(D3~1500 cm™"). The Ipi/l ratio values were calculated for Pd/CDC1 (1.83),
Pd/CDC2 (1.60), Pd/CDC4 (1.64), Pd/CDCS5 (2.01) and Pd/Vulcan (1.79). The D
bands were analysed with D1 corresponding to high number of defects and
disorder and D3 and D4 are associated with amorphous carbon [140]. The /Ipi/l
ratio suggests the presence of high level of disorder and defects on all of these
catalyst materials.
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Figure 16. Raman spectra of Pd/CDC materials.
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6.3.3 Surface characterisation of Pd/CDC materials

SEM images in Figure 17 show that Pd/CDC4 catalyst displays higher degree of
agglomeration in comparison to the rest of the catalysts. From less zoomed
versions of these images also larger CDC particles could be seen that milling was
uneven and some larger CDC particles were present (up to 6 um in case of CDC4
and CDCS5 and up to 2 pm in case of CDC1 and CDC2). From SEM images Pd
particle sizes of around 8 nm could be observed on all CDC materials.
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Figure 17. SEM images of (a) Pd/CDC1, (b) Pd/CDC2, (c) Pd/CDC4 and (d) Pd/CDC5
samples.

For better particle size determination, the TEM images were obtained. Average
particle sizes counted from Figure 18 are listed in Tables 4 and 5. Best dispersion
of Pd nanoparticles was observed on Pd/CDC2 catalyst, which can be due to
higher amount of smaller micropores, where the deposition of metal can occur.
Similar effect has been also observed by Kumar et al. who showed that lower
number of micropores result in agglomerated Pd particles [49].
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Figure 18. TEM images of (a) Pd/CDCI, (b) Pd/CDC2, (¢) Pd/CDC4 and (d) Pd/CDC5
samples.

6.3.4 Thermogravimetry and MP-AES of Pd/CDC materials

TGA curves for Pd/CDCS5 in comparison to Pd/Vulcan are provided in Figure 19.
We can see that higher than 20% of mass remained, which can be attributed to
Z10O; introduced during intensive ball-milling process. For this reason, MP-AES
was used to evaluate the true Pd content in all these materials. The Pd content of
the catalysts were following: Pd/CDC1 19.2%, Pd/CDC2 22.8%, Pd/CDC4
15.7%, Pd/CDCS 20.8% and Pd/Vulcan 16.2%.
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Figure 19. TGA curves of CDCS and Vulcan carbon-supported palladium catalysts in
comparison to commercial Pd/C catalyst.

6.3.5 CV and CO-stripping studies of Pd/CDC materials

Similarly, to previous parts of this thesis [LII and III] CV and CO-stripping was
employed for surface characterisation and cleaning. Typical cyclic voltammetry
profiles for Pd catalysts in both alkaline (Figure 20a) and acidic media (Figure
21a) were observed.
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Figure 20. (a) Cyclic voltammograms of Pd/C catalysts in Ar-saturated 0.1 KOH solution,
v =50 mV s™! and (b) electro-oxidation of pre-adsorbed CO, v =10 mV s\

Within this part of the work the value of ESA was also calculated using the CO
oxidation peak. There was a good agreement between the ESA values calculated
from CV and CO-stripping peaks, so only ESA values determined from the cyclic
voltammograms are provided in Tables 4 and 5. Similarly, to work done on
Pajarito Powder engineered catalyst supports [I] we can observe that the CO-
stripping peak in alkaline solution is shifted (Figure 20b), while in acidic media
(Figure 21b) it remains same. There should not be any crystallographic difference
between the obtained catalysts in both works (since ECS-supported Pd particles
were prepared using one-pot method) and the N-doping is present in only in part
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(section 6.1) of this work, these shifts are most likely due to the porosity of the
support material. Furthermore, crystallographic differences between Pd particles
should be visible in the CO-stripping study in acidic conditions [141]. In Table 5
the lower ESA value of Pd/CDC4 is reflective of the agglomeration of Pd
particles observed during the SEM studies.
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Figure 21. (a) Cyclic voltammograms of Pd/CDC catalysts in Ar-saturated 0.1 M HCIO4

solution, v = 50 mV s™! and (b) electro-oxidation of pre-adsorbed CO, v = 10 mV s\,

6.3.6 Oxygen reduction in 0.1 M HCIO4 on Pd/CDC materials

The K-L analysis was used according to Eq. (7). All of the catalysts showed the
n value close to 4 suggesting predominantly a 4-electron pathway for the ORR.
Slightly lower n values in the presence of Nafion have been previously noted
since on Nafion the ORR proceeds through 2e +2e™ pathway [126, 142].
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Figure 22. (a) Comparison of RDE results for ORR in O,-saturated 0.1 M HClO4 solution
on Pd/CDC and Pd/C catalysts. (b) Mass-transfer-corrected Tafel plots for ORR (data

derived from a). @ = 1900 rpm, v= 10 mV s7'.
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Comparison between the catalyst materials at a single electrode rotation rate in
perchloric acid solution can be found in Figure 22a with corresponding Tafel
plots in Figure 22b.

Table 4. Kinetic parameters for ORR on different Pd/C catalysts in 0.1 M HC1O4 solution.
o = 1900 rpm.

Particle ECSA SA at 0.9 V | Tafel slope

Catalyst size (nm) (cm?) (mA cm™?) (mV) Ein (V)
Pd/CDCl1 79 +1.9 |1.04 £0.12| 0.035£0.006| -76+7 [0.721+0.009
Pd/CDC2 7.3 +1.8 |1.06 £0.04| 0.057£0.008| —-60+3 [0.798+ 0.002
Pd/CDC4 103 £2.2 10.60 £0.07| 0.057+£0.002| —-76+6 |0.769+0.013
Pd/CDC5 90+14 [0.88+0.04| 0.055+0.010| -68+3 |[0.722+0.004
Pd/Vulcan 50+14 |125+0.12| 0.015£0.005| -57+2 0.82 +£0.003
Comm. Pd/CI?] 3.5 3.6 0.036 -58 0.80

[a] values taken from [IV]

By comparing the SA values in Table 4, we can see the agglomerated Pd/CDC4
has similar specific activity to Pd/CDC5 and PACDC2. The SA difference of
Pd/CDC1 and Pd/CDC4 can be ascribed to either larger particle size or higher
availability of mesopores. Better ORR performance of Pd/CDC2 as compared to
Pd/CDC1 might be due to the treatment of the CDC1 material with water vapour.
Comparing the CDC4 material which had the lowest number of micropores and
highest degree of Pd agglomeration to literature then similar effects have been
noted where a collapse of micropores led to Pd agglomeration [49]. The Raman
spectra of all the Pd/CDC catalyst materials were rather similar, thus the CDC
supports used should be of fairly similar structure. Tafel slope values for these
Pd/CDC materials were only determined at low current densities and showed
slightly higher values than the usual -60 mV.

6.3.7 Oxygen reduction in 0.1 M KOH on Pd/CDC materials

The n values determined for all the Pd/CDC catalysts were close to 4. Different
catalysts are compared at the same electrode rotation speed and are provided in
Figure 23. Differences in the diffusion-limited currents could be due to differences
in the CDC grain sizes, which varied somewhat and thus affect the coverage of
the working electrode.
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Figure 23. (a) Comparison of RDE results for ORR in O,-saturated 0.1 M KOH solution
on Pd/CDC and Pd/C catalysts. (b) Mass-transfer-corrected Tafel plots for ORR (data
derived from a). @ = 1900 rpm, v=10 mV s\,

Table 5. Kinetic parameters for ORR on different Pd/C catalysts in 0.1 M KOH solution.

o = 1900 rpm.

Particle SA at 0.95 V | Tafel slope

Catalyst size (nm) | ESA (cm?) | (mA cm™) (mV) Ein (V)
Pd/CDCl1 79+19 | 1.07+0.11| 0.100+0.018 | —67+3 0.878+0.003
Pd/CDC2 73+1.8 | 1.06£0.05| 0.131£0.014| —-61=£2 0.896=+ 0.004
Pd/CDC4 10.3+2.2 | 0.53£0.13| 0.159+£0.017| -71+4 0.873+0.009
Pd/CDC5 9.0£14 | 1.21+0.09| 0.095+0.010 | —79+2 0.867+ 0.006
Pd/Vulcan 59+1.4 | 1.22+0.09| 0.086+0.012| —-81+4 0.848+0.008
Comm. Pd/CE® | 3.5 3.42 0.04 -92 0.87

[a] values taken from [IV]

Due to PANP agglomeration, a higher SA could be observed for Pd/CDC4, which
had agglomerated Pd particles as seen in SEM images (Figure 17). In an earlier
work it has been shown that larger Pd particles have higher SA value [6]. All
Pd/CDC catalysts prepared within this part surpassed the SA of commercial Pd/C
catalyst, but it might be due to the smaller particle size of the commercial Pd/C,
which was around 3.5 nm [V]. Ei» comparison shows that the Pd/Vulcan and
Pd/CDC4 possess the lowest values. These results show that higher SA values
could be achieved by using CDC as a support material in comparison to
conventional carbon black. Similarly, using 3D graphene nanosheets as a Pd
catalyst support, a better dispersion of PANPs could be achieved in comparison to
Vulcan carbon [51]. Applying Tafel analysis the slope values about -60 mV could
be observed, however with some materials increase to —90 mV could be observed.
Higher Tafel slope values have been previously reported for PANPs supported on
carbon materials [3, 25, 143].
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6.3.8 Stability testing of Pd/CDC2 electrocatalyst

Stability testing in alkaline solution was carried out with the catalyst that displayed
the best ORR performance (Pd/CDC2). Figure 24 shows the ORR polarisation
curves measured before and after the 2000 potential cycles between 0.4—0.9 V at
100 mV s™'. After 2000 cycles the catalyst Pd/CDC2 lost about 22% of its ESA
and 3.5% of its SA. The E/ value decreased by 20 mV after stability testing.

—— Pd/CDC2 initial
- - -Pd/CDC2 final

2
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Figure 24. ORR polarisation curves of Pd/CDC2 before and after 2000 potential cycles
between 0.4 and 0.9 V in O,-saturated 0.1 M KOH solution. v =10 mV s}, @ = 1900 rpm.

6.4 Electrodeposited Pd/C as ORR catalyst

In this part of the work Pd was electrodeposited on various carbon supports [V].
Eight different support materials were used and two different deposition pulse
potentials were employed. Carbon nanotubes and CNT containing materials were
studied as support before electrochemical activation and after electrochemical
activation, this activation process was tried out on GNP-CNT support as well.
Rest of the supports were Vulcan carbon, graphene nanosheets and graphene
nanopellets. Materials were named as Pd/used material with letter ‘a’ at the end
indicating electrochemical activation. Subscript at the end of H or L were used for
high and low overpotential deposition, respectively.

6.4.1 SEM and TEM studies of electrodeposited Pd/C

SEM images for the electrodeposited Pd catalysts at higher overpotential are
presented in Figure 25. When looking at the Pd deposits on the CNT surface
(Figure 25a) the Pd catalyst is concentrated on the defects and ends of CNTs. By
comparing these deposits with the ones prepared using lower overpotential, not
much difference could be seen (image not shown). On the surface of GNS a more
uniform dispersion of Pd spherical particles with very little agglomeration can be
observed (Figure 25¢), however with TEM some larger dendrites of Pd are present
(Figure 26d).
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Figure 25. SEM images of: (a) Pd/CNTy, (b) Pd/CNTay, (c¢) Pd/GNSy, (d) Pd/GNPy,
(e) PA/CNT-GNPy and (f) Pd/CBy samples.
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100 nm

Figure 26. TEM images of Pd/C catalysts: (a) Pd/CNTa, (b) Pd/GNP, (c¢) Pd/CB and
(d) Pd/GNS samples.

For electrodeposited Pd on the GNP surface (Figure 25d) we can see larger Pd
particles, but there are also smaller particles formed. At lower overpotential we
can observe less of these Pd particles as compared to higher overpotential
deposition, however, increase in the number of smaller particles was accompanied
by growth of the larger particles. Mendoza-Huizar et al. noticed similar increase on
HOPG [144]. These larger Pd deposits on graphene are mostly shaped as nanowires.
Similarly, Xiao and others have noted nanowire deposition without any additives
and attributed the shape-controlled growth to CI™ anions [33]. Since the deposi-
tion on CNTs was rather uneven a composite of CNT-GNP material was also tested
as a support (Figure 25c). Again, at a higher overpotential increased number of
smaller particles could be observed but regardless of the overpotential leaf-like
growth of larger Pd particles was noted. With composite support we could
observe some of the Pd particles were depositing on the surface of CNTs at higher
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overpotential, which was not the case for direct deposition onto CNT surfaces.
Vulcan carbon and GNP both resulted in Pd nanowire-like structures, however
with CB at higher overpotential flower-like structures of Pd could be observed.
When studying the effects of electrochemical activation of the CNTs an increased
number of sites for Pd deposition is evident from Figure 25b and Pd coverage on
CNTs has improved, with nanowire and spherical particles can now be found on
the surface of CNTs. Aggregates of PANPs, which could be observed on the non-
activated Pd/CNT, however, remain. Depositing on the surface of CNTa at lower
overpotential no Pd particles were seen on the TEM images suggesting that Pd
did not deposit.

Average Pd particle sizes for CNT (5.4 nm), GNP (5.2 nm), CB (4.2 nm) and
GNS (2.3 nm) supports were counted from TEM images (Figure 26). From these
results we can see how the support material can affect the deposited particle size.
By comparing particle sizes obtained from lower overpotential to higher over-
potential, we could observe that the particle sizes were larger at lower over-
potential. This effect was most prominent in the case of GNS where at lower
overpotential the formed PdNPs varied in size between 2 and 15 nm, while at
higher overpotential well-dispersed smaller Pd particles were observed. It was
also noticed that graphene and carbon black supports promote dendritic growth
of PdNPs.

6.4.2 CV and CO studies of electrodeposited Pd/C

After Pd deposition the electrodes were washed and moved to an electrochemical
cell containing deaerated 0.1 M KOH, in which CO adsorption and oxidation was
carried out in order to clean the catalyst materials from chloride contamination.
CO-stripping voltammograms are shown in Figure 27.
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Figure 27. Oxidation of pre-adsorbed CO on Pd/C catalysts in Ar-saturated 0.1 M KOH
solution, v = 20 mV s~!. Current densities are normalised to the geometric area of GC.
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Slight shifts in CO oxidation peaks could be observed. For CNT-supported Pd
particles there are two peaks observed. In acidic media the shifts of CO oxidation
peak have been shown to be influenced by the exposed Pd facet [141]. While no
similar study has been carried out in alkaline. However, previous works [I] and
[IV] have shown that the support material porosity can have an effect on the CO-
oxidation peak location.
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Figure 28. Cyclic voltammograms of Pd/C catalysts in Ar-saturated 0.1 M KOH solution
electrodeposited at (a) lower overpotential and (b) higher overpotential, v = 50 mV s,
Current densities are normalised to geometric area of GC.

CV curves between 0.1 and 1.4 V were recorded before and after the CO oxidation
experiment, around 15% increase in ESA values was observed. This suggests that
the CO oxidation was necessary for cleaning of the Pd nanoparticles as it has been
shown that chloride is strongly adsorbed on Pd surfaces in acidic conditions [145].
Figure 28 shows the CV curves measured after the CO-stripping. Good agreement
between the PdO reduction and CO oxidation peak areas was noted. ESA values
are provided in Table 6. Typical CV curves of Pd catalysts deposited at lower
(Figure 28a) and higher overpotential (Figure 28b) show the PdO reduction peak
centred at 0.65 V.

6.4.3 ORR in 0.1 M KOH on electrodeposited Pd/C

After CV studies the electrodes were moved to oxygen-saturated solution. The
K-L analysis of RDE data was carried out using Eq. (7). The n values were
calculated for all the catalyst materials and it was found to be close to 4.

The ORR results of the first batch of catalysts that were prepared with 500
cycles by stepping between 0 and 0.85 V can be seen in Figure 29a. A well-defined
diffusion-limited current plateau is formed for all of the catalysts. Again, dif-
ferences in the diffusion-limited currents between the different supports can be seen,
which most likely comes from different coverage of the working electrode. It can
be seen that £, decreases with ESA with Pd/GNSy. having the highest ESA value.
Tafel plots for these catalysts are presented in Figure 29b.
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Figure 29. (a) Comparison of RDE results for ORR in O;-saturated 0.1 M KOH solution
on Pd/C catalysts deposited at a lower overpotential. (b) Mass-transfer corrected Tafel
plots for ORR. @ = 1900 rpm, v=10 mV s ..

Second batch of catalysts deposited at a higher overpotential is shown in Figure
30. O, reduction half-wave potential has improved significantly as compared to
the catalysts deposited at lower overpotential. Highest impact on the £, value is
observed in the case of PA/CNT and Pd/GNP, which improved by 20 mV and 50
mV respectively. Mass of these Pd deposits is not determined since the current
efficiency of Pd deposition is unknown, but it is worth noting that there has been
a study showing a lower than 4% current efficiency at —0.6 V (vs SCE) for Pd
deposition [146]. Tafel plots for the materials deposited at high overpotential are
provided in Figure 30b.
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Figure 30. (a) Comparison of RDE results for ORR in O;-saturated 0.1 M KOH solution
on Pd/C catalysts deposited at a higher overpotential. (b) Mass-transfer corrected Tafel
plots for ORR. @ = 1900 rpm, v=10 mV s ..

Surface activation of the carbon material has been studied in several publications

in order to obtain better dispersion of nanoparticles [49, 147, 148]. On electro-
chemically activated carbon black Maniam et al. showed good dispersion of
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PdNPs [147]. Since the electrocatalytic activity of the Pd/CNT catalyst materials
obtained in this part of work was poor, the electrochemical activation process was
employed. Effects of the activation process can be seen in Figure 31a with
corresponding Tafel plots in Figure 31b. Comparing non-activated CNTs with
the activated ones we can see that the activation process increased the ESA
(Figure 28) and electrocatalytic activity for ORR (Figure 31). Contrasting results
were obtained with the CNT-GNP composite as the effect was reversed, however,
in case of CNT-GNP most of the Pd catalyst is deposited on the surface of
graphene. When we employed this activation process for the GNP support a
similar loss in ESA could be observed. In literature, similar effect of reduction of
the ESA value was observed on GO, when it was not sufficiently reduced, the
resulting decreased conductivity led to lower ESA values [52]. On the other hand
the reduction of GO can lead to improved peroxide production during the ORR
process [149].
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Figure 31. (a) Comparison of RDE voltammetry curves for ORR in Os-saturated
0.1 M KOH solution on Pd/C catalysts with or without electrochemically activating the
carbon material. (b) Corresponding Tafel plots for ORR. @ = 1900 rpm, v= 10 mV s,
Current densities are normalised to the geometric area of GC.

SA values were calculated in order to compare the intrinsic ORR electrocatalytic
activity of these catalysts using Eq. (8) and are listed in Table 6.

Comparing the ESA values, we can see 1.5-2-fold increase between low and
high overpotentials applied during the electrodeposition with the exception of
GNP where the increase was only 10 %. Looking at the effectiveness of activation
for CNTs we can see that the activation process doubled ESA value while a
decrease was noted on CNT-GNP. The observed high SA values of Pd/CNT
materials may be due to the low ESA that could skew the results, since the
determination of ESA values might not be as accurate and PdO reduction peak
could combine with quinone peaks that can be found near the same potentials
[150]. This could also explain the decrease of SA with activated CNTs as
compared to non-activated material since significantly higher ESA could be
observed with CNTa. High SA values for all of the catalysts were observed, with
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similar activity to 7 nm Pd nanocubes observed in publication [III] and we can
see 1.5-fold increase in SA as compared to commercial Pd/C.

Table 6. Kinetic parameters for ORR of different Pd/C catalysts in 0.1 M KOH solution.
o = 1900 rpm.

SAat0.9V | Tafel slope® | Tafel slopel®
Catalyst A (cm?) | (mA cm™?) (mV) (mV) Ein (V)
Pd/CNTL 0.08 0.67 =57 -74 0.78
Pd/CNTar 0.18 0.41 =51 =76 0.81
PdCNTy 0.19 0.44 —61 -82 0.80
Pd/CNTay 0.40 0.31 -59 -78 0.83
Pd/GNS. 0.59 0.38 —78 -113 0.83
Pd/GNSy 1.17 0.37 =79 -134 0.84
Pd/GNPL 0.43 0.34 -92 —133 0.77
Pd/GNPyu 0.50 0.34 —78 -99 0.82
Pd/CNT-GNP, 0.57 0.35 -74 -111 0.82
Pd/CNT-GNPy 0.85 0.32 -90 -123 0.83
Pd/CNT-GNPay 0.67 0.26 =75 -110 0.83
Pd/CBL 0.41 0.41 -78 -117 0.80
Pd/CBu 0.99 0.27 -89 -127 0.81
Comm. Pd/C 3.42 0.19 -92 -136 0.87

RILow current density region, [PJHigh current density region

Comparing these electrodeposited catalysts with chemically synthesised PANPs
supported on graphene quantum dot we can see that higher SA values were
obtained [151]. Similarly, shape-controlled particles synthesised by Shao et al.
showed activity comparable to commercial Pd/C [31]. By preparing PdNPs
chemically on CNT surfaces Jukk et al. noted even lower SA values as compared
to bulk Pd [152]. The improved activity of these electrodeposited materials as
compared to chemically deposited PANPs might come from the lack of intrusive
additives, which might hamper the performance of catalyst materials. In
continuation Jukk et al. prepared PANPs supported on CNT using magnetron
sputtering and obtained SA values that were comparable to those of bulk Pd [54].
Pd/CNT has been shown to be a good electrocatalyst for the ORR [153]. Using
linkers to improve the activity of Pd/CNT, the activity enhancement compared to
conventional Pd/CNT catalyst has been reported [56]. Higher mass and specific
activities have been obtained using Pd/GNS catalysts as compared to Pt/GNS [4].
Excellent PEMFC performance has been obtained with PANPs prepared by
electrodeposition [154] and pulse microwave synthesis [155]. In this part of the
present thesis the most promising material for Pd nanoparticle support was GNS
with the best dispersion and smallest PANPs. Furthermore, it has been shown that
graphene support for PANPs give excellent results when nitrogen doping is
introduced [135, 156].
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The ESA value of Pd catalysts deposited on the CNT-GNP composite material
is higher than on the two supports separately. This suggests that these composites
are efficient electrodeposited catalyst support materials. The Tafel slope values
in the high current density region are close to —120 mV with the exception of
CNT supported Pd catalysts. Similar slope values have been also noted with
magnetron-sputtered Pd/CNT [54], which suggests that surface oxidation of Pd
particles differs on CNT supports. Tafel slope values in the low overpotential
region is typically —60 mV for Pd, however slightly higher values are observed
with all carbon-supported Pd catalysts that were electrochemically deposited.

6.5 Plasma-assisted synthesis of Pd/C catalysts for ORR

In this part of the work Pd nanoparticles were deposited on various carbon supports
(rGO, NrGO and Vulcan carbon) using plasma jet treatment in aqueous solution
[VI]. GO and NGO were co-reduced with Pd ions during plasma treatment and
Vulcan carbon was used as a support for comparison. These catalyst materials
were studied in 0.1 M KOH solution. Furthermore, these catalysts were evaluated
vs commercial Pd/C. Catalyst materials were named with Pd/support.

6.5.1 SEM and TEM studies of Pd/C prepared by plasma-assistance

From Figure 32 we can see well-dispersed PdANPs covering all of the carbon
supports. With carbon black in Figure 32¢ we can see ca 50 nm carbon particles
covered with PANPs, with graphene some collection of particles on the edges can
be seen. Pd particle deposition to edge sites of graphene occurs most likely due
to preferential deposition on defect sites of the carbon material [157], similar
effect was also noted in the electrodeposition part of this thesis [V] in which Pd
particles deposited preferentially on the ends of CNTs. Particle sizes were
determined from TEM images (Figure 33) with average Pd particle sizes being:
2.9+ 0.6 nm (Pd/rGO), 2.3 £ 0.5 nm (Pd/NrGO) and 2.8 + 0.6 nm (Pd/Vulcan).
Comparing these Pd particle sizes there is no statistical difference between
Vulcan carbon supported and rGO supported PANPs. In contrast, N-doped
graphene facilitates deposition of smaller Pd particles compared to the other two
supports. Particle sizes of 2.4-2.7 nm were observed on N-doped carbon black
support prepared by Yang et al., while regular CB yielded 2.8-3.2 nm particles
[158]. Similar particle sizes (2.35 + 0.51 nm) using the same method for Pt/NrGO
preparation were obtained by our workgroup, which suggest this method of
particle preparation could be employed for preparing small well dispersed metal
nanoparticles on carbon supports [112]. The citrate method used within this work
previously (I-1II) resulted in Pd spheres of sizes of around 2.8 + 0.4 nm which is
comparable to the Pd nanoparticles obtained on the non-doped carbon materials
using the plasma method.
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Figure 33. TEM images of (a) Pd/rGO, (b) Pd/NrGO and (c) Pd/Vulcan samples and
corresponding particle size histograms (d—f).
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Figure 34. (a) High-angle annular dark-field image of Pd/NrGO catalyst and elemental
maps of the same area imaging distribution of (b) nitrogen and (c) palladium.
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Pd/NrGO was further studied using STEM with HAADF (Figure 34) showing
PdNPs fixed on both sides of the NrGO nanosheet. Element mapping of Pd shows
good coincidence with particles of the HAADF imaging. Nitrogen and oxygen
mapping (data not shown) revealed uniform distribution on the NrGO surface.

6.5.2 XPS studies of Pd/C materials prepared by plasma-assistance

In Figure 35 XPS spectra for Pd/NrGO are presented. Peak locations for Pd3d are
at 335.5 and 338.8 eV showing metallic Pd [159]. The wide shoulders at high
binding energy side of the Pd3d peaks might refer to higher oxidation states due
to Pd-N or Pd-O. Vinayan and others have observed a similar widening of the Pd
peak on N-doped graphene supported PANPs suggesting that this could originate
from Pd-N bonding [160].
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Figure 35. Wide-scan XPS spectrum of a Pd/NrGO sample (a) and detailed spectrum in
the Pd 3d region (b).

6.5.3 CV and CO studies of Pd/C catalysts prepared
by plasma-assistance

Similarly to [I-V] before the ORR studies, the electrodes were characterised and
cleaned using CV and CO-stripping methods. CO oxidation profiles presented in
Figure 36b show significant shifts in the CO-stripping peak location. Furthermore,
Pd/rGO has two peaks with first peak matching that of Pd/Vulcan. In the case of
Pt electrodes, the shift towards lower CO oxidation potentials has been noted on
agglomerated Pt particles [124]. However, similar to previous discussions [I, IV,
V], these shifts could be caused by the difference in support material or even
crystallographic structure. Typical CV profile can be seen similarly to [I-V].
Very slight shift in the PdO peak location in comparison to Pd/Vulcan for the
other two materials can be seen, which might suggest agglomeration on Pd/Vulcan
as has been concluded in [[-V]. The ESA values are listed in Table 7.

55



(@)

j!mA cm?

0.5

0.0

-0.5F

1.0

(b)

- 0.4+
o
- E 0.2
<
E
™ oot
—— PdIrGO
—— PA/NIGO
—— Pd/Vulcan
4 0.2+
00 02 04 06 08 10 1.2 14
Evs.RHE/V

— PdIrfGO
—— Pd/NrGO
—— PdNulecan

0.2 0.4 0.6

Evs.RHE/V

0.8

Figure 36. (a) Cyclic voltammograms of Pd/C catalysts in Ar-saturated 0.1 M KOH
solution, v = 50 mV s™! and (b) electro-oxidation of pre-adsorbed CO on Pd/C catalysts,
v=10mV s,

6.5.4 ORR studies in 0.1 M KOH on Pd/C catalysts prepared
by plasma-assistance

After CO-stripping and CV measurements, the electrocatalytic properties of these
Pd/C catalysts were tested in 0.1 M KOH solution for ORR using the RDE
method. For comparison of the different Pd/C materials the RDE polarisation data
are displayed in Figure 37a with corresponding Tafel plots shown in Figure 37b.
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Figure 37. (a) Comparison of RDE results for ORR in O,-saturated 0.1 M KOH solution
on Pd/C catalysts. (b) Mass-transfer corrected Tafel plots for ORR, data derived from (a).
® = 1900 rpm, v=10 mV s!. Current densities are normalised to the geometric area of GC.
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Table 7. Kinetic parameters for ORR on different Pd/C catalysts in 0.1 M KOH solution.
o = 1900 rpm.

Catalyst ESA (cm?) | Eip (V) | Tafel slope (mV) | SA at 0.9 V (mA cm?)
PdrGO 0.73 0.85 —65 0.36
Pd/NrGO 0.94 0.86 —64 0.38
Pd/Vulcan 0.98 0.89 —62 0.52
Comm. Pd/C 3.42 0.87 -92 0.04

This shows that the plasma method along with N-doping can achieve smaller
PdNPs in comparison to undoped carbon support materials. Decrease in £}, in
order of: Pd/Vulcan > Pd/NrGO > Pd/C commercial > Pd/rGO can be noted.
Similarly to previous works [[-V] the SA values were calculated using Eq. (8)
for better comparison of intrinsic electrocatalytic activities of these materials.
Calculated SA wvalues for all the catalysts were very close with the exception of
Pd/Vulcan, which possesses higher specific activity. Comparing the rGO supported
catalyst with NrGO supported one we can see a slight increase in specific activity.
Similarly, to the N-doped supports discussed previously [I] most of the Pd particles
formed using the plasma-assisted method are larger than couple of Pd atoms, thus
the impact of N-doping on the Pd electron structure should be minimal [66].
Increase in the ORR activity has been noted by Perini et al., where PdNPs
deposited on mesoporous N-doped carbon showed higher activity as compared to
Pd catalyst on undoped support [67] and the activity increase was attributed to
the interaction between nitrogen-induced defects and Pd nanoparticles. Lower
than expected activity of rGO supported PANPs might be due to overreduction of
GO [52], which could lower the number of deposition sites available as compared
to NrGO that has N-induced sites. Underperformance of the N-doped material in
terms of the SA value might also be due to the lower average particle size, as it
has been reported that the SA value decreases with particle size about three-fold
when decreasing the size of the Pd particle from 16.7 to 3 nm [36]. A reason for
the lower activity of graphene supported PdNPs in comparison to CB supported
counterparts has been investigated by Molina-Garcia and Rees by elucidating the
difference between Pt/CB, Pt/rGO, Pt/GO and Pt/MWCNT catalysts, where the
higher activity of Pt/CB was explained by graphene promoting 2e” pathway [161].
Zhang et al. have discussed how the Pt-C interactions on graphene support are
not optimal for ORR and solved the problem using B-doping to reduce the bond
strength between graphene and Pd resulting in higher ESA value [162].

6.6 Pd catalysts for ORR prepared by galvanic exchange

Galvanic exchange of Pd was studied on thin copper films with thicknesses from
0.5 to 10 nm [VII]. Core-shell structures can provide very high mass activities
and galvanic exchange is one of the methods that can be used to produce such
catalyst structures. Catalyst materials are assigned names with CuxPd, where the
x represents the initial nominal Cu layer thickness in nm.
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6.6.1 XPS studies of galvanically exchanged CuxPd

XPS spectra for all of the catalyst materials are presented in Figure 38, where Pd
3d doublet at 334.9 and 340.3 eV corresponds to metallic Pd [163—165]. Binding
energy shifts which could indicate alloying as observed by Kariuki et al. are not
present in these films [163]. No peaks could be observed between 930 and 950 eV,
which is the typical BE range for copper indicating that Cu was either completely
replaced or covered by Pd.
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Figure 38. XPS wide scan spectra for PdCu/GC samples. Sacrificial Cu layer thicknesses:
(a) 0.5 nm, (b) 1 nm, (c) 2 nm and (d) 5 nm. Insets show high-resolution Pd 3d XPS spectra.

6.6.2 SEM and EDX analysis of galvanically exchanged CuxPd

SEM micrographs in Figure 39 show that 2 nm sacrificial layer produces few
growth islands and with 5 nm an uneven overlayer is formed. Agglomeration can
be noted on the 5 nm layer with cubic shape. This could be due to the exchange
taking place in solution that contains CI™ ions that have been used in the synthesis
of cubic PANPs [93]. However, the number of these cubic particles is low, and
their shape is unrefined and no improvement in catalytic activity is expected as was
seen with cubic Pd particles during previous work [III]. Changing the sacrificial
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Cu layer from 5 to 10 nm we can see growth of the Pd layer and agglomerates,
but the shape of agglomerates has evolved to spherical. Nominal 10 nm films of
Pt [166] and Pd [167] deposited directly on the GC surface resulted in spherical
deposits. The structure of the deposits obtained using galvanic exchange changed
into porous Pd film. On the basis of the SEM images, we can assume that the
exchange process is not only switching out the topmost atoms but there are
dissolution zones and deposition zones on the surface. Observation of deposition
and dissolution regions has also been reported previously [99]. In a previous work
by our group with thin Pt films [166], a 5 nm film was sufficient to cover the GC
electrode surface, however with galvanic exchange the film still has extensive
areas that are not covered by Pd. EDX measurements were carried out in order to
determine if there is some remaining copper after galvanic exchange. By EDX
copper was detected with 5 and 10 nm coatings, while no copper was detected by
XPS. This suggests that all of the remaining copper is buried underneath the Pd
agglomerates.

Figure 39. SEM micrographs of the Pd overlayers formed by galvanic exchange. Sacrificial
Cu layer thicknesses: (a) 2 nm, (b) 5 nm and (c) 10 nm and (d) polished GC electrode.
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6.6.3 CV of galvanically exchanged CuxPd

These electrodes were studied and cleaned using CV. The cyclic voltammograms
obtained (Figure 40) resemble typical CVs of polycrystalline palladium in 0.1 KOH
similarly with previous articles [I-VI]. During potential cycling no extra peaks
that could indicate presence of Cu were observed fortifying the results obtained
by XPS and EDX, which suggested no surface Cu. PdO reduction peak for the
0.5 nm Cu sacrificial layer material is shifted 10 mV towards negative potentials.
Similar shifts have been observed previously [[-VI] and generally attributed to
smaller Pd particles. Such shifts were also observed with thin Pd films, where
oxide reduction peaks of 0.25 nm films shifted negative by 60 mV as compared
to 10 nm film [167]. As expected, the ESA value of Pd increased with the
sacrificial layer thickness.
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Figure 40. Cyclic voltammograms of CuxPd catalysts in Ar-saturated 0.1 M KOH
solution, v = 50 mV s~!. Current densities are normalised to geometric area of GC.

6.6.4 ORR in 0.1 M KOH on galvanically exchanged CuxPd catalysts

Using the K-L analysis it was found that the # values for all the electrodes studied
was close to 4, with exception of Cu0.5Pd which had » value of 3.7. Lower n
value could be attributed to low surface coverage and similar effect was observed
on thin Pd films [167]. Since the ORR on the GC surface proceeds through 2e”
pathway, it could facilitate parallel ORR reaction due to the low loading of Pd.

Comparison of the RDE results for oxygen reduction collected with electrodes
using different sacrificial layer thicknesses is shown in Figure 41. Diffusion-
limited current plateau for all the catalysts is well defined, with two of the lower
thicknesses having slightly lower diffusion-limited current density in comparison
with the rest of the catalysts. This is most likely due to lower coverage of the
working electrode. The ORR onset potentials (Eonset) provided in Table 8 were
determined at —0.1 mA cm % The Eonset increases with ESA.
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Figure 41. (a) Comparison of RDE voltammetry curves for ORR on CuxPd catalysts and
commercial Pd/C in O;-saturated 0.1 M KOH and (b) corresponding Tafel plots for ORR.
@ =1900 rpm, v=10mV s\,

Table 8. Kinetic parameters for ORR on CuxPd electrodes with different Cu sacrificial
layer thicknesses in 0.1 M KOH solution. @ = 1900 rpm.

SAat09V
Catalyst ESA (cm?) | Tafel slope (mV) | E1n(V) | Eonset(V) | (mA cm™2)
Cu0.5Pd 0.29 -52 0.82 0.94 0.34
CulPd 0.39 —61 0.83 0.95 0.38
Cu2Pd 0.42 —64 0.83 0.96 0.37
Cu5Pd 0.57 —65 0.84 0.96 0.38
CulOPd 1.20 —62 0.87 0.98 0.42
Comm. Pd/C 3.42 -92 0.87 0.99 0.19

Similarly to the work with Pd thin films [167] no impact on the SA for oxygen
reduction can be observed with varying sacrificial film thickness. While the CV
suggested that 0.5 nm could have lower SA value due to its smaller particle size
hinted with the shift of the PdO reduction peak the decrease of SA might be due
to the effects that were described previously [[-IV] suggesting that the OH™
adsorption on smaller Pd particles is stronger and results in lower SA values [36].
Comparing the SA values of these catalysts to commercial Pd/C [V] a higher ORR
activity can be seen. Interestingly, the Pd films electrodeposited on GC possess
higher specific activity [168]. Similarly, to [I, III-VI] the Tafel plots were
analysed and only one slope of —-60 mV was observed, and similarly to previous
discussions this refers to Pd that is covered by a layer of surface oxide. Tafel
slope of =90 mV for commercial Pd/C could be due to the influence of carbon
support as various Pd/C catalysts studied within this work [[-VI] had higher slope
values than the expected —60 mV.
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7. SUMMARY

Electrocatalytic activity of nanostructured Pd catalyst materials for the oxygen
reduction reaction was evaluated in either sulphuric acid, perchloric acid or
potassium hydroxide solution using the rotating disc electrode method. Methods
for the preparation of Pd nanoparticle on various supports varied from electro-
chemical to physical to chemical methods.

In the first part commercial porous N-doped carbon materials were evaluated
as Pd catalyst supports. Pd nanoparticles were prepared by citrate method and
dispersed on these mesoporous support materials. Higher dispersion of PANPs on
the N-doped carbon materials compared to Vulcan carbon was observed. Pd
catalyst dispersed on N-doped carbon materials showed higher specific activity
in acidic conditions and a similar activity in alkaline solution in comparison to
Vulcan carbon supported Pd nanoparticles. An anion exchange membrane fuel cell
with N-doped carbon-supported Pd cathodes showed good fuel cell performance.

In the second part cubic Pd nanoparticles of varying sizes were supported on
Vulcan carbon. In this study Pd nanocubes possessed higher specific activity in
comparison to spherical PANPs in both alkaline and acidic conditions. However
due to cubic particles being larger than spherical Pd nanoparticles the mass
activity values were highest for spherical particles in both alkaline and acidic media.

In the next part Pd was deposited onto carbide-derived carbon materials using
borohydride method. The CDC material with the highest amount of smaller micro-
pores showed the best dispersion of Pd particles and smallest Pd particle size out
of the Pd/CDC materials studied. In both alkaline and acidic conditions Pd/CDC
materials outperformed Pd/Vulcan in terms of the specific activity for oxygen
reduction.

In the fourth part of work electrodeposition was employed to deposit Pd nano-
particles onto various nanocarbon supports such as graphene and carbon nano-
tubes. Higher deposition overpotential resulted in a higher amount of smaller Pd
particles on the support materials. Electrodeposition on the CNT surface was not
easily feasible, however the electrochemical activation of the CNTs led to better
dispersion of Pd particles on their surface. From all the materials used, Pd deposited
onto graphene nanosheets showed the highest electrochemical surface area and
had the highest specific activity values, suggesting it to be an excellent support
for PANPs.

In the next part of the thesis plasma-assisted synthesis of PANPs was employed.
N-doped and undoped graphene oxide were compared to Vulcan carbon as support
materials for the synthesised Pd particles. Accompanying the Pd precursor
reduction GO was also reduced to rGO. On these materials smallest Pd particles
and best dispersion were observed on the Pd/NrGO material. However, the SA
values were similar for both Pd/rGO and Pd/NrGO catalysts, but slightly lower
than that of Pd/Vulcan.

In the last part of this work the galvanic exchange of Cu was employed as a
deposition method of nanostructured Pd. Cu films with varying thicknesses from
0.5 to 10 nm were deposited onto glassy carbon using electron beam evaporation.
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Energy dispersive X-ray spectroscopy could only detect Cu on 5 and 10 nm sacri-
ficial layer thicknesses on the galvanically exchanged Pd coatings, while the sur-
face sensitive methods of X-ray photoelectron spectroscopy and cyclic voltam-
metry could not detect any copper. Specific activities in alkaline conditions
increased with the film thickness, which could be due to larger Pd particles that
have higher SA values.

All of the RDE data obtained in this work was evaluated using the Koutecky-
Levich analysis. From the K-L equation the number of electrons transferred per
O, molecule for the ORR was found. For most of the catalysts, the n value was
close to four, however lower values were observed when Pd loading was lower
in last part of the work. This value would suggest that the ORR on Pd/C catalysts
prepared within this work proceeds through a 4e™ pathway. Rate-limiting step for
the ORR was evaluated using the Tafel slope values and it was revealed to be the
transfer of the first electron to the O, molecule.
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9. SUMMARY IN ESTONIAN

Hapniku elektroredutseerumine nanostruktuursetel
pallaadiumkataliisaatoritel

Doktoritd6 eesmérk oli uurida nanostruktuursete Pd kataliisaatorite elektrokata-
ludtilist aktiivsust hapniku redutseerumisel nii happelises kui ka aluselises kesk-
konnas. Elektrokeemilised modtmised viidi ldbi véével- ja perkloorhappe ning
kaaliumhiidroksiidi lahuses kasutades tsiiklilise voltamperomeetria ja p&orleva
ketaselektroodi meetodeid. Pd kataliisaatorid valmistati fiiiisikalise, keemilise ja
elektrokeemilise sadestamise teel.

Esimeses osas uuriti kommertsiaalset péritolu (Pajarito Powder) lammastikuga
dopeeritud mesopoorseid siisinikmaterjale pallaadiumkataliisaatori kandjana. Pd
nanoosakesed valmistati tsitraadimeetodil ja dispergeeriti alusmaterjalidele.
Lammastikuga dopeeritud materjalidele kantud Pd nanoosakesed néitasid korge-
mat eriaktiivsust happelises keskkonnas ja sarnast eriaktiivsust aluselises kesk-
konnas vorreldes Vulcan siisinikule sadestatud Pd kataliisaatoriga. N-dopeeritud
stisinikmaterjalidele kantud Pd kataliisaator néitas korget joudlust, kui seda kasu-
tati anioonvahetusmembraaniga kiituseelemendi katoodina.

To6 teises osas uuriti kuubikujulisi Pd nanoosakesi, mille alusmaterjaliks oli
Vulcan siisinik, ja vorreldi neid sfaériliste Pd nanoosakestega. Vordlus viidi 14bi
nii aluselises kui happelises keskkonnas ning molemal juhul niitasid suuremat
eriaktiivsust kuubikujulised Pd osakesed. Kuna sfdérikujulised osakesed olid
viiksemad kui kuubikujulised, siis massaktiivsus oli kdrgem sféadrikujulistel osa-
kestel.

Jargnevalt sadestati Pd erinevatele karbiidset péritolu poorsetele siisinikmater-
jalidele kasutades boorhiidriidi meetodit. Kdige iihtlasem Pd osakeste jaotus ja
véikseim osakeste suurus saavutati siisinikmaterjalil, millel oli kdige rohkem
mikropoore. Nii happelises kui ka aluselises keskkonnas andsid Pd/CDC mater-
jalid paremaid eriaktiivsusi vorreldes Pd/Vulcan kataliisaatormaterjaliga.

Neljandas osas kasutati Pd nanoosakeste sadestamiseks erinevatele siisinik-
nanomaterjalidele elektrosadestamise meetodit. Sadestamisel suuremal iilepingel
tekkis rohkem véikseid Pd osakesi alusmaterjali pinnale. Siisiniknanotorudele
sadestamine ei olnud efektiivne, mistottu kasutati elektrokeemilist aktivatsiooni,
mis andis parema Pd nanoosakeste jaotuse siisiniknanotorudel. Selles t66 osas
sadestatud materjalidest oli kdige suurem elektrokeemiliselt aktiivne pindala ja
iiks kdrgematest eriaktiivsuse véartustest grafeenile sadestatud Pd nanoosakestel,
millest vOiks jéreldada, et grafeeni nanoliistakud on hea alusmaterjal Pd elektro-
sadestatud osakestele.

Jargmises t60 osas uuriti plasma meetodil siinteesitud Pd/C kataliisaatoreid.
Lammastikuga dopeeritud ja dopeerimata grafeenoksiidi vorreldi kataliisaatori-
kandjana Vulcan siisinikuga. Sadestusprotsessi kéigus redutseeriti ka grafeen-
oksiid rGO-ks. Koige véiksemaid Pd osakesi tiheldati limmastikuga dopeeritud
alusmaterjalil, aga eriaktiivsused olid virreldavad mdlemal grafeenipdhisel alus-
materjalil, kuid jdid madalamaks kui Pd/Vulcan kataliisaatori eriaktiivsus.
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Viimases osas kasutati Pd sadestamiseks vase galvaanilist vahetust. Ohukesed
Cu kiled sadestati klaassiisinikelektroodidele elektronkiirtega aurustamise mee-
todil, varieerides kilede paksust vahemikus 0,5 kuni 10 nm. Parast Pd sadestamist
oli Cu detekteeritav EDX meetodil vaid 5 ja 10 nm kilede korral, samas kui
pinnatundlike XPS ja tsiiklilise voltaperomeetria meetodi puhul ei tiheldatud
vaske iiheski neist materjalidest. Pd eriaktiivsus tdusis kile paksenedes, mis voib
tuleneda sellest, et suuremad Pd osakesed on sageli aktiivsemad aluselises kesk-
konnas.

Koik selles t60s poorleva ketaselektroodi meetodil kogutud hapniku redut-
seerumise andmed analiiiisiti, kasutades Koutecky-Levichi vorrandit. Sellest ana-
liiiisist leiti iileminevate elektronide arv O, molekuli kohta. Enamiku Pd katalii-
saatorite korral oli n-i védrtus 4, kuid viikese Pd koguse puhul tdheldati ka mada-
lamaid véértusi. Saadud tulemuste pohjal saab jéreldada, et hapniku elektro-
redutseerumine Pd kataliisaatoritel toimub valdavalt 4-elektronilise protsessina.
Reaktsiooni limiteerivat staadiumit hinnati Tafeli tdusu véértuse alusel. Enamik
kataliisaatormaterjale andsid kompaktsele Pd-elektroodile sarnased Tafel tSusu
védrtused ning hapniku redutseerumisreaktsiooni limiteerib esimese elektroni
aeglane tiilekanne O, molekulile.
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