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2. ABBREVIATIONS AND SYMBOLS

A real electroactive surface area

AuNP gold nanoparticles

AFM atomic force microscopy

BE binding energy

C 32 concentration of oxygen in the bulk solution
C gz concentration of oxygen in the Nafion film
Ccv cyclic voltammetry

CTAB cetyltrimethylammonium bromide

Do, diffusion coefficient of oxygen

D¢ diffusion coefficient of O, in the Nafion layer
E potential

Ep half-wave potential

EDX energy dispersive X-ray spectroscopy

F Faraday constant

fec face-centred cubic

GC glassy carbon

HAADF high angle annular dark field

HOPG highly oriented pyrolytic graphite

HR-SEM high resolution scanning electron microscopy
Jj measured current density

Ja diffusion-limited current density

Jt limiting diffusion current density in the Nafion layer
Jlim plateau current density

Jk kinetic current density

ki heterogeneous electron transfer rate constant
K-L Koutecky-Levich

L thickness of the Nafion layer

MA mass activity

n number of electrons transferred per oxygen molecule
ORR oxygen reduction reaction

PdANP palladium nanoparticles

PVP polyvinylpyrrolidone

RDE rotating disk electrode

RHE reversible hydrogen electrode

RMS root mean square

SA specific activity

SEM scanning electron microscopy

SCE saturated calomel electrode

STEM scanning transmission electron microscopy
TEM transmission electron microscopy

UPD underpotential deposition



XPS
XRD

potential scan rate

X-ray photoelectron spectroscopy
X-ray diffraction

kinematic viscosity of the solution
electron take-off angle

electrode rotation rate
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3. INTRODUCTION

The oxygen reduction reaction (ORR) is one of the most important reactions in
electrochemistry that is employed in several applications, for example in fuel
cells, metal-air batteries and hydrogen peroxide electrosynthesis.

The ORR proceeds via two main pathways. The four-electron pathway is
preferred in the fuel cell applications, while the two-electron pathway is em-
ployed in the electrochemical synthesis of hydrogen peroxide [1, 2]. Platinum-
based catalysts are commonly used in the low-temperature fuel cells, as Pt is the
most active metal catalyst for ORR and supports the 4-electron reduction. Due
to the high price and scarcity of Pt, alternative catalysts are searched and
palladium is a possible candidate, as the price of Pd is lower than that of Pt and
the ORR proceeds mainly via the same mechanism on both metals [1]. In
addition, oxygen reduction on palladium is a structure-sensitive reaction [3] and
thus it is possible to tailor the catalysts through precise control of their
morphology, in order to achieve the highest electrocatalytic activity. Addition of
gold to palladium has been shown to increase the stability of the catalyst and
also it may improve the electrocatalytic activity towards the ORR [1, 2].

The main aim of this research was to study the ORR on different nano-
structured palladium and gold catalysts. In the first part of this study palladium
was deposited onto glassy carbon (GC) substrate by vacuum evaporation and
the effect of the nominal Pd film thickness on the ORR kinetics was evaluated
in acid and alkaline media [I]. In the second part Pd was electrochemically
deposited onto GC and Au substrates and the influence of the deposition time
on the ORR activity was investigated [II, III]. As a continuation, Pd and Au
were codeposited onto GC substrate at different Pd:Au ratios and the kinetics of
the ORR on these nanoalloys was studied. In the next part the ORR on cubic Pd
nanoparticles was investigated, in order to see if the results obtained on the
single-crystal Pd electrodes are transferrable to nanoparticles [V-VII]. To study
the effect of catalyst loading on the ORR activity, the Au/C catalysts at various
layer thickness were employed [VIII]. In the final part the carbon-supported
shape-controlled Au nanoparticles were used for oxygen reduction studies to
demonstrate the shape effect of the nanostructured Au catalysts on the ORR
kinetics [IX].
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4. LITERATURE OVERVIEW

4.1. Oxygen reduction reaction

The oxygen reduction reaction is a process that can proceed via numerous
pathways [4]. Oxygen may be reduced directly to water by a four-electron path-
way, or it may be reduced to hydrogen peroxide via a two-electron pathway.
Also H>O; may be further reduced to water or it may disproportionate to H,O
and O,. These simplified reaction pathways are shown in Scheme 1 [5]:

5!

~

k, k

3

02 — OZ(ads) «— H202(ads) HZO

H,0,

Scheme 1. Simplified mechanism for the ORR in acid solutions. The rate constants (ki)
for the different steps are indicated in the Scheme. (ads) denotes the species in their
adsorbed form.

The predominant reaction pathway depends on several factors, like electrode
material, pH of the solution and the electrode potential [5, 6]. For example on
Pt, Pd and Ag in alkaline media the ORR proceeds via direct four-electron path-
way while carbon blacks and graphite catalyse the two-electron reduction of
oxygen [1, 7].

4.2. Oxygen reduction reaction on palladium

Platinum is the best catalyst among pure metals for ORR and palladium is the
next best [8]. This is due to the fact that Pd and Pt belong to the same group in
the periodic table, have the same face-centred cubic (fcc) crystal structure and
similar atomic size [1]. Also the price of Pd is lower as it is more abundant on
Earth than platinum [1].

The oxygen reduction reaction on bulk Pd has been thoroughly studied. The
ORR on polycrystalline Pd proceeds via a 4-electron pathway yielding water
and the reaction mechanism has been proposed to be the same on Pd as on Pt [9,
10]. The electrocatalytic activity of Pd for ORR is strongly affected by the
oxidation of Pd surface and therefore depends on the potential cycling con-
ditions, cathodic sweeps generally showing lower currents than anodic sweeps

12



[9-11]. It has been suggested that the ORR proceeds mainly via a 4-electron
pathway in the potential regions where Pd surface is either oxide free or
oxidised to PAOH, but when PdO is present on the surface, then the ORR
proceeds partly via peroxide intermediate [11]. The analysis of the ORR results
on palladium have shown two distinct Tafel slope regions, at high current
densities the slope is -120 mV and at low current densities a value of -60 mV is
observed [9, 10]. However, the rate-determining step in both regions is
suggested to be the transfer of the first electron to the O, molecule and the
change in the slope value is due to the adsorption of oxygen species.

Very recently the role of oxides on Pd/C catalysts in the ORR activity has
been studied in perchloric acid solution [12]. It was shown that strongly
oxidised Pd nanoparticles are inactive for ORR until the initial oxides are
reduced in the hydrogen underpotential deposition (Hupp) region. During
subsequent potential sweeps the remaining oxides are further reduced and thus
the half-wave potential of the catalyst shifts positively until it stabilises.

Kondo et al. studied the ORR on the low-index planes, n(100)-(111) and
n(100)-(110) series of Pd in perchloric acid solution [3]. They observed that
platinum has higher activity than palladium, except of Pd(100) that had the
highest current density at 0.9 V, nearly 3 times higher than that of the most
active single-crystal facet of Pt. It is also important to note that the activity of
the ORR increases in the order of Pd(110) < Pd(111) < Pd(100), that is the
opposite direction of that of platinum in perchloric acid. Studying the stepped
surfaces also supported the claim that Pd(100) is the most active plane for ORR
and the stepped structures do not affect the activity of the ORR. Later
Hitotsuyanagi et al. have studied the oxygen reduction reaction on n(111)—(100)
series of Pd [13]. They observed that oxides are preferentially adsorbed on the
step sites and do not affect the ORR activity at 0.9 V, suggesting that Pd(111)
terraces are the active sites for ORR.

For practical applications nanostructured catalysts are needed, which can be
prepared by several methods, for instance electrochemical [14-20], chemical
[21, 22], physical [23-26], template assisted spontaneous procedures [27, 28],
etc. Electrochemically deposited nanoporous palladium and platinum have
shown increased ORR activity as compared to the commercial Pt/C catalyst
[19]. The increased activity of these structures was suggested to arise from the
structural effects, like porosity that facilitates the mass transport through the
porous metal layer. Al Abass et al. have shown the increased activity of electro-
deposited Pd nanoparticles (PANPs) that could not be explained only by the
increased electroactive surface area [20].

The oxygen reduction studies on thin palladium films in acid solutions have
shown that the overall ORR activity of the electrodes decreases with decreasing
the film thickness in sulphuric and perchloric acid solutions, mainly as a result
of the decrease in the electroactive surface area [23]. The specific activity of the
ORR was independent of the metal loading in perchloric acid, but in sulphuric
acid it decreased with decreasing the film thickness. This activity decrease in
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sulphuric acid was suggested to be due to the adsorption of (bi)sulphate on the
active centres. Pd particles in the size range of 10-30 nm were spontaneously
deposited onto Au substrate [28]. With increased deposition time higher number
of Pd particles was formed and thus the half-wave potential of the ORR in
perchloric acid shifted to more positive potentials [28]. The ORR on Pd de-
posited onto gold substrate proceeded partly through a 4e” series pathway [28].

Salvador-Pascual et al. investigated the oxygen reduction reaction on PANPs
with average crystallite size of 4 nm [29]. Overall their catalyst showed poor
ORR activity in sulphuric acid, but the reaction on nanostructured Pd proceeded
via 4-electron pathway, while the transfer of the first electron to the oxygen
molecule was the rate-determining step as on bulk Pd. Alvarez et al. evaluated
the ORR activity of PANPs prepared using different reducing agents like ethy-
lene glycol, formaldehyde and sodium borohydride [21]. Different synthesis
methods yielded particles with different morphologies and all catalysts showed
agglomeration. The best results were achieved with particles synthesised with
ethylene glycol as it had less agglomeration and thus the highest ORR activity,
but it was still lower than that of commercial Pt/C catalyst. Jukk et al. have
prepared PANPs supported on multi-walled carbon nanotubes [22, 24, 25]. For
chemically synthesised materials they obtained the specific activity (SA) of the
ORR twice as high as that for bulk Pd in sulphuric acid and about three times
higher in potassium hydroxide solution [22]. The activity of Pd nanolayers
sputter-deposited onto carbon nanotubes was lower as compared to that of bulk
Pd in acid solution, probably due to the adsorption of (bi)sulphate ions. In
alkaline media the specific activity surpassed that of bulk Pd and was rather
constant for the catalysts with different nominal thicknesses of the Pd film [25].
Also they showed that heat-treatment of the catalysts would improve their ORR
activity [24]. Li and Zhao studied a similar system in the anion-exchange
membrane fuel cell [26]. They suggested that sputter-deposition of Pd on the
surface of carbon nanotubes with backing layer of carbon paper extends the
electrochemical surface area and also facilitates the oxygen transport, thereby
improving the fuel cell performance.

Jiang et al. have studied the Pd particle size effect on the oxygen reduction
activity in alkaline media [30]. The SA of Pd/C increased continuously by a
factor of 3 when the particle size increased from 3 to 16.7 nm. The mass activity
increased by a factor of 1.3 when particle size increased from 3 to 5 nm, but
then decreased with further increasing the particle size. It was suggested that
lower activity of smaller particles might be due to the increased adsorption of
OH’, as has been suggested on platinum nanoparticles [31]. It was also reported
that the reaction mechanism does not change with changing particle size and the
ORR proceeds via four-electron pathway [30]. The particle size effect in acidic
solution has been suggested to follow similar trend, the specific activity in-
creasing with increasing the particle size and particles larger than 10 nm acting
like bulk material [32, 33].

14



The substrate where metal nanoparticles are incorporated plays an important
role in the electrocatalytic activity of the catalyst [34—38]. The pre-treatment of
Vulcan XC-72R carbon has shown to affect the physical and chemical pro-
perties of the catalyst by changing the Brunauer—-Emmett-Teller (BET) surface
area, removing the impurities and influencing the agglomeration of PdNPs,
which in turn affects the ORR activity [34]. Pd nanoparticles supported on
graphene sheets had higher electrocatalytic activity towards the ORR than
similar Pt particles on the same support in alkaline media, as the specific
activity and mass activity were about 2 times higher for Pd than Pt catalysts
[35]. In addition Carrera-Cerritos et al. compared the conventional carbon and
the reduced graphene oxide as catalyst supports [36]. They found that Pd
nanoparticles have higher electrocatalytic activity towards the ORR in acid
when being deposited on reduced graphene oxide, while Pt nanoparticles had
higher activity when on a conventional carbon support, showing that the
interaction between metal nanoparticles and support material affects the activity
of the catalyst. Similarly PANPs on nitrogen-doped graphene nanosheets ex-
hibited better ORR activity than bulk Pd [37]. Pd nanoparticles bound on the
nitrogen-doped mesoporous graphitic carbon nanospheres have shown an
increase in the ORR activity, but in addition to synergistic effects, ordered
mesopores, large surface area, homogeneous budding of abundant Pd active
sites and graphitisation were also suggested to improve the activity [38]. In
contrast, it has been shown that for Pd nanoparticles supported on highly
oriented pyrolytic graphite (HOPG) and on nitrogen-doped HOPG the
electrocatalytic activity for ORR was similar, but the stability of the catalyst
was smaller on N-doped HOPG [39]. It has been shown that the surface area of
carbon support affects the stability of Pd-based catalysts, as with increasing the
surface area the stability decreased [40]. It is obvious that the ORR activity of
Pd nanoparticles depends also on the supporting material. In addition, the Tafel
analysis has shown typical slope values for nanostructured Pd as has been
observed on bulk Pd in respective solutions, thus indicating that the reaction
mechanism on Pd catalyst does not depend on the support material [34, 36, 37].

The activity of the ORR can be improved by modifying Pd nanoparticles
with polymers [41, 42]. For example Fu et al. prepared polyallylamine functio-
nalised Pd icosahedra [41]. This catalyst exhibited superior electrocatalytic
activity towards the ORR In alkaline media the activity of Pd as compared to
commercial Pt/C, which was suggested to arise from downshift of the d-band
centre, lower OH coverage and high density of twinned defects of the Pd
icosahedra. Also it was suggested that the polymer can act as a barrier for
ethanol, which increases the ethanol tolerance in alkaline media. The change in
the Pd electronic structure and steric blocking effect of oleylamine on Pd
nanoparticles has been suggested to increase their tolerance to formic acid in the
ORR in acidic media [42].

As the electrocatalytic activity of Pd for ORR is structure-sensitive [3], there
are several studies of O reduction on Pd nanoparticles of preferential surface
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structure. For example Xiao et al. managed to prepare Pd nanorods which
showed 10-fold increase in the ORR activity over the Pd nanoparticles [43]. The
higher activity of nanorods was attributed to the Pd(110) facets that has later
been shown to be the least active site for ORR [3]. Cai et al. proposed a method
to prepare particles with preferential Pd(111) facet using bromide adsorption/
desorption [44]. These particles showed higher specific activity and mass acti-
vity in comparison with untreated Pd/C catalyst. Recently it was shown that Pd
nanowires and nanorods had higher specific activities and mass activities than
those of commercial Pd/C in acidic as well as in alkaline solution [45].

Shao et al. systematically studied the ORR on preferentially shaped Pd nano-
particles [46]. They compared the activity of carbon-supported Pd nanocubes
enclosed with (100) facets with that of octahedral Pd nanoparticles enclosed
with (111) facet and commercial Pd/C and Pt/C catalysts in perchloric acid
solution. Pd nanocubes exhibited 10 times higher specific activity than that of
octahedral Pd nanoparticles and it was comparable to that of the state-of-the-art
Pt electrocatalysts. Somewhat later Lee et al. prepared palladium nanocubes
with different sizes (27, 48 and 63 nm) composed of (100) planes and investi-
gated their electrocatalytic activity towards the ORR in 1 M NaOH [47]. The
specific activity of the nanocubes was up to 1.5 times higher than that of 9 nm
Pd nanoparticles. These nanocubes had more than 3 times higher specific acti-
vity for the ORR than spherical Pd nanoparticles in H,SO4 solution and it was
retained in the presence of methanol [48]. In contrast, Shao et al. did not
observe the structural dependence of ORR on Pd nanocubes with the size of 5—
6 nm in alkaline media [49]. In sulphuric acid solution the ORR activity of Pd
cubes was 17 times higher than that of Pd octahedra, which was explained by
stronger adsorption of (bi)sulphate on the surface of octahedral nanocrystals in
addition to OH.q. However, for formic acid oxidation no advantage was
observed on the shape-controlled Pd nanocrystals in comparison to conventional
Pd catalysts [49]. As opposed to the findings by Shao and co-workers, Arjona et
al. found that ~11 nm Pd cubes have higher catalytic activity than commercial
Pd/C for methanol, ethanol and formic acid oxidation and also for the ORR in
alkaline media [50]. In general Pd/C catalysts have displayed higher alcohol
tolerance than Pt/C [2, 51].

The stability of Pd-based catalysts is a serious issue [2] and for shape-
controlled particles it is even more important [52]. Zadick et al. demonstrated
the effects of extensive potential cycling on Pd nanocubes in alkaline media
[52]. It was shown that the oxide formation and its subsequent reduction does
not significantly change the morphology of the particles and also hydrogen
adsorption and desorption alone does not lead to the degradation of Pd
nanocubes. The change in the shape of the Pd cubes was observed by cycling in
the potential region where both surface oxidation and Hypp take place, thus the
degradation of Pd nanocubes was attributed to the electro-oxidation of
hydrogen.
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4.3. Oxygen reduction reaction on gold

The oxygen reduction reaction studies have shown that this process is strongly
structure sensitive on gold as well as on palladium. The Au(100) is clearly the
most active single crystal facet for ORR in alkaline media [53, 54]. The
adsorption of anions changes the ORR pathway on Au(100) as Strbac et al.
showed with (bi)sulphate and OH™ [55]. The adsorbed OH has been suggested
to be the most important key to determine the reaction pathway. Without OH™
adsorption (at pH < 6) the ORR begins as a 2-electron process and changes to a
4-electron reduction at certain potential depending on the pH of the solution. At
pH > 6 the ORR starts as a 4-electron process in the potential region where
specifically adsorbed OH™ anions are present. The increased activity of Au(100)
has been suggested to arise from Aloha species that have stronger interaction
with O, HO, and O, [54, 56, 57]. Later it has been shown on the basis of
spectroscopic data that the reaction intermediate on gold is HO,", which reduces
further to OH™ in alkaline media, but protonates fast in acid media, yielding
H0,. Therefore, the ORR in alkaline solutions proceeds via 4¢ pathway, but in
acid via 2e” pathway [58]. In contrast, Kim and Gewirth have suggested that the
ORR in alkaline media proceeds via superoxide species and the enhanced
activity of Au(100) arises from a disproportionation mechanism [59]. Ando-
ralov et al. determined that ORR on polycrystalline gold in acidic medium
proceeds by different pathways that depend on the electrode potential [60].
Close to the steady-state potential peroxide is the main product and at negative
potentials it can be further reduced. On nanostructured Au 2e and 4¢ pathways
for ORR have been suggested [61].

It has been shown that modification of Au surface can change the ORR
pathway. For instance, deposition of fullerenes onto Au surface increased the
selectivity of O, reduction to hydrogen peroxide, which may be the result of
steric blocking of the surface [62]. Cysteine has been shown to block Au(100)
and Au(110) facets and on Au(111) the ORR proceeds via 2e  pathway in
alkaline media [63]. Metal ad-layers can also affect the ORR activity, for
example Ag on Au(111) increases the reduction current and the reaction yields
water [64].

The dependence of ORR on the size of Au nanoparticles has been described
in several studies. Thin Au films in sulphuric acid solution have shown
increased SA for the ORR as compared to bulk gold, whereas the SA and the
reaction mechanism do not depend on the film thickness [65, 66]. Similar
electrocatalytic behaviour was observed for nanostructured Au on boron-doped
diamond electrode [67]. In both cases the H,O, was partially further reduced to
yield water. Such observations suggest that the ORR on Au depends on the
particle size. However, Bron showed that in sulphuric acid solution the specific
activity is neither dependent on the particle size in the range of 2.7-42.3 nm nor
on the support material and the number of electrons involved in the reaction is 2

17



to 3 [68]. On the other hand, Inasaki and Kobayashi have demonstrated that the
SA decreases with decreasing the particle size from 13.2 to 1.7 nm and the
value of n increases with decreasing the particle size in sulphuric acid solution
[69]. In contradiction to previous reports, Au nanoparticles on highly oriented
pyrolytic graphite have shown that the SA increases with decreasing the particle
size [70]. In addition, small Au clusters with less than 11 atoms have shown
promising electrocatalytic activity towards the ORR [71].

Guerin et al. observed that the activity of Au nanoparticles in perchloric acid
decreases when particle size drops below 3 nm [72]. Jirkovsky et al. found a
maximum activity on 5.7 nm particles and that the selectivity for peroxide
increases for particles smaller than 6 nm [73].

In alkaline media the kinetic current of ORR on 3 nm Au nanoparticles was
found to be 2.5 times higher than that on 7 nm Au nanoparticles [74]. The
reaction product on smaller particles was found to be water while on 7 nm
particles it was HO, . Chen and Chen also suggested than smaller particles are
more active towards the ORR in alkaline media [75]. The report by Zhang et al.
also showed that the intrinsic activity of the ORR increases with decreasing the
particle size [76]. In contrast, the specific activity of thin Au films in alkaline
solution decreased with decreasing film thickness [66]. Despite the number of
different results it is obvious that the particle size does play an important role in
the kinetics of the ORR on gold nanoparticles in sulphuric acid, perchloric acid
and in alkaline media.

Ohsaka and co-workers have prepared several gold nanoparticle-modified
electrodes using self-assembled monolayers and electrochemical deposition of
Au [77-84]. In general they managed to deposit Au nanoparticles (AuNPs) with
various morphologies and surface crystallographic orientations in the presence
of different additives that blocked certain single crystal facets. The best ORR
activities were obtained with particles that had Au(100)-like structure [79]. In
addition to electrochemical deposition, electrochemical pre-treatment allows
tailoring of Au and AuNPs to improve the ORR activity [85]. It was suggested
that the pre-treatment forms a thick Au oxide layer that has an important role in
the ORR activity.

The ORR activity and pathway on nanostructured Au catalysts also depends
on the support material. On pure gold catalysts the ORR proceeds mainly via 2-
electron pathway in acid, but when Au nanoparticles are supported on carbon
black and SnOy, which also catalyses the production of peroxide, the four-
electron reduction of oxygen has been observed to prevail [86, 87]. Also en-
hancement of the ORR activity has been observed when Au was dispersed on
nanotubular TiO, matrix [88]. Au/TiO, composites on Ti surface have produced
the voltammetric response similar to Au(100) facet [89]. AuNP composites with
MnOy have proved to catalyse the ORR to water, presumably by AuNPs
catalysing the reduction of O, to HO, and MnOx catalysing the decomposition
of the peroxide [90]. Synergistic effect between Au nanoparticles and graphene
has been suggested to increase the ORR activity as compared to carbon black
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supported Au nanoparticles [91]. Au nanoparticles on reduced graphene oxide
have been demonstrated to have the onset potential of O, reduction comparable
to that of commercial Pt/C, but superior methanol tolerance and enhanced
stability [92]. AuNP supported on carbon nanotubes prepared by different ap-
proaches have shown high electrocatalytic activity towards the ORR in acidic
media [93-96].

As it has been well established that Au(100) is the most active single crystal
facet of Au for ORR [53, 55-57] then it is of great interest to prepare gold
particles that have the (100) facet prevailing on their surface. Hernandez et al.
have studied the electrochemical properties of various Au nanoparticles [97—
100]. They employed microemulsion method to prepare nanoparticles with
higher percentage of (100) and (111) facets, but also nanoparticles where these
facets are almost absent [97]. The ORR on the former yielded OH, whereas the
latter had HO>™ as the product. Au nanorods composed of (111) and (110)
surface domains catalysed the two-electron reduction of O, [98]. They also
synthesised Au nanocubes about 40 nm in size that had large quantity of wide
(100) domains [99]. It was reported that water was the final product of the ORR
on these particles in the whole range of potentials, while hydrogen peroxide was
obtained only in the lower potentials as on Au(100) electrodes. It was also
demonstrated that in alkaline media cubic AuNPs are more active than spherical
AuNPs and the least active are short Au nanorods [101]. On the other hand,
Jena et al. prepared gold nanoprisms and nanoperiwinkles that despite of
dominant Au(111) facets showed excellent electrocatalytic activity towards the
oxidation of methanol and the reduction of oxygen [102].

4.4. Oxygen reduction reaction on palladium/gold
bimetallic catalysts

In order to increase the activity and stability of Pd-based catalysts, there have
been several suggestions to the benefits of alloying [1, 2]. A series of studies by
Kibler et al. has shown alloy formation when electrodepositing Pd onto Au
monocrystals [14—16]. Submonolayers of Pd on Au(111) and Au(100) have
shown to improve the electrodes’ activity towards O, reduction and the
monolayers of Pd were found to be more active than multilayers [103]. In
alkaline media depositing a monolayer of Pd onto Pt(%4/) has increased its ORR
activity 2—4 times, whereas an increase higher than an order of magnitude has
been observed when Pd was vacuum evaporated onto Au(kkl) [104]. This
enhancement of the activity was achieved with as little as 18 at.% of Pd on the
surface and it saturated at less than a monolayer, the maximum activity per
surface Pd atom was found between 20 and 50 at.% of Pd on the surface. The
ORR on Pd-modified Au(%kl) was found to proceed via 4¢” pathway. Similarly,
Dursun et al. reported largest positive shift in the O, reduction peak at 2/5
monolayer of Pd on Au(111) electrode in alkaline media [105].
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Pd-Au core-shell particles have gained increasingly more attention since a
cheaper and chemically more active ad-layer was suggested to be used as a
sacrificial medium for noble metal deposition [106, 107]. Using galvanic
replacement of Cu by Pd on Au surface the resulting Pd-Au catalyst showed
higher electrocatalytic activity than either bare Au or Pd as a result of the
interactions between the metals [107, 108].

Jirkowsky et al. attempted to gain higher activity and selectivity with Au-Pd
nanoalloys to produce hydrogen peroxide [109]. They suggested that single Pd
atoms, up to 8%, on gold nanoparticles would increase the peroxide yield up to
95%, but further increasing the Pd content leads to a drop in H,O, production
[109]. Pd-Au alloys are sensitive to different electrochemical pre-treatments
[110-112]. Using pre-treatment has allowed fine-tuning of the Pd-Au alloy
towards either Au rich or Pd rich surface [111, 112] and preparation of Pd-Au
alloys with high peroxide yield in the oxygen reduction reaction [112].

Koenigsmann et al. demonstrated that PdAu nanowires had the specific
activity twice higher than that of commercial Pt catalyst [113, 114]. They sug-
gested that the increase is not only caused by the electronic changes resulting
from the alloying, but also due to the small diameter of the nanowires. Porous
Pd layers on Au nanoparticles showed a volcano plot-like activity-composition
dependence, as particles with Pd:Au ratio of 1:0.61 were more active than these
of 1:0.73 or 1:0.49 ratios, but it was suggested that this may originate also from
porosity effects [115]. In addition, sponge-like PdAu structures showed higher
electrocatalytic activity and stability than sponge-like Pd, commercial Pd/C and
Pt/C catalysts in alkaline solution [116, 117].

A Pd-Au bimetallic catalyst supported on reduced graphene oxide displayed
enhanced catalytic activity for ORR and better stability in alkaline media as
compared to commercial Pd/C [118]. In addition it was suggested that Pd-Au
clusters bind with graphene through Pd and synergetic effect between graphene
and Au weakens the adsorption of anions, thus increasing the electrocatalytic
activity of the alloy catalyst [119].
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5. EXPERIMENTAL

5.1. Electrode preparation

Glassy carbon, bulk polycrystalline gold and palladium electrodes were pre-
pared by mounting glassy carbon (GC-20SS, Tokai Carbon), Au (99.99%, Alfa
Aesar) and Pd (99.95%, Alfa Aesar) disks (diameter 5 mm) into Teflon holders.
The surface of the electrodes was polished to a mirror finish using 1.0 and 0.3
pm alumina slurries (Buehler) and for bulk Au and Pd electrodes, additional
polishing on 0.05 um alumina was used. After alumina polishing, the electrodes
were sonicated in Milli-Q water (Millipore Inc.) for 5 min to remove polishing
residues.

5.1.1. Preparation of thin Pd films

Thin Pd films with nominal thickness of 0.25—-10 nm were deposited onto GC
electrodes by electron beam evaporation from graphite crucible using Vacuum
Service OY evaporation device at a base pressure of ca 1 x 10 Torr. The
freshly prepared electrodes were coated with a 0.5 um thick Nafion layer by
applying a droplet of 0.5% Nafion solution in ethanol onto the electrode and
allowing the solvent to evaporate in air. The Nafion solution was prepared from
a commercial 5% Nafion solution in low molecular weight alcohols (Aldrich).
The thickness of Nafion layer was calculated from the deposited mass and the
surface area of the electrode, assuming a dry Nafion density of 2 g cm™ [120].

5.1.2. Preparation of electrodeposited Pd coatings

The electrochemical deposition of palladium was carried out in deaerated
0.05 M H,SO4 solution containing 0.1 mM PdCl, (99.9%, Sigma-Aldrich) onto
GC and gold substrates. During the deposition the electrode was continuously
rotated at 960 rpm to ensure constant mass-transfer conditions. The deposition
process was as follows: first, the electrode was kept at 1.1 V vs. RHE in order to
avoid premature deposition of Pd, then the potential was scanned to 0.78 V at
scan rate of 50 mV s~', where the electrode was kept for 300, 600 or 900 s.
Immediately after that time the electrode was rinsed with Milli-Q water and
transferred to another cell containing either 0.05 M H,SO4 or 0.1 M KOH,
where the electrode was kept at 0.1 V for 5 min to ensure the desorption of
chloride.

5.1.3. Preparation of electrodeposited Pd-Au coatings

The Pd-Au coatings were electrochemically deposited at constant potential of
-0.15 V vs. SCE for 10 s. PdCl, and HAuCls (Sigma-Aldrich) were used as
precursors for electrodeposition. The precursor content in the deposition bath
was 2 mM in 0.05 M H,SOs. The Pd:Au ratio was 50:50; 75:25; 90:10 and also
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1:0 and 0:1. After the electrodeposition the electrodes were thoroughly rinsed
with Milli-Q water and placed to the next cell where the electrochemical
characterisation was carried out.

5.1.4. Preparation of shape-controlled Pd nanoparticles

Pd nanocubes were synthesised using previously described methodology [121]
in which H,PdCl4 solution was reduced with ascorbic acid in the presence of
cetyltrimethylammonium bromide (CTAB) at 95 °C. The sample was centri-
fuged twice and redispersed in water. The PANPs were then cleaned with strong
basic aqueous solution followed by washing 3—4 times in ultrapure water to
finally achieve a water suspension. The synthesis of spherical Pd nanoparticles
has been adapted from the citrate method usually employed for the synthesis of
gold nanoparticles [122]. In brief, the metal precursor (H,PdCls) was reduced
with ice-cold sodium borohydride in the presence of sodium citrate. Afterwards
solid NaOH was added to precipitate the nanoparticles. After complete
precipitation, the nanoparticles were washed 3—4 times with ultrapure water.

For electrochemical measurements an aliquot of the PANPs suspension was
pipetted onto the electrode and the solvent was allowed to evaporate in air.

5.1.5. Preparation of shape-controlled carbon-supported Pd catalysts

For the preparation of Pd/C catalysts three methods were used. Pd cubes with
the size of ~24 nm were prepared using cetyltrimethylammonium bromide as a
capping agent [121] and 14 nm particles and sub 10 nm Pd particles were
synthesised by two methods developed by Xia and co-workers using poly-
vinylpyrrolidone (PVP) [123, 124]. After the reactions had finished, carbon
powder (Vulcan XC-72, Cabot Corp.) was added to form 5, 20 and 50 wt%
catalysts by continuously mixing to form uniform suspension. For cleaning the
prepared Pd/C catalysts NaOH was added to the mixture [125], which was then
filtrated and washed several times with water. Finally the sample was dried
overnight at 75 °C.

For electrochemical measurements an aliquot of the catalyst suspension was
pipetted onto the electrode and the solvent was allowed to evaporate in air.

5.1.6. Preparation of Au/C electrodes

20 wt% and 30 wt% Au nanoparticles supported on Vulcan XC-72R carbon
black were supplied by Johnson Matthey. Carbon powder was used for
comparison purposes. The catalyst suspension was prepared by mixing 4.7 mg
of catalyst powder, 20 pl of 5 wt% Nafion solution and certain amount of
ethanol, followed by sonication for 15 min. Then 5 ul of the catalyst suspension
was dropped onto the glassy carbon disk resulting Au loading on the electrode
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from 5.6 to 57 pg cm™, which corresponds to the Au/C catalyst layer thick-
nesses of 1.5 to 10 pm. The solvent was allowed to dry overnight.

5.1.7. Preparation of shape-controlled carbon-supported Au catalysts

The shape-controlled Au nanoparticles were prepared using different metho-
dologies. In all synthesis the nominal gold content was kept at 20 wt%.

The quasi-spherical AuNPs (~5 nm) were prepared using previously
described methods [101, 126]. Freshly prepared ice-cold NaBH4 solution was
added to aqueous solution of HAuCls and trisodium citrate dehydrate at room
temperature under vigorous stirring. After 30 s, the stirring was slowed down
and the Au colloid solution was stirred gently at 40—45 °C for 15 min to ensure
the reaction of excess NaBH4. Then appropriate amount of carbon powder
(Vulcan XC-72R) was added under fast stirring for approximately 1 h, alter-
nating between ultrasonic and magnetic. This process would disperse the carbon
and allow uniform distribution of the nanoparticles on the support surface.
Finally, NaOH pellets were added to the mixture to precipitate the sample and
the synthesis mixture was left to stand overnight. After complete precipitation,
the sample was filtered, rinsed with ultrapure water and dried at 70-80 °C.

Quasi—spherical AuNPs (~30 nm) were synthesised using the standard citrate
method [127], in which aqueous HAuCls solution was heated to boiling and
freshly prepared sodium citrate solution was added quickly with vigorous
stirring. The mixture was refluxed for 20 min and then allowed to cool to room
temperature. Then carbon powder was added as previously described. 1—
2 NaOH pellets were added to the mixture that was left to precipitate for
overnight. Finally, the sample was filtered, rinsed with ultrapure water and dried
at 70-80 °C.

Octahedral AuNPs (40—45 nm) were synthesised by the method described by
Han et al. [128, 129]. The procedure was following: aqueous ascorbic acid was
added to HAuCls and CTAB aqueous solution. To this mixture NaOH solution
was rapidly injected to ensure the formation of Au particles. The reaction
temperature was kept at 25 °C and the reaction was allowed to proceed for 20—
30 min. Subsequently appropriate amount of Vulcan XC-72R carbon was
added. After that methanol solution in which 1-2 pellets of NaOH were dis-
solved was added to the mixture. Finally the sample was filtered, rinsed with
ultrapure water and dried at 70-80 °C.

The Au nanocubes were grown from spherical Au seeds [99—101, 130]. The
Au seeds were prepared by the reduction of HAuCls by ice-cold NaBH4 in the
presence of CTAB. The growth of the nanoparticles to yield nanocubes
followed the next procedure: HAuCls, CTAB and L-ascorbic acid were added to
water. Then diluted Au seed solution was added to this growth solution. After
1 h the reaction was complete and the appropriate amount of carbon powder
was added. The sample was washed with methanol solution containing 1-2
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pellets of NaOH. Finally the sample was filtered, rinsed with ultrapure water
and dried at 70-80 °C.

The corresponding unsupported AuNPs were prepared as described above,
but without the carbon powder addition step. Furthermore, filtering and drying
steps were unnecessary, and the AuNPs were simply washed 3—4 times with
ultrapure water after precipitation.

For electrochemical measurements the catalyst suspension was prepared by
mixing Au/C powder in ethanol containing 0.1% Nafion and an aliquot of this
was pipetted onto the GC electrode. The solvent was left to dry overnight at
room temperature.

5.2. Surface characterisation

Transmission electron microscopy (TEM) measurements were conducted on a
Tecnai 12, JEM-2010 (JEOL) or Tecnai F20 TEM instrument and formvar/
carbon coated copper grids were used as substrate. High-resolution scanning
electron microscopy (HR-SEM) was conducted on Helios™ NanoLab 600
(FEI) equipped with INCA Energy 350 X-ray spectrometer (Oxford Instru-
ments) for energy dispersive X-ray spectroscopy (EDX). The SEM measure-
ments were carried out on GC disk that was removed from the Teflon holder
after deposition process. Multimode atomic force microscope (AFM) images of
Pd coatings on Au electrodes were obtained using Autoprobe CP II (Veeco)
using UL20 (PSI) series cantilevers under ambient conditions in non-contact
mode. X-ray photoelectron spectroscopy (XPS) measurements were conducted
on SCIENTA SES-100 spectrometer. X-ray diffractograms (XRD) were re-
corded using a Bruker D8 advance diffractometer. The samples for XRD were
prepared by evaporating a drop of catalyst suspension on Si substrate.

5.3. Electrochemical measurements

The electrochemical measurements were carried out either in 0.5 M or 0.05 M
H2SO4 or 0.1 M KOH solutions. The solutions were prepared from 96% H»>SO4
(Suprapur, Merck) or KOH pellets (p.a. quality, Merck). The solutions were
made using Milli-Q water and were saturated with pure O, (99.999%, AGA), Ar
(99.999%, AGA) or CO (99.97%, AGA) for CO stripping experiments. The
electrochemical measurements were carried out in a three-electrode glass cell.
The reversible hydrogen electrode (RHE) or saturated calomel electrode (SCE)
was used as a reference electrode that was connected through a Luggin
capillary. A Pt wire served as a counter electrode and it was separated from the
main cell by a glass frit. The potential was applied using either Autolab
potentiostat/galvanostat PGSTAT30 or PGSTAT128N (Eco Chemie B.V., The
Netherlands) and the experiments were controlled using General Purpose
Electrochemical System (GPES) software. An EDI101 rotator with CTV101
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speed control unit (Radiometer, Copenhagen) was used for RDE experiments.
All the experiments were carried out at room temperature (23 + 1 °C).

Prior to O, reduction measurements, the electrodes were electrochemically
pre-treated in deaerated solution for electrochemical characterisation and
cleaning. To further clean the surface of Pd electrodes carbon monoxide was
adsorbed onto the Pd by bubbling CO through the cell while keeping the
potential at 0.1 V vs. RHE until complete blockage of the surface, which was
monitored by scanning the electrode between 0.1 and 0.35 V [131]. After that
the CO was removed from the solution by bubbling Ar for 45 min. Finally CO
was oxidatively stripped from the surface. After these pre-treatments the
electrode was transferred to another cell for the ORR studies.
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6. RESULTS AND DISCUSSION

6.1. Oxygen reduction on thin Pd films

Oxygen reduction reaction was studied in potassium hydroxide and sulphuric
acid solutions on thin palladium films prepared by electron beam evaporation
onto glassy carbon substrate [I]. The objective of this study was to evaluate the
ORR kinetics and determine the possible size effect of Pd nanoislands and the
Pd film thickness on the oxygen reduction reaction.

6.1.1. Surface characterisation of thin Pd films

Figure 1 presents TEM micrographs of vacuum-evaporated thin Pd films of
various nominal thicknesses. It can be observed that the palladium layer is not
growing epitaxially, but very small Pd nanoparticles (nanoislands) are formed.
This corresponds to Volmer-Weber growth mode. Similar phenomenon has
been observed with thin Pt films prepared by the same method [132, 133]. The
particle size was 2.0 = 0.3 nm for 0.25 nm film and slightly increased with
increasing the film thickness to 2.1 + 0.3 nm for 0.5 nm film, 2.5 £ 0.4 nm for
1 nm film and 2.6 £ 0.4 nm for 2 nm film. It appears that the average particle
size increases only slightly with nominal film thickness, but the number density
of nanoparticles increases instead as can be observed in the TEM micrographs.
The particles are in contact with each other forming dendritic structures and
with increasing the nominal thickness of the film this trend increases. It is
evident that the substrate material has a large influence on the surface morpho-
logy of the Pd films, as the size of the Pd nanoislands on Au substrate was con-
siderably larger [23]. It is expected that for 5 nm and thicker films, the substrate
is completely covered by Pd layer, as this has been observed for thin platinum
films prepared by the same method [132].
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Figure 1. TEM images of thin Pd films. Nominal film thickness: (a) 0.25 nm; (b) 0.5 nm;
(c) 1 nm and (d) 2 nm.

6.1.2. Cyclic voltammetry of thin Pd films

The thin palladium films and bulk polycrystalline Pd electrodes were subjected
to potential cycling in Ar-saturated 0.1 M KOH solution prior to the oxygen
reduction measurements in order to clean and electrochemically characterise the
metal surface. The cyclic voltammetry (CV) response (Figure 2) shows the
general features characteristic to palladium. The broad anodic peak at the
potentials £ > 0.6 V is associated with the formation of Pd surface oxides, while
the well-defined cathodic peak between 0.9 and 0.5 corresponds to the reduction
of these oxides. With decreasing Pd film thickness a significant shift of the
oxide reduction peak potential towards negative direction can be observed
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(Figure 2). The peak potential shift between the thinnest and thickest film is
about 60 mV.

Similar phenomenon has been observed for platinum particles with
decreasing particle size in acid solutions and it has been related to stronger ad-
sorption of OH on smaller particles [31, 132, 134], which has also been
confirmed by X-ray absorption spectroscopy [135]. Similarly, carbon-supported
Pd nanoparticles exhibited same effect as the oxide reduction peak shifted about
50 mV towards negative potentials as Pd particle size decreased from 16.7 to
3 nm [30]. A small increase of the cathodic current can be observed at £ < 0.4 V
and anodic peak at about 0.5-0.6 V. These peaks are more pronounced for
thicker films and can be attributed to the absorption or adsorption of hydrogen
and its desorption, respectively [136].
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Figure 2. Cyclic voltammograms for Nafion-coated thin-film Pd electrodes and Nafion-
coated bulk Pd in Ar-saturated 0.1 M KOH. v =100 mV s!. Inset: v=10 mV s\

In order to calculate the real electroactive surface area of Pd the charge
corresponding to the reduction of surface oxides was found. It has been sug-
gested that the formation of the first monolayer of PdO is accomplished at ca
1.4-1.5 V vs. RHE [137], and therefore the positive potential limit was chosen
to be 1.4 V for CV studies in this work. The value of 424 uC cm? was em-
ployed as the charge density for the reduction of a monolayer of PdO [137]. As
expected, the real electroactive surface area (4;) for Pd increased with
increasing the film thickness for the thinner films, from 0.07 cm? for 0.25 nm
film to 0.31 ¢cm? for 2 nm film. For the 5 nm and thicker films, the GC surface is
completely covered by Pd and the 4, was between 0.5 and 0.6 cm?, similar to
that of bulk Pd electrode.
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6.1.3. ORR on thin Pd films in alkaline solution

After CV studies the reduction of oxygen on thin-film Pd electrodes was in-
vestigated in alkaline solution. A representative set of the RDE polarisation
curves at various electrode rotation rates is presented in Figure 3; the back-
ground current registered in O»-free solution has been subtracted from these
data. Only the cathodic sweeps are presented and were subjected for further
analysis.
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Figure 3. RDE results for O, reduction on Nafion-coated 0.5 nm Pd electrode in O»-
saturated 0.1 M KOH. v = 10 mV s, Inset: Koutecky-Levich plot for ORR at 0.3 V.

The RDE data were analysed using the Koutecky-Levich (K-L) equation, which
in case of a thin Nafion layer on the electrode can be expressed as follows [120,
138, 139]:

11,1, 1 1 1 L

=t —4—=—+ 7 + (1)
Jo o Jk Ja  Jf Jk 0.62nFDy v 1/6C02w1/2 nFCy, Dy

where j is the measured current density, ji is the kinetic current density, jq is the
diffusion-limited current density, jr is the limiting diffusion current density in the
Nafion layer, # is the number of electrons transferred per O, molecule, F is the
Faraday constant (96 485 C mol ™), w is the rotation rate, ng is the concentration
of oxygen in the bulk solution (1.2x107® mol cm™) [140], Dy, is the diffusion
coefficient of oxygen (1.9x107° cm? s') [140], v is the kinematic viscosity of the
solution (0.01 cm? s') [141], L is the thickness of the Nafion layer, ng is the

concentration of oxygen in the Nafion film and Dy is the diffusion coefficient of
0, in the Nafion layer. According to Equation (1), the plots of j ' vs " should
be linear, with the intercept of (1/jx + 1/j¢). From the slope of the K-L plots (inset
of Figure 3), the value of n was calculated. For the thicker films and for bulk Pd,
n was close to four in the whole range of potentials studied, indicating that O, is
fully reduced to water. This is in agreement with the earlier results in alkaline
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solutions, where negligible production of peroxide was observed [30, 51]. For the
1 nm and thinner films, the value of n slightly decreased and was between 3.5 and
3.7. This can be attributed to a partial reduction of O, on the supporting GC
surface, on which the ORR follows a two-electron pathway [142]. This
explanation has also been given for the decreased values of n for the reduction of
0, on a Pd/C catalyst [143].

Similar single-wave ORR polarisation curves with well-defined current
plateaus were observed for all thin-film Pd electrodes and bulk Pd in alkaline
solution (Figure 4). As expected for the electrodes coated with a Nafion layer,
the plateau currents are lower than at bare Pd and also smaller than theoretically
calculated value for a 4e” reduction of O; in this solution at 1900 rpm (6.2 mA
cm ). The plateau current density (jiim) is determined by diffusion of oxygen in
the solution as well as in the Nafion layer (1/jim = 1/ja + 1/j¥). The small
variations of jim are apparently due to the variation of jr as a result of uneven
thickness of Nafion layer on the electrodes.

The electrocatalytic activity of the thin Pd films decreases with decreasing
film thickness below 2 nm (Figure 4) and the half-wave potential (£1,,) shifts
negative (Table 1). The main reason for this decrease is decreasing the A, of
palladium for the thinner films.
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Figure 4. RDE voltammetry curves for O, reduction on Nafion-coated thin-film and
bulk Pd electrodes in O,-saturated 0.1 M KOH. @ = 1900 rpm; v= 10 mV s\

To evaluate the influence of the surface morphology of Pd islands on their O,
reduction activity, the specific activity of Pd at 0.85 V was calculated:

SA = I/ A (2)
where I is the kinetic current at this potential and A4, is the real surface area of
Pd. It appears that the SA is rather constant in the range of Pd film thicknesses

studied (Table 1). It has been shown that in alkaline solution, the specific
activity of PANPs towards the ORR decreases with decreasing the particle size
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[30]. This has been attributed to the stronger adsorption of OH on smaller
particles that block the active reaction sites [30]. Similar particle size effect has
also been observed for Pt catalysts in alkaline solution [144, 145]. Indeed, the
CV curves in Figure 2 show that the peak potential of the reduction of Pd
surface oxides shifts to negative direction as the film thickness and Pd particle
size decreases. However, when the CV curves were registered in the oxygen-
free solution in the same conditions as the oxygen reduction measurements
(starting at less positive potentials and using a lower scan rate), the oxide
reduction peak appeared at much more positive potential, which did not show a
remarkable dependence on the Pd film thickness (inset to Figure 2). It has been
pointed out that the electrocatalytic activity of Pd for ORR depends on the
coverage of surface oxides [103], which in turn is highly dependent on the
conditions of the experiment, such as on the start potential if the potential is
scanned to the negative direction [137]. Apparently, if the starting potential is as
low as 1.0 V, surface oxides are formed that can be rather easily reduced, also at
the thinnest Pd films that consist of very small Pd particles.
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Figure 5. Mass-transfer corrected Tafel plots for O, reduction on Nafion-coated thin-
film Pd electrodes and bulk Pd in 0.1 M KOH. @ = 1900 rpm.

On the basis of the RDE data the mass-transfer corrected Tafel plots were
constructed (Figure 5). For all electrodes except for the thinnest Pd film, these
plots showed a single slope close to -60 mV (Table 1). For the O, reduction on
Pt electrodes, characteristic slopes of -60 mV at low current densities and -120
mV at high current densities have been determined in many researches [6, 146,
147]. Similar slope values have also been found for Pd/C catalysts [30, 51]. The
change in the slope has been attributed to the change from Temkin to Langmuir
conditions for the adsorption of reaction intermediates [146, 147] or to the
decreasing coverage of chemisorbed oxygen [148], but the transfer of the first
electron to O, molecule is the rate-determining step in both regions. Apparently,
on thin-film Pd electrodes the Pd oxides are reduced at potentials more negative
than the range of Tafel analysis, which results in a single Tafel slope. The
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gradual increase of the slope at negative potentials can be observed only in case
of the thinnest Pd film (Figure 5). A single Tafel slope of -60 mV has also been
observed on a bulk Pd electrode at pH 13.3 [9]. These results imply that the
mechanism of oxygen reduction on thin Pd films in alkaline solution is similar
to that on bulk Pd and Pt electrodes.

Table 1. Kinetic parameters of the ORR for the thin Pd films in 0.1 M KOH.
o =1900 rpm.

Electrode Taﬁ:lll\s/l]o pe Eun \Ei/]RHE > atIgﬁé v
[mA cm™]

0.25 nm Pd/GC -51 0.75 0.45
0.5 nm Pd/GC -55 0.78 0.53
1 nm Pd/GC -63 0.79 0.51
2 nm Pd/GC -54 0.80 0.59
5 nm Pd/GC -57 0.82 0.47
10 nm Pd/GC -54 0.82 0.51
Bulk Pd -59 0.83 0.61
Bull P I(\?;tflsr‘l’;“ed 55 0.82 0.72

6.1.4. ORR on thin Pd films in acidic solution

For comparison, the reduction of oxygen was studied on thin-film Pd electrodes
also in acid solution. In Figure 6, a representative set of RDE voltammetry
curves is shown and in Figure 7 the data at a single rotation rate for Pd films of
various thicknesses is compared. The electrocatalytic activity of Pd towards O,
reduction is lower in H,SO4 than in KOH solution, therefore, at 0.3 V the
reduction of O, is still under mixed kinetic-diffusion control and the diffusion-
limited current plateau is not reached. In case of Pt electrodes, this activity
decrease has been attributed to the presence of adsorbed (bi)sulphate anions,
which block the active sites and have a negative electronic effect on the ORR
kinetics [149]. The influence of adsorbed anions on the ORR rate on poly-
crystalline Pt has been reported in an early work by Hsueh et al. [150].
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Figure 6. RDE results for O, reduction on a Nafion-coated 2 nm Pd electrode in O»-

saturated 0.05 M HSO4. v =10 mV s\, Inset: Koutecky-Levich plot for O reduction at
03V.

The K-L plots were constructed (inset to Figure 6) and the number of electrons
transferred per O, molecule was calculated from Eq. (1) using the literature data
of €4, = 1.26x107° mol cm™ and Dy, = 1.93x107° cm” s™' for 0.05 M H,SO4
[151]. The values of n slightly lower than four (between 3.6 and 3.9) were
found for thin-film Pd electrodes, which means that hydrogen peroxide is pro-
duced to some extent. The 4e™ reduction of oxygen has been observed on Pd
single crystals [3], Pd nanoparticles [29] and on Pd monolayers on various
metals [152]. Slightly lower # values in this work may be caused by the Nafion
layer on the electrodes, as it has been pointed out that Nafion coating increases
the peroxide formation on Pt catalysts [153].
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Figure 7. RDE voltammetry curves for O, reduction on Nafion-coated thin-film and
bulk Pd electrodes in O,-saturated 0.05 M H,SOs4. @ = 1900 rpm; v= 10 mV s7'.

A comparison of mass-transfer corrected Tafel plots of O, reduction on thin Pd
films in acid solution is presented in Figure 8 and Tafel slopes are given in
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Table 2. At high and low current densities, the average Tafel slope values of -
146 and -59 mV, respectively, were found. This is in agreement with the results
obtained for bulk Pd [9], Pd/C catalysts [34] and thin Pd films on Au [23],
where Tafel slopes close to -120 and -60 mV have been observed. For Pd
nanoparticles, however, a single Tafel slope of -120 mV has been reported [29].
The Tafel slope values of -60 and -120 mV are also characteristic for O,
reduction on Pt catalysts [6, 147, 154]. These results suggest that the reaction
mechanism on thin-film Pd electrodes is the same as on bulk Pd and Pt and does
not depend on the Pd film thickness.

LIRS
085+ wl
85 -j"iop" o
&, L=
> o0gof “aay TR
I EAAAA
o
4 A 025nm
. A 0.5nm
Q 00F g i
7] 2nm

10 nm
060L @ bukPd

L L L L L L L
25 -20 -15 -10 -05 00 05

log (//(/,,1)

Figure 8. Mass-transfer corrected Tafel plots for O, reduction on Nafion-coated thin-
film Pd electrodes and bulk Pd in 0.05 M H2SO4. w = 1900 rpm.

The specific activities of O, reduction on thin Pd films in acidic solution were
also calculated using Eq. (2) and are given in Table 2. The values of jx were
obtained from 1/j=1/j — 1/ja— 1/ j, where jq was found from the slopes of K-L
plots and jr was calculated from the difference of intercepts of K-L plots at 0.3
V for Nafion-coated and uncoated bulk Pd. Unlike in alkaline solution where
the SA was nearly constant for all the electrodes studied, a decrease in the SA
value with decreasing film thickness is in evidence. It is noteworthy that the
same trend was also observed for Pd films on Au in H,SOj4 solution [23]. For Pt
catalysts, the particle size effect on the ORR activity has been extensively
investigated [31, 154, 155] and due to the structural similarity of these metals it
is also expected for Pd catalysts. Assuming a cubo-octahedral model shape of a
Pt particle, the fraction of Pt(111) sites increases as the particle size decreases
[154]. As on these sites the (bi)sulphate ions show the strongest adsorption,
thereby blocking the sites of O, adsorption, the ORR activity decreases with
decreasing particle size [155]. Although the crystallographic orientation of Pd
islands on the thin-film electrodes is not known, it is expected that the
morphological differences of the Pd films and most likely decreasing particle
size are the reasons for the decreased activity for the thinnest films. Adsorbed
OH has also been considered as a spectator species for O, reduction on Pt [149],
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but considering that in alkaline solution the SA values are rather constant for all
film thicknesses, it can be speculated that the main reason for decreasing the O,
reduction activity for thinner Pd films in HSO4 is the surface-specific
adsorption of (bi)sulphate anions and not OH".

Comparing the values of SA of Nafion-coated and uncoated bulk Pd indi-
cates that the Nafion layer on the electrode surface slightly decreases the
electrocatalytic activity for O, reduction. The solubility of O, is higher in
Nafion film than in the solution, which should increase the kinetic current
[138]. However, the enhancement in kinetic current decreases with decreasing
the electrolyte concentration and approaches unity at very low acid con-
centrations [139]. As a result, in the kinetic region no differences in the O,
reduction kinetics on Nafion-coated and bare Pt surfaces in dilute acid solutions
were found [139]. On the other hand, Nafion slightly decreases the electro-
chemical surface area of Pt and therefore may block some active sites on Pt
[120, 138]. Therefore, the influence of Nafion coating on the electrocatalytic
activity of Pt in the kinetic region is not clear. For bulk Pt electrodes, the kinetic
currents at the Nafion-coated electrodes were found to be higher than at the bare
Pt electrodes [138]. However, the specific activity of the Nafion-Pt/C composite
catalyst was either lower than that of bulk Pt [120] or similar to this [153].

Understanding the effects of metal particle size and morphology on their
electrocatalytic activity is very important from both fundamental and practical
point of view, as it will help to design and optimise the catalysts for the fuel cell
cathodes. High activity of small Pd particles in alkaline solution makes this
metal a promising alternative to platinum in alkaline anion exchange membrane
fuel cells.

Table 2. Kinetic parameters for oxygen reduction on Pd/GC electrodes in 0.05 M
H>S04. @ = 1900 rpm.

Tafel slope Tafel slope SA at0.8 V vs.
Electrode [mV] b [mV] b Eun \Ei/]RHE RHE
Region 12 Region 112 [mA cm™]
0.25 nm Pd/GC -62 -151 0.48 0.04
0.5 nm Pd/GC -49 -158 0.49 0.04
1 nm Pd/GC -62 -125 0.53 0.10
2 nm Pd/GC -59 -129 0.56 0.12
5 nm Pd/GC -53 -144 0.59 0.11
10 nm Pd/GC -59 -148 0.62 0.13
Bulk Pd -65 -158 0.69 0.25
Bulk Pd
(not coated with -52 -128 0.74 0.35
Nafion)

2 Region I corresponds to low current densities and Region II to high current densities.
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6.2. Oxygen reduction on electrodeposited Pd coatings

In continuation to [I] the oxygen reduction reaction was studied on electro-
chemically deposited palladium electrodes in acid as well as in alkaline solution
[II, III]. Palladium was deposited at constant potential of 0.78 V onto glassy
carbon [II] and gold [III] substrates and in what follows these electrodes are
designated as Pd/GC and Pd/Au, respectively. The electrochemical deposition
was carried out in 0.05 M H,SOj4 solution containing 0.1 mM PdCl,.

6.2.1. Surface characterisation of electrodeposited Pd coatings

HR-SEM micrographs of Pd coatings on GC deposited for 300, 600 and 900 s
are presented in Figure 9. It can be seen that after 300 s of Pd deposition (Figure
9a) there are small nanoparticles and also some larger agglomerates. After 600 s
(Figure 9b) more agglomerates have been formed. After 900 s (Figure 9¢) Pd
has been deposited on multiple layers, but still some uncoated GC surface can
be seen with some small Pd islands on it. The size of small Pd particles was in
the range of 3 to 10 nm and the larger agglomerates were up to 100 nm in
diameter. With these deposition parameters Pd grows in the form of nano-
particles as suggested by Bliznakov et al. [156].

Figure 9. HR-SEM micrographs of electrodeposited Pd on GC. Deposition time: (a)
300, (b) 600 and (c) 900 s.
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The surface morphology of electrodeposited Pd on gold substrate was studied
using atomic force microscopy and Pd coatings deposited using different
deposition times on gold are presented in Figure 10. For all electrodeposited
Pd/Au it can be observed that the Au surface is covered with island-like
structures of Pd (Figure 10). The root mean square (RMS) roughness was found
to decrease as compared to clean polished Au surface. The corresponding RMS
roughness values were: 4.1 + 0.9 nm, 3.6 = 0.5 nm, 3.6 + 0.6 nm and 2.2 +
0.5 nm for polished Au, 300, 600 and 900 s deposited Pd, respectively. This
decreasing trend of RMS roughness can be explained by preferred growing of
Pd particles on Au surface defects caused by polishing and subsequent fulfil-
ment of these scratches. It was also found that the average size of Pd particles
was 19 £ 2 nm and it does not depend on deposition time. In comparison with
electrodeposited Pd/GC the size of the Pd nanoparticles on gold was more
uniform and there were no large agglomerates.

24.8nm 20.7nm

20,0
16.0

12.0

4.0

0.0

19.7nm 13.5nm

12.0
16.0

12.0 8.0

0.0 0.0

Figure 10. AFM micrographs of (a) bulk Au and electrodeposited Pd coatings of
various deposition times: (b) 300, (c) 600 and (d) 900 s.
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6.2.2. Cyclic voltammetry and CO stripping

As with thin Pd films, prior to oxygen reduction measurements the electro-
deposited palladium and bulk Pd electrodes were subjected to potential cycling
in deaerated solution in order to clean and electrochemically characterise the
electrode surface. The cyclic voltammograms of Pd/GC presented in Figure 11
show general features characteristic to palladium electrodes. The main charac-
teristics are similar in acid and in alkaline solutions. The broad anodic peak at
the potentials £ > 0.6 V is associated with the formation of Pd surface oxides
and reduction of these oxides gives a well-defined cathodic peak between 0.6
and 0.9 V. The current increase between 0.4 and 0.1 V is attributed to hydrogen
adsorption and desorption. A small contribution of hydrogen absorption into Pd
is also possible, but it has been shown that in case of thin Pd films at £> 0.1 V
this charge is small, as compared to the adsorption charge [157, 158]. In acidic
media peaks in the hydrogen region are better defined than in alkaline solution.
This has been attributed to the influence of adsorbed (bi)sulphate ions [159].
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Figure 11. Cyclic voltammograms for Pd/GC electrodes in Ar-saturated solutions: (a)
0.05 M H2SO4 and (b) 0.1 MKOH. v=50 mV s .

The Pd/Au electrodes were subjected to CO stripping experiments (Figure 12).
In acid medium well-defined CO stripping peaks in the range of 0.9 to 0.95 V
can be observed. In alkaline medium the CO stripping peak is located at 0.81 V
for thicker Pd coatings, but the 300 s deposited Pd coating did not show a
characteristic sharp CO stripping peak; the reason for that might be the
formation of Pd-Au surface alloy. In acidic solution a shift of the CO stripping
peak is in evidence, which is most likely caused by alloying with Au as shown
previously [160]. The increased current at more positive potentials than the CO
stripping peak can be attributed to Pd surface oxidation and the cathodic peak at
0.7 V is due to their reduction; the increased current at £ < 0.35 V is due to the
adsorption of hydrogen. The CVs registered after CO stripping experiments
showed increased symmetry and better definition of hydrogen adsorption/
desorption peaks, which were evidences for increased cleanliness of surface of
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the electrode. The CVs of Pd/Au electrodes (Figure 13) were very similar to
these of bulk Pd and Pd/GC in acid solution, but in alkaline medium there was a
small wave prior to Pd surface oxide reduction for 300 s deposited Pd/Au,
which was absent when using GC as substrate and suggests Pd-Au alloy
formation. Also noteworthy is a broad cathodic peak at approximately 1.15 V
which is due to the reduction of gold surface oxides that are formed on Au
substrate surface uncovered by Pd layer. The hydrogen adsorption/desorption
features of Pd/Au electrodes were similar to those of electrodeposited Pd/GC.
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Figure 12. CO stripping voltammograms of Pd/Au electrodes recorded in Ar-saturated
(a) 0.05 M H,SOs and (b) 0.1 M KOH solutions. v=20 mV s™'.

@ o2 T T T T T T ™ ®) o2 T
. Lu
: - ]
,,,,, i
R v 7
o 0ot N 0o -
£ € I8 -
o (3} RS
< <
£ 02} £ 02}
N 3
04} ¥ - 04}
06 4 06
. . . . . . . . . . . . . . . .
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Evs.RHE/V Evs.RHE/V

Figure 13. Cyclic voltammograms of Pd/Au electrodes recorded in Ar-saturated
solutions: (a) 0.05 M H,SOy4 and (b) 0.1 M KOH. v=50 mV s,

The real electroactive surface area of Pd was determined using the same
methodology as for thin Pd films in previous part [I]. As predicted, the 4, value
increased with increasing the electrodeposition time at constant potential and it
did not depend on the substrate material.

39



6.2.3. ORR on electrodeposited Pd electrodes in acidic solution

After the pre-treatment procedures the electrodeposited Pd coated electrode was
transferred to another electrochemical cell where the solution was saturated with
oxygen. For all Pd/GC and Pd/Au electrodes the ORR polarisation curves were
single-waved. Only the cathodic sweeps are presented and were subjected to
further analysis and background currents registered in O,-free solution were
subtracted from this data. A comparison of the RDE polarisation curves (Figure
14) shows increasing ORR activity of the Pd coatings with increasing
deposition time. It has been shown that the adsorption of (bi)sulphate anions
decreases the ORR activity of Pt [149]. The same effect has also been observed
on epitaxial films of palladium on Pt(111) [161] and on thin Pd films [23]. In
addition to strongly adsorbed anions the real electroactive surface area affects
the Ei» value. In order to compare the intrinsic catalytic activity of the
electrodeposited Pd electrodes the specific activities were calculated using Eq.
(2). The SA values for Pd/GC electrodes were rather similar at 0.8 V, but small
increase with increasing deposition time was observed and for thicker coatings
the specific activities were comparable to that of bulk palladium (Table 3). In
comparison, the SA values for Pd/Au catalysts prepared with shorter deposition
time were similar, but the SA was higher for the coating prepared with the
longest deposition time and even surpassed that of bulk Pd. It is evident that the
SA value increases with Pd loading and this is more noticeable on GC substrate.
This electrocatalytic behavioural tendency has also been observed on vacuum-
evaporated thin Pd films ([I] and [23]) and explained by stronger adsorption of
(bi)sulfate anions on smaller Pd particles. Therefore, the higher specific activity
0f 900 s deposited Pd/Au could arise from morphological effects.
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Figure 14. Comparison of RDE voltammetry curves of O reduction on (a) Pd/GC and
(b) Pd/Au in Os-saturated 0.05 M H2SO4. @ = 1900 rpm, v =20 mV s ..
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The analysis of RDE data was made using the Koutecky-Levich equation [162]:

1 1 1 1 1

- =—+—= 3)

jJk - Ja MFkCG,  0.62nFDY*v=1/6ch w12

where Cj is 1.22x107° mol ecm™ [163]. Using Eq. (3) the number of electrons

transferred per O, molecule was found. For all Pd/Au electrodes the value of n
was close to 4, showing that the reaction yielded mainly water. In case of GC
support the n value was also close to 4 for 600 s and 900 s deposited Pd
coatings, but for the thinnest coating it was somewhat lower, being between 3.5
and 3.9 at negative potentials. These values suggest that some H,O» is produced.
As in the measured potential region the reduction of oxygen is suppressed on
pure GC surface [164], the value of n < 4 may not be attributed to the two-
electron reduction of O, on GC, but it may be caused by a decreased activity of
H,0O: reduction on Pd nanoparticles in H>SO4 solution [165]. On bulk Pd
electrodes the ORR proceeded via 4—electron reduction pathway in the whole
range of potentials studied.
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Figure 15. Mass-transfer corrected Tafel plots for oxygen reduction on (a) Pd/GC and
(b) Pd/Au with comparison to bulk Pd electrodes in 0.05 M H,SO4. @ = 1900 rpm. Data
derived from Figure 14.

On the basis of the RDE data on ORR at 1900 rpm the mass-corrected Tafel
plots were constructed (Figure 15). The Tafel slope values of the ORR on
electrodeposited Pd at low current densities were close to -60 mV, but reached
up to -150 mV at high current densities (Table 3). The Tafel slope values at high
current densities on Pd/GC were somewhat lower than those on Pd/Au. The
Tafel slope value of -60 mV at low current densities has been reported to arise
from adsorbed oxygen-containing species on the surface of Pd catalysts [9]. At
higher overpotentials the surface oxide coverage is significantly lower and
typical Tafel slope value (-120 mV) is obtained, which indicates that the ORR
rate is determined by the transfer of the first electron to O, molecule.
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Table 3. Kinetic parameters for oxygen reduction on electrodeposited Pd and bulk Pd in
0.05 M H2S04. @ = 1900 rpm.

(Region I | _(Region Il v [mA em*]

300 ;g/eggs“ed 5546 123+ 14 0.55+0.02 | 0.190.04
6005 deposited | 544 136+ 1 0.65+001 | 0.24=0.02
900 ;gjergsited 5745 138+8 0.67 = 0.03 0.25+0.01
300 | g/egﬁsited 5241 146 + 4 0.54 +0.03 0.18 £ 0.03
600 ;gfgﬁmd Sl 1156+ 10 0.58+0.02 | 0.190.03
900 | gg’isited 4742 15247 0.71£0.03 | 0.39+0.04
bulk Pd 5343 -128 45 0714001 | 0.24=0.02

“ Region I corresponds to low current densities and Region II to high current densities

6.2.4. ORR on electrodeposited Pd electrodes in alkaline solution

The ORR on freshly prepared electrodeposited Pd coatings was also tested in
0.1 M KOH solution (Figure 16). In alkaline medium the ORR polarisation
curves showed sharper current increase than in acid solution and well-defined
diffusion-limited current plateaus. The RDE data was analysed using Eq. (3)
and the values of Do,= 1.9x107> cm’ s and Cg, = 1.2x107° mol cm™ [140]. The
value of n was close to 4 for all electrodeposited Pd electrodes, except for 300 s
deposited Pd/GC for which it was between 3.7 and 3.9. This indicates that some
hydrogen peroxide is formed, possibly on uncovered GC surface as the ORR on
bare GC electrodes is a two-electron process [142, 166]. There are several
studies where 4-electron pathway for the ORR in alkaline solutions has been
reported [35, 104, 143], but also somewhat smaller » values have been
determined on Pd nanoparticles [30]. It has been suggested that on Pt group
metals this reaction proceeds at least partially via peroxide intermediate [167].
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Figure 16. Comparison of RDE voltammetry curves for O, reduction on (a) Pd/GC and
(b) Pd/Au in O,-saturated 0.1 M KOH. @ = 1900 rpm, v=20mV s .

A clear positive shift of £}, with increasing deposition time is evident and the
E\; values of 900 s deposited Pd coatings coincide with that of bulk Pd (Table
4). The specific activities were found by using Eq. (2) at 0.85 V (Table 4). The
SA values on Pd/GC electrodes remained lower than that of bulk Pd, but higher
specific activities were observed for Pd/Au coatings. In either case the SA
values were rather constant: near 0.4 mA cm 2 on Pd/GC and near 0.6 mA cm™
on Pd/Au, in agreement with the results obtained for vacuum-evaporated thin
Pd films (paper [I]). Jiang et al. have shown that the SA value of Pd/C catalysts
increases continuously by a factor of 3 with increasing the particle size from 3
to 16.7 nm [30]. Such behaviour was not observed in this study, which can be
due to the fact that the Pd particle size is relatively large as can be observed
from SEM and AFM measurements. The higher SA values of Pd/Au might be
caused by possible formation of Pd-Au surface alloy [15, 16]. However, this can
also be due to the electronic effect of the substrate, as a monolayer of Pd on
Au(111) has been shown to increase the ORR kinetics in alkaline solution by an
order of magnitude [104].

Mass-transfer corrected Tafel plots were constructed for ORR in 0.1 M KOH
(Figure 17). All Pd/Au electrodes and Pd/GC electrodes with thicker coatings
showed one rather constant Tafel slope value of -60 mV. For 300 s deposited Pd
two different Tafel slope regions were observed: at low current densities the
slope was close to -60 mV, but at high current densities it increased to -120 mV.
These values are in agreement with previous studies [30, 47, 51] and thus it can
be concluded that the mechanism of the ORR on electrodeposited Pd coatings in
alkaline media is the same as on bulk Pd.
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Figure 17. Mass-transfer corrected Tafel plots for oxygen reduction on (a) Pd/GC and
(b) Pd/Au and bulk Pd electrodes in 0.1 M KOH. @ = 1900 rpm. Data derived from
Figure 16.

Table 4. Kinetic parameters for oxygen reduction on electrodeposited Pd and bulk Pd in
0.1 M KOH. @ = 1900 rpm.

Coayst | Tlslore | e ute | A T
[mA cm 2]
300 ;g/er‘éSited 5842 0.71%0.01 039+ 0.01
600 ;ngp"CSited 5742 0.77 % 0.01 0.38 = 0.02
900 ;ngp"CSited -56+3 0.79 = 0.01 0.43 = 0.09
300 ;gfgisned 5842 0.77 % 0.01 0.60 £ 0.10
600 ;gf[{"ﬁmed 59+ 1 0.79 % 0.01 0.64 + 0.02
900 ;fig’fited 60 = 1 0.81 % 0.01 0.60  0.09
bulk Pd 5722 0.79 £ 0.02 0.48 £ 0.02

6.3. Oxygen reduction on electrodeposited
Pd-Au coatings

As the Pd/Au system in paper [III] showed increased ORR activity in alkaline
solution, then palladium and gold were co-deposited onto GC support with
different Pd:Au ratios in order to evaluate the ORR activity of Pd-Au alloys
[IV]. The studied electrodes were prepared using different Pd:Au ratios in the
deposition bath (50:50; 75:25; 90:10) and these are designated as 1-PdAu, 2-
PdAu and 3-PdAu, respectively. For comparison purposes pure Pd and Au were
electrochemically deposited.
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6.3.1. Surface characterisation of Pd-Au coatings

HR-SEM micrographs of Pd-Au coatings are presented in Figure 18. From
these images it can be observed that the size and distribution of Pd-Au particles
are independent of the deposition bath content. The electrodeposited Pd-Au and
Pd had rather uniform particle size of 6 £ 2 nm and these small particles formed
some larger agglomerates. In contrast, the electrodeposited Au had different
morphology and larger particles, even up to 45 nm, were formed.

Figure 18. SEM micrographs of electrodeposited (a) Au, (b) Pd, (¢) 1-PdAu, (d) 2-
PdAu, (e) 3-PdAu, (f) bare GC.
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In order to evaluate the distribution of Pd and Au and the real alloy com-
position, the energy dispersive X-ray spectroscopy was used. The metal distri-
bution was found to be rather uniform. The 1-PdAu, 2-PdAu and 3-PdAu
coatings contained 25 wt%, 55 wt% and about 75 wt% of Pd, respectively.
Therefore it can be safely concluded that the deposition of Au is more facile
than Pd in these conditions.

The X-ray photoelectron spectroscopy (XPS) measurements were carried out
in order to analyse the valence state and surface composition of the electro-
deposited Pd-Au coatings (Figure 19). For all Pd-Au coatings the Au4f spectra
had a doublet at 83.4 and 87.1 eV. 1-PdAu and 2-PdAu had the Pd3d doublet at
334.4 and 340.1 eV, but for 3-PdAu a shift in binding energy (BE) was
observed, as it had the corresponding XPS peaks at 334.6 and 340.2 eV.
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Figure 19. XPS spectra of electrodeposited Pd-Au coatings in the (a) Au4f and (b) Pd3d
regions.

The BE values of Au4f obtained in this study coincide with those obtained by
Xu et al. who explained the decrease in the BE of Au in Pd-Au alloy with
electron transfer from Pd to Au [168]. In the case of 3-PdAu the Pd3d doublet is
located at higher BE values, because palladium content is higher and probably
not all Pd is alloyed.

6.3.2. Cyclic voltammetry of electrodeposited Pd-Au coatings

Cyclic voltammetry was used to characterise and clean the freshly prepared
electrode surface. In order to avoid the recombination of the metals the upper
potential limit was kept at 0.8 V prior the ORR studies and later it was
increased to 1.4 V for three CV scans to determine the real electroactive surface
area (Figure 20). The CVs of electrodeposited Pd were rather similar to that of
bulk Pd, showing the Hupp peaks at low potentials (£ < 0.3 V) and peaks
corresponding to the surface oxidation of Pd (£ > 0.8 V) and reduction of PdO
(0.6 < E < 1.0) at higher potentials. When the upper potential limit was in-
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creased to 1.7 V, the characteristics for oxidation and reduction of gold were
also observed. As it has been shown that for single Pd atoms on Au nano-
particles the hydrogen adsorption/desorption region does not appear [109], then
it may be assumed that Pd in these Pd-Au coatings exists at least partially in
larger clusters, as also the XPS and EDX studies suggest. From Figure 20 it can
be observed that the Pd oxide reduction peak shifts to lower potentials with
increasing Pd content in the coatings. This observation is in agreement with the
results obtained by Lukaszewski and Czerwinski, who observed that for the co-
deposited palladium-gold alloys the peak potential of oxide reduction depends
on the alloy composition and it shifts to negative potentials during potential
cycling as a result of the Pd segregation [111]. In this study the shift of PdO
reduction peak was not observed during the potential cycling, which suggests
that the segregation of Pd is negligible, probably due to the narrower potential
range used during the CV studies. The Pd segregation can be utilised to gain
certain surface composition by employing different pre-treatment conditions
[112].
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Figure 20. Cyclic voltammogramms of electrodeposited Pd-Au coatings in Ar-saturated
(a) 0.05 M H,SOy and (b) 0.1 M KOH solution. v=50 mV s,

The real electroactive Pd surface area of Pd-Au coatings was found by
integrating the charge under the Pd oxide reduction peak and using the value of
424 pC cm? for the charge density of the reduction of a monolayer of PdO
[137]. The surface areas for 1-PdAu, 2-PdAu and 3-PdAu were 0.04, 0.12 and
0.16 cm?, respectively. However, it has to be noted that for pure noble metal
electrodes the surface area determination is more accurate than for Pd-Au alloys
[111].

6.3.3. ORR on electrodeposited Pd-Au coatings in acidic solution

After CV experiments the ORR activity of electrodeposited Pd-Au coatings was
evaluated. The RDE results for 1-PdAu are presented in Figure 21a. For all
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electrodeposited coatings similar ORR polarisation curves were obtained
(Figure 22). It can be observed from the comparison that the onset and half-
wave potentials of the ORR are strongly affected by the alloy composition.
With increasing the Pd content, a considerable positive shift of the onset
potential and Ei; is evident (Table 5). From the Koutecky-Levich analysis
(Figure 21b), the number of electrons transferred per O, molecule was
determined. The value of n was close to 4 for electrodeposited pure Pd and for
3-PdAu, but a slightly lower value of n was obtained for 1-PdAu and 2-PdAu
coatings, indicating that the ORR does not proceed selectively to water for-
mation on these Pd-Au coatings. The n value was close to 2 for bulk Au and
electrodeposited gold and therefore the reaction yielded H>O, as expected. Since
the Pd content in Pd-Au coatings is relatively high, it is expected that the H>O,
yield is low, as it has been demonstrated that in perchloric acid solution the
hydrogen peroxide production decreases to 10% when Pd content increases up
to 50% [109]. In addition, small amounts of spontaneously deposited Pd on
polycrystalline gold have been shown to catalyse the four-electron reduction of
oxygen to water in perchloric acid [28].
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Figure 21. (a) A set of RDE results on 1-PdAu in O,-saturated 0.05 M H,SOy4 solution
and (b) the corresponding K-L plots. Inset shows the potential dependence of n.

The E1» values of the ORR are strongly dependent on the alloy composition and
E1» shifts positively with increasing Pd content (Table 5). This behaviour is
expected as the E1, of gold is rather negative and even small amount of more
active metal shifts significantly the half-wave potential [109]. Also it is evident
that the diffusion-limited current depends on the alloy composition (see Figure
22) and thus the value of # is lower than 4 for Au-rich alloys.

In order to compare the intrinsic activity of the electrodes the SA values
were calculated using Eq. (2), taking into account the electroactive surface area
of Pd. As the onset potentials differ considerably, then it is difficult to compare
the specific activities at a single potential. However, the SA values were
calculated at 0.6 V (Table 5) and they differed only slightly. The electro-
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deposited pure Pd had about two times higher SA value as compared to 3-PdAu
coating, which might be due to the more favourable particle distribution, as pure
Pd had no big agglomerates. The SA of bulk Pd was in turn twice as high as that
of electrodeposited palladium. This effect is similar to that of thin Pd films,
which had lower SA than that of bulk Pd (paper [I]) and it may be due to the
morphological differences. For Pt catalysts, the particle size effect on the ORR
activity has been extensively investigated [154, 155] and due to the similar
crystal structure it is also expected for Pd catalysts. Assuming the cubo-
octahedral model shape of the Pt particles, the fraction of Pt(111) sites increases
with decreasing the particle size [154]. As the (bi)sulphate ions show the
strongest adsorption on Pt(111) sites and block O, adsorption sites [155], a
similar effect on Pd surface in H,SO4 solution is expected, which causes lower
SA of Pd nanoparticles compared to bulk Pd. In addition, decreasing SA value
with decreasing particle size below 11 nm has been observed for Pd/C catalysts
in HCIOj4 solution [32].
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Figure 22. (a) A comparison of RDE results for O, reduction on electrodeposited Pd-Au
coatings in O,-saturated 0.05 M H,SO, solution. (b) Tafel plots derived from (a).

On the basis of RDE data the Tafel analysis was carried out and the cor-
responding plots are presented in Figure 22b. The Tafel slope value at low
current densities was close to -60 mV for Pd containing coatings, as is typical
for Pd-based catalysts in this region [9, 23, 34], but with increasing Au content
the slope value increased slightly (Table 5). The Tafel slope value of -60 mV
has been agreed to originate from oxygen-containing species on Pd surface at
low overpotentials [9]. For bulk gold and electrodeposited gold this value was
higher than previously shown on gold catalysts [65, 66]. Nevertheless, the Tafel
slope values obtained in this study show that the rate-determining step for the
ORR is the sluggish transfer of first electron to O, molecule.
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Table 5. Kinetic parameters of oxygen reduction on Pd-Au alloys in 0.05 M H,SOs.

o = 1900 rpm.
Electrode A; [em?] Taﬁllél]o pe By V[SV$HE > atI{()H6]EV *
[mA cm %]
deposited Au -122+6 0.28 £0.01
bulk Au -104 £ 7 0.25+0.01
1-PdAu 0.04 + 0.005 -88+ 10 0.42 +0.05 1.8+0.6
2-PdAu 0.12+0.003 -84 £ 15 0.47 £ 0.04 1.5+£04
3-PdAu 0.16 = 0.004 -49 £ 10 0.53 +0.04 2.4+0.9
deposited Pd | 0.31+0.010 -48 £ 10 0.62 +0.04 43+£0.7
bulk Pd 0.52+0.03 -53+3 0.71 £ 0.01 7.5+£0.1

6.3.4. ORR on electrodeposited Pd-Au coatings in alkaline solution

Freshly prepared Pd-Au electrodes were also tested for ORR activity in alkaline
media. Gold is a rather active catalyst for ORR in alkaline solution and thus the
onset potentials of different coatings are within 50 mV (Figure 23a). Also from
the comparison it can be seen that different Pd-Au electrodes have almost
coinciding polarisation curves with well-defined diffusion limiting current
plateaus. The difference of Ei, values between bulk Pd and 1-PdAu is only
about 20 mV. Cha et al. observed the onset potential and half-wave potentials to
differ more than 70 mV with different Au/Pd ratios [117].
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Figure 23. (a) A comparison of RDE results of electrodeposited Pd-Au coatings in O,-
saturated 0.1 M KOH solution. (b) Tafel plots derived from (a).
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The Koutecky-Levich analysis (Eq. (3)) revealed that for electrodeposited Au
and bulk Au the value of » was below 3, but on all coatings that contained Pd
the reaction proceeded via 4-electron pathway. These results show that the
reaction product is OH™ on Pd-containing coatings, but on pure gold the final
product is peroxide that is partially reduced further. In comparison, the Au
nanochain networks have the n value about three, but after modifying these
particles with Pd shell the value of n increases to four [117], showing that a
small amount of Pd is needed for the four-electron reduction of oxygen.

It should be noted that the specific activities here are calculated on the basis
the electroactive surface area of Pd and thus these SA values can be considered
as apparent specific activities, since gold is also electrochemically active in
alkaline media. Unfortunately, the determination of the surface area of Au is not
possible in present case, as this would change the surface composition [111]. As
1-PdAu has the smallest A4;, then it is expected that it possesses the highest SA
value. In general, the SA values decrease with increasing the Pd content. The
electrodeposited Pd has a little higher SA than that of bulk Pd. The higher
electrocatalytic activity has been previously suggested to arise from structural
and electronic effects on Pd-Au alloy catalysts [113—115] and these effects are
most likely the cause of the change in the ORR activity of our catalysts.
Similarly, the electronic interaction between Au and Pd has been suggested to
be the reason for higher activity and stability for Pt/PdAu/C materials [169].

The Tafel analysis revealed a single Tafel slope region with the slope value
of approximately -60 mV for all the studied electrodes (Table 6, Figure 23b).
This value suggests that the ORR mechanism is the same as on typical Pd
catalysts [24, 25, 30, 143, 170] and the rate-determining step is the transfer of
the first electron to O, molecule.

Table 6. Kinetic parameters of oxygen reduction on Pd-Au alloys in 0.1 M KOH.
o = 1900 rpm.

Electrode A, [em?] Taﬁlls}? pe Ey V[S\'ﬁ{HE Sé/:.tRO.PEI;]SE ¥
[mA cm 7]
deposited Au 54+ 11 0.71 £0.01
bulk Au -64+9 0.77 £0.01
1-PdAu 0.07 £0.01 -71+9 0.81 +£0.02 26+0.2
2-PdAu 0.16 £0.02 -60 £ 10 0.81+0.02 1.9+0.1
3-PdAu 0.24 +0.02 -52+11 0.81 +0.04 1.4+0.2
deposited Pd 0.32 +£0.02 -63+5 0.79 £ 0.01 0.48 £0.1
bulk Pd 0.55+0.03 -58+6 0.80 +0.03 0.48 +£0.02

51




6.3.5. Hydrogen peroxide reactions on electrodeposited
Pd-Au alloys in alkaline solution

As hydrogen peroxide is the intermediate in the ORR process, the study of
electrocatalytic behaviour of peroxide on Pd-Au catalysts is an important task.
The reactions of hydrogen peroxide were studied in Ar-saturated 0.1 M KOH
containing 1 mM of H»O». In Figure 24a a set of RDE results of peroxide
reduction and oxidation on 1-PdAu alloy coating is presented. The results
showed that the half-wave potentials of HO, reduction on various Pd-Au
catalysts are rather close to each other (Figure 24b), similarly to these of the
ORR in alkaline media. As expected, the Pd-Au catalysts are highly active for
HO,™ reduction and oxidation in alkaline media. The collected RDE data were
analysed employing the K-L equation (Eq. (3)) and using the value of the HO,~
diffusion coefficient of 8.75x107% cm* s' [171]. The number of electrons trans-
ferred per HO, anion was found to be 2 for all the electrodes containing Pd.
The electrodeposited Au showed a modest activity towards HO,  reduction.
This is in accordance with the results of the oxygen electroreduction in alkaline
solution, where only partial further reduction of peroxide was observed on
electrodeposited Au. At pH 7 it has been shown that the onset potential of the
peroxide reduction on Pd-Pt or Pd-Au codeposits does not depend on the
electrode composition, but the overall activity decreases with increasing the Au
content and increases with increasing the Pt content [172]. When Au was
electroplated with Pd the same effect was in evidence [173]. On the basis of the
RDE results, Son et al. have stated that Pd/Au catalyst has higher electro-
catalytic activity towards peroxide reduction than that of commercial Pd/C and
Pt/C [116]. The results obtained in this work show that electrodeposited Pd-Au
coatings are promising electrocatalysts for hydrogen peroxide reduction and
oxidation.
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Figure 24. (a) A set of RDE results of HO,™ oxidation and reduction on 1-PdAu alloy,
inset shows the potential dependence of n for HO, reduction. (b) A comparison of
HO,™ oxidation and reduction on Pd-Au coated electrodes at @ = 1900 rpm in Ar-satu-
rated 0.1 M KOH solution containing 1 mM HO,".
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6.4. Oxygen reduction on Pd nanocubes

Based on the literature data the electrocatalytic activity of different Pd single
crystal facets for ORR is different in perchloric acid and Pd(100) is the most
active facet [3]. The ORR was studied on Pd nanocubes as they have predomi-
nant Pd(100) plane and the results were compared to those of ordinary spherical
nanoparticles [V, VI].

6.4.1. Surface characterisation of Pd nanocubes

The prepared Pd nanoparticles were examined using TEM (Figure 25). Figure
25a shows a high percentage of Pd nanocubes for which the (100) preferential
surface structure is expected. For comparison, the quasi-spherical PANPs can be
observed in Figure 25b, these particles can be considered as polyoriented, non-
specifically structured nanoparticles. The average particle size was determined
from the TEM images and it was 26.9 + 3.9 and 2.8 + 0.4 nm for cubic and
spherical PdNPs, respectively.

Figure 25. TEM micrographs of Pd catalysts: (a) cubic PANPs and (b) spherical PANPs.

In order to evaluate the crystallographic structure of the particles the X-ray
diffraction (XRD) patterns were recorded (Figure 26). All the diffraction peaks
can be well-indexed to face-centred cubic (fcc) palladium metal. Remarkably,
the XRD pattern of Pd nanocubes shows an abnormally intense (200) peak,
which is not observed for the Pd spheres, suggesting that most of the Pd
nanocubes are preferentially oriented with their (100) facets parallel to the
substrate surface. This feature has been previously observed with ~50-70 nm Pd
nanocubes [121, 174, 175]. However, this abnormally intense (200) peak was
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not observed for 6-7 nm Pd nanocubes [46], ~60 nm [176] and ~24 nm Pd
nanocubes [177]. Additional experiments are required to clarify these discre-
pancies.
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Figure 26. XRD patterns of Pd catalysts: (a) cubic PANPs and (b) spherical PdNPs.

6.4.2. Cyclic voltammetry and CO stripping

In order to clean the surface of PANPs without altering their initial structure,
residual impurities on the surface of the particles were displaced by adsorption
of CO, followed by its oxidation [131]. Typical CO stripping voltammograms in
acid and alkaline media are presented in Figure 27. In acid solution, a well-
defined stripping peak of adsorbed CO was observed at 0.88 V for cubic PANPs
and at 0.91 V for spherical PANPs. The second anodic peak at 0.94 V can be
attributed to the surface oxidation on Pd(100) terraces. This characteristic signal
has been well-studied in Pd(S)-[n(100)x(111)] [178] and Pd(S)-[n(100)x(110)]
[179] electrodes and its charge has been reported to exclusively depend on the
terrace atom density without contributions from step sites. The cathodic peak at
ca 0.77 V corresponds to the reduction of Pd surface oxides. The CV response
of PANPs recorded after CO stripping (inset of Figure 27) showed improved
definition and symmetry of the CV peaks as a result of increased cleanliness of
the surface. The voltammetric profile of the cubic PdNPs resembles that
characteristic of a Pd(100) single crystal and shows well-defined peaks at 0.35
and 0.22 V [178, 179]. In alkaline solution (Figure 27b) sharp CO stripping
peaks appear at the potentials of 0.72 and 0.75 V for Pd nanocubes and
spherical Pd nanoparticles, respectively. The peaks of hydrogen adsorption and
desorption on CVs recorded after CO stripping are not as well-defined as in acid
solution, but the CV peak characteristic to Pd(100) terraces can be observed at
ca 0.55 V[136].
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Figure 27. Oxidation of pre-adsorbed CO on PANP modified GC electrodes in Ar-
saturated (a) 0.05 M H,SO4 and (b) 0.1 M KOH. v =20 mV s'. Insets: CV curves for
PdNPs recorded after CO stripping, v = 50 mV s~'. Current densities are normalised to
the real surface area of Pd.

After the ORR measurements, the CVs were again recorded in Ar-saturated
solutions by extending the anodic potential to 1.4 V. The anodic peaks at £ > 0.7
V and the cathodic peaks at ca 0.65-0.7 V correspond to the formation of Pd
surface oxides and to their reduction, respectively (Figure 28). For cubic PANPs
in alkaline solution (Figure 28b), characteristic peaks of hydrogen desorption and
oxide formation on Pd(100) terraces are in evidence at the potentials of 0.58 and
0.87 V, respectively [136]. The real electroactive surface area was determined by
integrating the charge of the PdO reduction peak, assuming the value of 424 uC
cm 2 as the charge density for the reduction of a monolayer of PdO [137]. For
comparison, the real surface area of PANPs was also determined from the Hupp
desorption peaks on the CV curves registered in Ar-saturated 0.05 M H>SOs
(using the charge density of 212 uC cm2) [180] and the 4, values obtained by
these two methods were in a good agreement with each other.
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Figure 28. Cyclic voltammograms for PANP modified GC electrodes after ORR in Ar-
saturated (a) 0.05 M H,SO; and (b) 0.1 M KOH. v = 50 mV s™!. Current densities are
normalised to the real surface area of Pd.

55



6.4.3. ORR on Pd nanocubes in acidic solutions

The electroreduction of oxygen on Pd nanoparticles and bulk Pd was studied
using the RDE method in 0.5 M and 0.05 M H,SOj4 solutions on gold and GC
support, respectively. Similar single-wave polarisation curves were obtained in
both solutions for Pd nanocubes, spherical Pd nanoparticles and for bulk Pd.

It can be observed that the cubic Pd nanoparticles are considerably more
active for ORR than bulk Pd or spherical PANPs, as the onset potential of the
ORR on Pd nanocubes is about 60 mV more positive than that of bulk Pd and
spherical Pd nanoparticles (Figure 29a). It is well known that the electro-
catalytic activity of Pt towards the ORR in sulphuric acid solution is strongly
dependent on the crystallographic structure and the activity increases in the
following order: Pt(111) < Pt(100) < Pt(110) [181, 182]. The lowest activity of
Pt(111) is most likely due to the strong adsorption of (bi)sulphate anions on this
plane because of the matching symmetry [181, 182]. Thus far the ORR activity
of Pd single crystals has been systematically studied only in perchloric acid
solution, where the activity was found to increase in the following order:
Pd(110) < Pd(111) < Pd(100) [3]. On Pd, the adsorption of anions is even
stronger than on Pt [2], therefore it is also expected that the presence of Pd(111)
sites decreases the ORR activity on polyoriented PANPs and bulk Pd as
compared to cubic PANPs that have mostly (100) facets on the surface. This is
also supported by an infrared reflection absorption spectroscopy study, which
shows that the coverage of (bi)sulphate anions on Pd(100) is lower than that of
Pd(111) [183].
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Figure 29. (a) A comparison of RDE voltammetry curves of oxygen reduction on
PdNPs and bulk Pd in O,-saturated 0.5 M H,SO4. @ = 1900 rpm, v = 10 mV s!. (b)
Tafel plots for oxygen reduction on Pd catalysts in 0.5 M H>SOs. Data derived from (a).

This suggests that the highest ORR activity of Pd nanocubes observed in this
study is due to the predominance of Pd(100) surface sites. The specific activities
were calculated at 0.85 V using Eq. (2). The SA value of cubic PdNPs is about
three times higher than that of the spherical Pd nanoparticles (Table 7). This
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effect is in accordance with the results obtained with platinum nanocubes,
which had SA values two times higher than commercial Pt catalyst [184].
Additionally Shao et al. showed that the activity of the ORR is about 10 times
higher than that of carbon-supported octahedral Pd nanoparticles and about 6
times higher than that of commercial Pd/C catalyst [46]. The SA of spherical Pd
nanoparticles is somewhat lower than that of bulk Pd, similarly the thin Pd films
had lower specific activity than that of bulk Pd [I]. This change in SA may be
attributed to the influence of Pd particle size and/or morphology.

The Koutecky-Levich analysis (Eq. (3)) showed that on Pd nanoparticles the
n value was close to four at negative potentials, which is in agreement with
previous studies [3, 23, 29, 34, 185]. At potentials £ > 0.7 the value of n
decreased to about 3.5, indicating that hydrogen peroxide is produced to some
extent. This change in the n value might be due to the decreased activity of
H,0; reduction on PANPs in sulphuric acid solution [165]. On bulk Pd the ORR
proceeds via 4-electron pathway in the whole range of potentials studied.

On the basis of RDE data at 1900 rpm (Figure 29a) the Tafel plots were
constructed (Figure 29b) and the Tafel slopes were determined (Table 7). At low
current densities the Tafel slope value was slightly higher than -60 mV, which is
the typical value for nanostructured Pd catalysts as well as for bulk poly-
crystalline Pd [9, 21, 23, 34]. At high current densities the reported Tafel slope
values are usually close to -120 mV [9, 23, 34], but also constantly changing
Tafel slope has been observed [21]. Similar Tafel slope values (-60 and -120 mV)
for the ORR are also characteristic for Pt catalysts [148]. The Tafel slope values
at high current densities were even higher than -300 mV on nanostructured Pd
that implies a possible change in the reaction mechanism and may correspond to
the adsorption of molecular O, as the rate-determining step [148].

Table 7. Kinetic parameters for oxygen reduction on PANPs and bulk Pd in H,SOj4 solu-
tions. w = 1900 rpm.

In 0.5 M H,SO4, Au support | 11 0.05 M H2804, GC support

Electrode Tafel slope S/?/SatROﬁ]SE Vol Tafel slope S/?/SatROﬁ]SE v
[mV]* [mA cm 7] [mV]* [mA cm 7]
Cubic PdNPs ~75+8 0.36 £ 0.05 —67+11 0.35+0.09
Spherical PANPs | 73+ 11 0.11+0.01 —81+12 0.15+0.02
Bulk Pd —65+7 0.12 +0.02 61 +1 0.20 £0.02

2 At low current densities
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6.4.4. ORR on Pd nanocubes in alkaline solution

The oxygen reduction reaction on Pd nanoparticles on GC was also studied in
0.1 M KOH solution. As the other Pd-based catalysts (papers [I-IV]), the Pd nano-
cubes were electrocatalytically more active in alkaline media and a well-defined
diffusion-limited current plateau was formed. The K-L plots were constructed and
from Eq. (3) the value of n was found to be 4 for Pd nanocubes as well as for
spherical Pd nanoparticles and bulk palladium over the whole range of potentials
studied. The 4-electron reduction of oxygen in alkaline solutions has been reported
in numerous studies [30, 35, 51], but it has been suggested that on Pt-group metals
the ORR proceeds at least partially via peroxide intermediate [167].

In Figure 30a, the RDE results at 1900 rpm on Pd nanocubes in comparison to
spherical PANPs and bulk Pd are presented. The onset potential of the ORR on all
the studied electrodes is similar and the sharpest increase in current was observed
for bulk Pd. The specific activities were calculated at 0.95 V and these are presented
in Table 8. The calculated SA values increase in the same order as in acid solutions:
spherical PANPs < bulk Pd < Pd nanocubes and it is most likely due to the
morphological differences of PANPs. Thus far the ORR on palladium single crystals
has not been systematically studied in alkaline media, but in perchloric acid the
most active single crystal facet is Pd(100) and least active is Pd(110) [3]. A smaller
SA for spherical PANPs might arise partially from the size effect as Jiang et al. have
shown that the activity of the ORR on Pd nanoparticles in alkaline media decreases
about a factor of 3 with decreasing the particle size from 16.7 to 3 nm [30]. This
effect has been attributed to the stronger adsorption of OH on smaller particles that
blocks the active surface sites [30]. The lowest OH coverage on Pd nanocubes has
also been proposed to be the reason for their high activity in perchloric acid [46].
On the other hand, it has been claimed that on Pd single crystals in HCIO4 solution
the oxide coverage is not relevant to the ORR and the activity depends only on the
width of terraces in which Pd(100) is the most active single crystal plane [3, 13].
Taking that into account it is most likely that the high electrocatalytic activity of the
Pd nanocubes is due to the dominating Pd(100) surface sites.
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Figure 30. (a) A comparison of RDE voltammetry curves of oxygen reduction on

PdNPs and bulk Pd in O,-saturated 0.1 M KOH. w = 1900 rpm, v =10 mV s™'. (b) Tafel
plots for oxygen reduction on Pd catalysts in 0.1 M KOH. Data derived from (a).
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The mass-transfer corrected Tafel plots were constructed (Figure 30b) from the
RDE data and the values of Tafel slope were determined (Table 8). At low
current densities, the Tafel slopes are similar for PANPs and bulk Pd and
slightly higher than —60 mV that is usually observed on Pd nanocatalysts [30,
51, 170]. For PdNPs, the slope value gradually increases at more negative
potentials, up to about —180 mV. For bulk Pd, however, the slope is rather
constant in the range of Tafel analysis, similarly to the results obtained by
Vracar et al. in strongly alkaline solutions [9]. On Pt electrodes, two Tafel slope
values (—60 and —120 mV) have been confirmed in many researches and it has
been suggested that the ORR mechanism is the same on Pd [167].

Table 8. Kinetic parameters for oxygen reduction on PdNPs and bulk Pd in 0.1 M
KOH. @ = 1900 rpm.

Tafel slope Tafel slope SA at 0.95 V vs.
Electrode [mV] [mV] RHE
I region ® 11 region® [mA cm?]
Cubic PdNPs —79+3 —180+26 0.28 £0.06
Spherical PANPs -77+13 -181+11 0.073 +£0.005
Bulk Pd -75+3 0.13+£0.01

2 Region I corresponds to low current densities and Region II to high current densities

6.5. Oxygen reduction on carbon-supported Pd nanocubes

As in practical fuel cells the catalyst material is supported on high surface area
carbon, then in continuation to [V, VI], palladium nanocubes of different size
supported on high-area carbon powder were prepared and their electrocatalytic
properties were investigated in sulphuric acid solution [VII]. Carbon-supported
Pd nanocubes with the size of ~30, ~10 and ~7 nm and nominal Pd content of
20 wt% in the catalyst are designated as PdCub1-20, PdCub2-20, PdCub3-20,
respectively. In case of ~30 nm Pd cubes 5 and 50 wt% catalysts were also
prepared for comparison, designated as PdCub1-5, PdCub1-50, respectively.
The results were also compared to these of ~2 nm spherical PANPs (PdSphere).

6.5.1. Surface characterisation of carbon-supported Pd nanocubes

A representative set of TEM micrographs of Pd nanocubes prepared by different
methods is presented in Figure 31. It can be observed that the particles are
mainly cubic in shape and their size is determined by the synthesis method
used. For the samples prepared using CTAB, the particle size is ~30 nm (Figure
31a-b) and the methods using PVP yielded smaller particles, ~10 nm (Figure
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31c) and ~7 nm (Figure 31d). The spherical PANPs were about 2—5 nm in size.
It can also be observed that the distribution of Pd on Vulcan XC-72R carbon is
rather uniform. It has been previously established that on nanocubes, Pd(100)
facet prevails [VI].

(a)

Figure 31. TEM images of carbon-supported Pd nanocubes (a) PdCubl1-20, (b)
PdCub1-50, (¢) PdCub2-20 and (d) PdCub3-20.

6.5.2. Cyclic voltammetry and CO stripping

Cyclic voltammetry and carbon monoxide adsorption-oxidation experiments were
carried out in order to electrochemically clean and characterise the Pd/C catalysts.
The CO stripping voltammograms are presented in Figure 32a. It can be assumed
that the Pd nanoparticle surface was fully covered by CO, as the hydrogen
desorption peaks were absent and there was no current until the start of the
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oxidation of CO at about 0.85 V. The CO stripping peaks were positioned
between 0.91 and 0.94 V and the adsorbed CO was removed with a single cycle
to 1 V. The CV curves of Pd nanocubes on carbon after CO stripping experiments
are presented in Figure 32b. The shape of these curves is similar to that of
Pd(100) single-crystal electrodes with distinctive hydrogen adsorption and
desorption peaks. Scanning to more positive potentials was avoided in order to
prevent the dissolution of Pd and resulting change of the shape and size of the
PdNPs [52]. The distinctive peaks observed on cyclic voltammograms at 0.22 and
0.3 V in the Hypp region are characteristic to Pd(100) facet [178]. The hydrogen
adsorption/desorption region was not well defined for the sample containing 5%
of Pd, which is most likely due to the high amount of carbon and low Pd content.
It is noteworthy that in case of the PdCub1-50 the Pd(100) peaks are much better
defined as compared to the catalysts with lower Pd content; this suggest that
higher carbon content decreases the efficiency of the surface cleaning.
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Figure 32. (a) Oxidation of pre-adsorbed CO (v =20 mV s7) and (b) cyclic voltammo-
grams (v = 50 mV s7!) of Pd nanocubes in Ar-saturated 0.5 M H,SO4. Current densities
are normalised to the real surface area of Pd.

6.5.3. ORR on shape-controlled Pd/C catalysts in acidic solution

The ORR measurements were carried out in 0.5 M H,SOj4 solution employing
the RDE technique. For all Pd/C catalysts typical single-wave polarisation
curves were obtained (Figure 33a). By comparing the j-E curves of 5, 20 and
50 wt% Pd nanocubes (Figure 33a) it is obvious that the onset potential and
half-wave potential of O, reduction increase with increasing the Pd content. The
E\j, values increase in the following order: PdCub1-5 < PdCub1-20 < PdCub2-
20 < PdSphere-20 < PdCub3-20 < PdCub1-50. The specific activities cal-
culated using (Eq. (2)) were about 2—3 times higher for cubic Pd nanoparticles
than that for spherical PANPs. Also some decrease in the SA value was ob-
served with decreasing particle size. The lower activity may partially come from
the fact that the ratio of the most active (100) facets to (111) and (110) facets is
lower for smaller nanocubes that tend to be more truncated. Another reason may
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be that PVP cannot be completely removed from the catalyst surface and the
residues block the active sites of PANPs from the access of O, molecules [186].
As the mass of the metal in the catalyst is important then the mass activities
(MA) were found:

MA =1L /m “4)

where m is the mass of metal in the catalyst layer, calculated theoretically from
the mass of the catalyst dropped onto the electrode. In general, the MA values
increased with decreasing the particle size, as it is to be expected.

For all Pd/C catalysts the n value was close to 3.5, indicating that the main
product of oxygen reduction is water. The reason why » is lower than 4 might
be that the ORR on carbon support proceeds via a 2-electron reduction pathway,
but it has also been suggested that Nafion coating increases the peroxide yield
on Pt catalysts [153]. Recently such behaviour was observed on Pd catalysts,
which also showed decreasing diffusion-limited current plateau with increasing
Nafion content [187].
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Figure 33. (a) A comparison of RDE voltammetry curves on Pd/C catalysts in O,-
saturated 0.5 M H,SO4. @ = 1900 rpm, v = 10 mV s™!. (b) Tafel plots for oxygen
reduction on Pd/C catalysts in 0.5 M H>SO4. Data derived from (a).

The Tafel analysis (Figure 33b) was carried out and a tendency of increasing the
Tafel slope value with increasing the loading of Pd nanocubes was in evidence.
For the Pd nanocubes prepared using CTAB, the Tafel slope values were -128,
-139 and -147 mV for the catalysts containing 5, 20 and 50 wt% of Pd,
respectively. These values are somewhat higher than -120 mV that is usually
observed for Pd catalysts [9, 23, 34], but on unsupported Pd nanocubes we have
previously observed the slope values up to -150 mV [VI]. For PdCub2-20 the
slope was -125 mV, but for PdCub3-20 it was -105 mV. The spherical Pd
nanoparticles had the Tafel slope value of -65 mV that increases to -120 mV at
higher current densities. Similarly, Salvador-Pascual et al. have observed one
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Tafel slope region with the value of -120 mV for Pd nanoparticles [29]. In
addition, Alvares et al. observed the Tafel slope values near -60 mV and
suggested that this corresponds to oxide covered electrodes [21]. Thus, it may
be assumed that the carbon-supported Pd nanocubes prepared in this study have
lower coverage of oxides than spherical Pd nanoparticles and the smallest Pd
nanocubes, as the Tafel slope value was below -120 mV.

6.6. Oxygen reduction on gold catalysts
supported on carbon

The oxygen reduction reaction was also studied on commercial Au/C catalyst
layers of various thicknesses [VIII]. The aim of this part of the work was to eva-
luate the effect of the thickness of Au/C catalyst layer on the kinetics of the
ORR in acid and alkaline solutions.

6.6.1. Surface characterisation of Au/C catalysts

The surface morphology of Au/C catalyst was analysed using transmission
electron microscopy and a representative set of TEM micrographs is presented
in Figure 34. The particle size was determined by measuring 264 and 123
particles of 20 wt% and 30 wt% catalysts, respectively. A rather wide size
distribution was obtained with the average particle size being 11.0 = 1.7 nm and
14.0 = 1.7 nm for 20 wt% and 30 wt% Au/C, respectively.

Figure 34. High-angle annular dark field TEM images of Au/C catalysts. (a) 20 wt%
catalyst, (b) 30 wt% catalyst.
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For comparison purposes the XRD measurements (Figure 35) were carried out
to estimate the Au particle size. Four major peaks with 26 values of 38.2°,
44.4°, 64.6° and 77.6° corresponding to the (111), (200), (220) and (311) planes
of the bulk Au, respectively, were observed, which can be assigned to the Au
face-centered cubic structure. The broad peak at about 25° is due to the
graphitic regions of carbon support. The Rietveld analysis was carried out to
calculate the crystallite size of Au particles and the average values of d =
16.8 nm and d = 26.3 nm were obtained for 20 wt% and 30 wt% Au/C catalysts,
respectively. These values are larger than those obtained from TEM images.
This is most probably due to the wide size distribution of Au particles, as the
small number of large Au particles contains a significant fraction of all gold and
therefore have a higher contribution to the XRD response.
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Figure 35. XRD pattern for (a) 20 wt% Au/C catalyst and (b) 30 wt% Au/C catalyst.

6.6.2. Cyclic voltammetry of Au/C catalysts

The thin-layered Au/C electrodes were first subjected to pre-treatment and
characterisation by cyclic voltammetry in Ar-saturated 0.5 M H,SOs. The stable
CVs are presented in Figure 36. The anodic current increase at £ > 1.1 V vs.
SCE corresponds to the formation of Au surface oxides and the cathodic peak at
ca 0.89 V corresponds to their reduction [188]. The large background current is
mainly due to the supporting carbon black and it increases proportionally with
catalyst loading. The further current increase at £ > 1.3 V is apparently caused
by the oxidation of the carbon surface. The pair of peaks at ca 0.3 V is related to
the oxidation and reduction of some functional groups on the carbon surface,
such as quinone-type species [164]. These peaks increase with potential cycling
due to the oxidation of the carbon surface.
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Figure 36. Cyclic voltammograms for (a) 20 wt% Au/C catalyst and (b) 30 wt% Au/C
catalyst in Ar-saturated 0.5 M H»SOs. Catalyst layer thickness: (1) 10; (2) 6; (3) 3 and
(4 1.5 um. v=100 mV s7..

The electroactive surface area of gold was determined from the stable cyclic
voltammograms by charge integration under the oxide reduction peak and by
using the value of 400 uC cm™ as the charge density for the reduction of Au
oxide monolayer [188]. The 4. increased linearly with increasing the Au/C
loading, which indicates that the accessibility of the gold nanoparticles is not
affected by changing the layer thickness.

6.6.3. ORR on AuU/C catalysts in acidic solution

Both gold and carbon are rather inactive electrocatalysts towards the ORR in
acid solution. For all Au/C electrodes studied, single-wave ORR polarisation
curves with no well-defined current plateaus were registered using the RDE
method (Figure 37a). The Koutecky-Levich equation (Eq. (3)) was employed
for analysing the RDE data. From the slopes of the K-L plots the value of n was
determined. The n values were close to 2 at the foot of the polarisation curve,
showing that H,O; is the final product at these potentials. The n value increases
gradually at more negative potentials, as the formed hydrogen peroxide is
further reduced. At £ = -0.3 V the value of n slightly depended on the catalyst
loading, increasing from 2.5 to 3 with increasing the catalyst layer thickness.
This observation is in accordance with previous studies [65, 66, 68].
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Figure 37. (a) RDE voltammetry curves for O, reduction on 20 wt% Au/C catalyst in
Oy-saturated 0.5 M H>SOs. (b) Mass-transfer corrected Tafel plots for O, reduction on
20 wt% Au/C catalyst (closed symbols); on 30 wt% Au/C (open symbols) and on bulk
Au (V) in O-saturated 0.5 M H,SO,. Catalyst layer thickness: (m,0) 1.5 um; (A,A)
3 um; (@,0) 6 um and (¢,0) 10 um and (X) 3 pm layer of carbon powder. ® = 1900 rpm;
v=10mV s

The overall electrocatalytic activity of Au/C electrodes towards the ORR
increased almost proportionally with increasing the catalyst loading and the E\/
shifted to positive potentials (Figure 37a). The SA values were calculated at
E =0V and are given in Table 9. At this potential the carbon support powder is
inactive towards the ORR and the reaction occurs only at gold particles. It is
evident that the SA value has no significant dependence on the layer thickness,
also the specific activities of 20 wt% and 30 wt% Au/C are similar. The mass
activities were calculated from Eq. (4). The MA values were smaller for 30 wt%
catalyst, as a result of the larger particle size.

The mass-transfer corrected Tafel plots were constructed (Figure 37b) from
the RDE data at a single electrode rotation rate and the slope values are given in
Table 9. The Tafel slope value close to -120 mV has been previously reported
on bulk gold, indicating that the rate-determining step of the reaction is the
transfer of the first electron to the O> molecule [65, 66]. However, the Au/C
catalysts tested here had higher Tafel slope values, about -160 mV. This value is
also higher than that obtained by Bron for electrodes coated with Au/C catalyst
layers with the thickness of 7.6 um [68].

66



Table 9. Kinetic parameters of oxygen reduction on Au/C catalysts in 0.5 M H>SOs.
o =1900 rpm.

Au/C Au Tafel | E SAat0V | MA at
layer loading A ate 2VS- | ys.SCE | 0V vs.
Catalyst . I3 slope SCE
thickness [ug [cm?] [mV] V] [mA SCE
[um] cm™] em?] | [Ag!]
1.5 5.8 0.026 -157 -0.24 1.2 27
20% 3 11.5 0.047 -152 -0.16 1.5 30
Au/C 6 23 0.097 -154 -0.14 1.3 28
10 38 0.16 -165 -0.08 1.9 41
1.5 8.6 0.014 -169 - 1.2 9.6
30 % 3 17.3 0.036 -151 -0.19 1.5 16
AuC 6 34.5 0.068 -151 -0.14 1.6 15
10 57 0.21 -181 -0.07 1.9 35
Bulk Au - - 0.64 -107 0.01 1.1 -

6.6.4. ORR on Au/C catalysts in alkaline solution

As opposed to acidic solution, gold is a rather active catalyst for ORR in alka-
line media, especially Au(100) facet [6, 56]. In alkaline media the polarisation
curves of the ORR showed two waves (Figure 38). It is known that at the first
wave the ORR proceeds via 2-electron pathway forming mainly HO,™ and at
more negative potentials the ORR proceeds to yield OH™; on some catalysts a
current maximum can be obtained at low overpotentials. Thorough ORR studies
on Au single crystals have revealed that this is caused by the considerably high
electrocatalytic activity of Au(100) plane, on which the four-electron reduction
of Oy proceeds in the certain potential range at low overpotentials [56]. As in
acid solution, the activity of the electrodes increased with catalyst loading as the
half-wave potential shifted to positive potentials (Figure 39a). A current
maximum appears at ca -0.4 V vs. SCE for the thickest Au/C layers, this beha-
viour is similar to that of bulk Au electrode.

The Koutecky-Levich analysis revealed that the number of electrons
transferred per O, molecule depends on the potential. At the potentials near to the
current maximum, the value of n was close to 3 for the bulk gold and the thicker
layers and ca 2.5 for the thinner layers. The n value decreased until 2 at more
negative potentials, indicating that peroxide is the final reduction product. At the

67



potentials £ < -0.6 V the further reduction of peroxide begins on all electrodes
and the value of » increases again up to about four at the most negative potentials.
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Figure 38. RDE voltammetry curves for O, reduction on 3 um Au/C (20 wt%) in O,-
saturated 0.1 M KOH. v = 10 mV s.. Inset: Koutecky-Levich plots for O, reduction on
3 um Au/C (20 wt%) in 0.1 M KOH at various potentials: (¢) -0.3 V; (e) -0.4 V; (V) -
0.6V;(m)-0.8Vand(A)-1.2V.

The supporting carbon powder also shows considerable electrocatalytic activity
towards the ORR in alkaline solution (Figure 39a). However, at £ = -0.2 V the
reduction current on carbon support is still negligible and thus the SA of gold
may be calculated at this potential. As in acid solution, the SA values for 20
wt% and 30 wt% Au/C in 0.1 M KOH are similar for all layer thicknesses and
are slightly higher than that of bulk Au (Table 10). The MA values are lower for
30 wt% Au/C due to the larger particle size.

@ of’

-2

-0.2¢+

JImAcm

-0.3F

E/V vs SCE

04}

12 10 08 06 04 02 00 2 1 0 1
EIV vsSCE log (/1G,-))

Figure 39. (a) RDE voltammetry curves for O, reduction on 20 wt% Au/C catalyst in
O,-saturated 0.1 M KOH. (b) Mass-transfer corrected Tafel plots for O, reduction on
20 wt % Au/C catalyst (closed symbols); on 30 wt% Au/C (open symbols) and on bulk
Au (V) in 0.1 M KOH. Catalyst layer thickness: (m,0) 1.5 um; (A,A) 3 pum; (e,0)
6 um; (4,0) 10 pm and (%) 3 pum layer of carbon powder. @ = 1900 rpm; v=10 mV s
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From the Tafel analysis (Figure 39b) the Tafel slope values close to -120 mV
were determined for Au/C catalysts, which is the typical value for poly-
crystalline Au. This slope value indicates that the rate-determining step for the
ORR on the studied catalyst is the transfer of the first electron to the O,
molecule [66, 189].

The fact that the SA values are independent of catalyst layer thickness in
both solutions indicates that at least at low overpotentials, where the SA was
determined, the transport of reactants through the catalyst layer does not limit
oxygen reduction and the reduction occurs also on Au particles that are located
in the inner layers, close to the GC substrate. The Tafel plots are parallel even at
more negative potentials, in the mixed kinetic-diffusion region, suggesting that
the limitation also does not occur at these potentials. The SA values are similar
for 20 wt% and 30 wt% Au/C catalysts, as expected for Au particles of larger
size.

Table 10. Kinetic parameters of oxygen reduction on Au/C catalysts in 0.1 M KOH.
o = 1900 rpm.

SA at MA at
/l:“/e (; o ;i‘i‘.lln 4| Tafel | Eipvs | 02V |02V
Catalyst Y £ 5 slope SCE | vs.SCE | s.
thickness [ug2 [cm?] [mV] V] [mA SCE
[Hm] cm ] cm—2] [A g—l]
1.5 5.8 0.030 | -100 | -0.30 1.5 37
20% 3 115 | 0.047 | -111 031 12 25
Au/C 6 23 0.074 | -135 0.28 1.7 27.5
10 38 0.20 91 0.22 1.9 48
1.5 8.6 0.010 | -90 -0.34 12 7.4
30 % 3 173 | 0036 | -115 | -031 1.6 17
Au/C 6 345 | 0077 | -109 -0.27 1.6 18
10 57 021 | -114 | -024 1.8 33
Bulk Au - - 0.64 93 0.21 1.0 -
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6.7. Oxygen reduction on shape-controlled Au
nanopartices supported on carbon

The oxygen reduction reaction was studied on carbon-supported shape-
controlled Au nanoparticles in acid and alkaline media [IX]. The ORR on Au
catalysts is a structure sensitive process [53, 56] and thus in this part of the
study the Au nanocubes, octahedra and spherical Au nanoparticles of two diffe-
rent size supported on carbon were used to evaluate the ORR activity.

6.7.1. Surface characterisation of shape-controlled Au/C catalysts

Figure 40 shows a representative set of TEM micrographs of the carbon-
supported Au nanoparticles synthesised and used in this work. In all samples,
the AuNPs are well-dispersed. However, in terms of particle size, remarkable
differences are found as expected from the different synthesis methods. The Au
nanoparticles prepared by the reduction of HAuCls with ice-cold NaBHj4 in the
presence of citrate shows a quasi-spherical particle shape with an average
particle size of approximately 5 nm (Figure 40a). A similar quasi-spherical
particle shape is also found for AuNPs prepared by the standard citrate method.
However, as expected, the particle size is much larger and about 30 nm (Figure
40b). The Au nanoparticles prepared in the presence of CTAB and ascorbic acid
by addition of NaOH show a well-defined octahedral shape, but also with a
certain degree of truncation. The average particle size of these octahedral
AuNPs is ca 40-45 nm (Figure 40c). This particle size fits well with the
expected particle size at the used reaction temperature [128]. Finally, the
AuNPs prepared using the seed-mediated growth method show a preferential
cubic shape and a particle size about 40—45 nm (Figure 40d).

It is important to point out that TEM data provide valuable information
about the nanoparticle size and shape as well as about the nanoparticle
dispersion on the carbon substrate, but not about their surface structure.
However, as shown in previous contributions [190-192], shape is expected to
be a prerequisite for a particular surface structure. Thus, quasi-spherical nano-
particles can be considered as a polyoriented, non-specifically-surface-
structured catalyst material, since no predominant facets are exposed. However,
octahedral AuNPs represent a catalytic material having a preferential (111)
surface orientation, and cubic AuNPs can be considered as catalytic material
containing a preferential (100) surface orientation. Therefore, different
electrocatalytic activity for ORR is expected for these samples as a consequence
of their different surface structure.
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Figure 40. Representative TEM images of carbon-supported Au nanoparticles: (a) ~5 nm
Au spheres, (b) ~30 nm Au spheres, (c) Au octahedra and (d) Au nanocubes.

6.7.2. CO stripping on shape-controlled Au nanoparticles
in alkaline solution

Carbon monoxide effectively blocks the hydrogen Hupp on platinum and palla-
dium, but on gold there are no hydrogen-related adsorption/desorption processes
and thus CO adsorption cannot be confirmed [131]. Still, it is expected that CO
adsorbs onto the Au surface and covers the surface. Previously Koper and co-
workers have found an unusual behaviour of adsorbed CO on single-crystalline
gold electrodes in alkaline media [193]. They detected a reversible pair of peaks
at around 0.4 V vs RHE on Au(111) and hex-Au(100), which were associated
with OH adsorption induced by the CO adsorption on the surface. This behaviour
has not been observed on Au(110) single crystal surface [193, 194].
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Figure 41. CO stripping voltammograms on unsupported 5 nm Au spheres in Ar-
saturated 0.1 M KOH solution. v=20 mV s'.

In this work, gold nanoparticles without carbon support were used for pre-
adsorbed CO oxidation experiments. The adsorbed CO was oxidised in a single
sweep that was confirmed by the absence of peaks in the subsequent sweep
(Figure 41). For all different shaped Au nanoparticles the CO stripping
voltammograms were similar; the pair of peaks observed previously by
Rodriguez et al. at 0.4 V vs RHE on Au(111) and Au(100) with adsorbed CO in
0.1 M NaOH solution [193, 194] was not detected. The CO stripping peak
appeared at ca. 0 V vs. SCE as shown previously [193—195]. The size effect of
AuNPs on the electro-oxidation of CO has been studied and the CO oxidation
peaks in both cathodic and anodic sweeps have been observed [195]. In the
present work CO was oxidised by applying a single potential cycle. The second
cycle showed the same CV characteristics as bulk gold in O,-free electrolyte.
The electroactive area of gold increased upon CO oxidation, which could be
attributed to the improved surface cleanliness, since there is probably some
surfactant remaining on the nanoparticles from their synthesis. CO stripping
experiments were also carried out with carbon-supported Au nanoparticles, but
for those catalysts the CO stripping peaks were not observed, probably due to
low Au loading.

6.7.3. Cyclic voltammetry of shape-controlled Au/C catalysts

The CVs of the Au/C catalysts (Figure 42) were in general similar to those
obtained in previous part. In acid solution the anodic peak at £> 1.1 V vs. SCE
corresponds to the formation of Au surface oxides and the cathodic peak at ca
0.9 V corresponds to the reduction of these oxides. The current increase at £ >
1.3 V can be due to the carbon support. The oxidation and reduction of the
oxygen-containing species on carbon produces a pair of peaks at ca 0.4 V vs.
SCE. In alkaline solution the processes related to Au surface oxidation and
reduction are also evident. The increase in anodic current at £ > 0.1 V is due to
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the oxidation of Au surface and the cathodic peak of Au oxide reduction is
centred at ca 0.05 V (Figure 42b).
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Figure 42. Cyclic voltammograms of Au/C catalysts in Ar-saturated (a) 0.5 M H,SO4
and (b) 0.1 M KOH solutions. v=50 mV s,

The real electroactive surface area of gold catalyst was determined from stable
cyclic voltammograms in acid solution by charge integration under the oxide
reduction peak and using a value of 400 pC cm™? as the charge density for the
reduction of an oxide monolayer [188].

6.7.4. ORR on shape-controlled Au/C catalysts in acidic solution

Gold is a modest electrocatalyst for ORR in acid media; however, its electro-
catalytic activity is considerably higher than that of unmodified carbon mate-
rials. For all Au/C catalysts studied, single-wave oxygen reduction polarisation
curves with no well-defined current plateau were obtained using the RDE
method (Figure 43). The K-L equation (Eq. (3)) was used to analyse the RDE
data and the potential dependence of » was found. Similarly to the previous
part, the value of n changed with potential. At the beginning of the polarisation
curve n was close to two and increased up to 3.5 at negative potentials, showing
that H,O, is produced at positive potentials and at negative potentials it is
further reduced to yield water. Such behaviour is typical for O, reduction on
nanostructured gold electrodes in acidic media [65, 66, 94, 96, 196].
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Figure 43. RDE voltammetry curves for oxygen reduction on carbon-supported ~5 nm
Au spheres in O,-saturated 0.5 M H,SO4 solution. v = 10 mV s L. Inset: Koutecky-
Levich plots for O, reduction.

A comparison of different Au catalysts is presented in Figure 44a. It is im-
portant to note that for the nanoparticle-modified electrodes with the fixed mass
of nanocatalyst per unit area, the electrocatalytic activity is determined by the
size and shape of the catalyst particles [197]. Thus, the E1» of O, reduction is
most positive for ~5 nm spherical AuNPs, being slightly higher than that of bulk
Au. The other Au/C catalysts exhibit lower £\, values. This observation can be
explained by the differences in the real electroactive surface area, which is
highest for ~5 nm Au spheres and bulk Au (Table 11). The rest of Au/C
catalysts studied in this work (~30 nm Au spheres, octahedra and nanocubes)
have a smaller electroactive surface area and thus the E;» value is more
negative. Differences in the £, value between larger Au spheres and octahedra
apparently arise from differences in crystallographic orientation. Au nanocubes
have the smallest electroactive surface area, but similar £, value, showing that
the crystallographic orientation has an essential contribution to the electro-
catalytic activity, as previously suggested [98—101]. For better comparison the
specific activities (Eq. (2)) and mass activities (Eq. (4)) for O, reduction were
calculated (Table 11). The mass of Au on the electrode was calculated on the
basis of the nominal Au loading.
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Figure 44. (a) Comparison of RDE voltammetry curves for oxygen reduction on Au/C
catalysts and bulk Au in Os-saturated 0.5 M H,SOs solution and (b) mass-transfer
corrected Tafel plots, derived from (a). @ = 1900 rpm, v=10 mV s\

The SA values for larger Au spheres and Au octahedra are rather similar to that
of bulk Au. The smaller Au spheres have a slightly lower SA as compared to
larger spheres, which may be related to the particle size effect as demonstrated
previously [69]. The considerably higher specific activity of Au nanocubes
indicates that the crystallographic orientation of AuNPs has a major contri-
bution to the activity of these catalysts. This is in accordance with the previous
results, as it has been determined that the Au(100) is the most active single
crystal surface for ORR [56, 57]. As expected, the smallest Au particles (5 nm
spheres) demonstrate the highest MA.

On the basis of RDE data shown in Figure 44a the mass-transfer corrected
Tafel plots (Figure 44b) were constructed and the values of Tafel slope were
determined (Table 11). The absolute values of the Tafel slope are slightly higher
than the typical value of -120 mV, which suggests that the rate-determining step
is the transfer of the first electron to O, molecule. Similarly, higher negative
slope values have been previously observed for some Au single-crystal
electrodes [56, 57] and Au/C catalysts [paper VIII]. In addition, higher negative
Tafel slope values due to the porosity of the catalyst have been obtained in case
of very thick catalyst layers [144], however, in this work the catalyst loading is
much lower and presumably the reaction is not limited by the thin layer
diffusion, as confirmed for Au/C catalysts of various loadings [VIII]. Therefore,
the exact reason of the higher slope is not clear at present, but it is expected to
be related to the reaction kinetics and not to the diffusion effects.
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Table 11. Kinetic parameters for O, reduction on Au/C catalysts in 0.5 M H>SOsa.

o =1900 rpm.
Ein vs. SAatOV | MAatOV
Catalyst [cﬁ;] Ta{‘r’i\s}]"pe SCE vs.SCE | vs.SCE
[V] [mA cm™?] [Ag']
~SmmAL o 00 | 13942 | 0054001 | 0564006 | 277424
spheres
S0mmAu s 000 | 15146 | -0.1440.02 | 0.87+0.03 77+ 15
spheres
Au 0.14+0.01 | -150+4 | -0.13+0.01 | 0.82+0.02 86+3
octahedra
Au 0.06+0.01 | -166+2 | -0.13+0.01 | 1.81+0.07 78 + 1
nanocubes
Bulk Au | 043+0.02 | -141+3 | -0.05+0.02 | 0.75+0.01 -

6.7.5. ORR on shape-controlled Au/C catalysts in alkaline solution

The oxygen reduction reaction on shape-controlled Au nanoparticles supported
on carbon was also studied in alkaline media. Two-wave ORR polarisation
curves were registered for all the Au/C catalysts (Figure 45a) studied. The RDE
data was analysed using the K-L equation (Eq. (3)). The value of n depends on
electrode potential as usually observed Au-based catalysts in alkaline media
[100]. At the current maximum at around -0.4 V the value of # is higher than 3
depending on the Au/C catalyst, but by scanning to more negative potentials it
first decreases to until 2 < n < 2.5 and then increases again to 3 < n < 4. This
behaviour suggests that the main product is hydrogen peroxide, which is further
reduced to water at more negative potentials.
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Figure 45. (a) Comparison of RDE voltammetry curves for oxygen reduction on Au/C
catalysts and bulk Au in Os-saturated 0.1 M KOH solution and (b) mass-transfer

corrected Tafel plots, derived from (a). w = 1900 rpm, v=10 mV s™'.
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From the comparison of the O, reduction results (Figure 45a) it can be seen that
the overall electrode activity was the highest for smaller Au spheres and that
bulk Au has similar ORR activity than that of larger AuNPs. The differences in
the £, value are more pronounced in alkaline media than in acid, being about
60 and 40 mV between ~5 nm and ~30 nm Au spheres and octahedra,
respectively (Table 12). Taking into account that the electroactive surface area
of Au nanocubes is considerably smaller than that of 5 nm Au spheres, the half-
wave potential does not reflect the intrinsic electrocatalytic activity of Au
nanoparticles and thus the SA values were calculated using Eq. (2). The specific
activities were slightly lower for smaller Au spheres, as compared to these of
larger Au spheres and bulk Au (Table 12). This may be due to the particle size
effect on the kinetics of the ORR, which has previously been reported also in
alkaline media [75], however, the difference is too small to claim that. The Au
octahedra had rather low SA value and similarly to the results obtained in acidic
solution, the highest specific activity was determined for Au nanocubes. This
order of activities is in agreement with studies on Au single-crystal electrodes
[56], which show that Au(111) is the least active and Au(100) the most active
single-crystal plane and also confirms the results of previous O, reduction
studies on shape-controlled AuNPs [100]. As expected, the MA values in-
creased in the following order: Au octahedra =~ Au cubes < 30 nm Au spheres
<5 nm Au spheres.

Table 12. Kinetic parameters for O, reduction on Au/C catalysts in 0.1 M KOH.
o = 1900 rpm.

MA at
A, Tafel slope | Ei vs. SCE SAat-0.15 1 15y ys,
Catalyst ) Vvs. SCE
[cm?] [mV] V] (mA om=2] SCE
[Ag]
~SmmAu g e 00 43+9 | -023+0.03 | 0.18+0.03 89+ 9
spheres
=30nm 40 4002 44+4 | -029+0.02 | 027+0.04 | 29+9
Au spheres
Au 0.14+001 | -60+11 | -0.33+0.02 | 0.15+0.02 16+2
octahedra
Au 0064001 | -48+3 | -030+0.03 | 0364002 | 15+1
nanocubes
Bulk Au | 0.43+0.02 5448 | -027+002 | 0.23+0.02 ;
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The Tafel slope value remained lower than -60 mV for Au spheres and Au
nanocubes, for octahedra it was near -60 mV at low current densities, but it
increased up to -170 mV in the high current density region (Figure 45b). The
Tafel slope value in the range from -60 to -120 mV suggest that the rate-
determining step is the transfer of the first electron to O, molecule [189].

The values of the specific and mass activity of Au nanoparticles for O,
reduction suggest that the particle size of the catalysts should be further reduced
for practical applications. On the other hand, the results obtained demonstrate
that the surface structure of the AuNPs plays an essential role in the per-
formance of these catalysts, which can therefore be improved by employing
new methods of the shape-controlled synthesis.
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7. SUMMARY

The electrochemical reduction of oxygen on nanostructured palladium and gold
electrodes in sulphuric acid and potassium hydroxide solutions was studied
using the rotating disk electrode method.

The nanostructured palladium and gold catalysts were prepared by electron
beam evaporation, electrochemical deposition and chemical synthesis.

In the first part of the study the oxygen reduction reaction on thin Pd films
with nominal thicknesses of 0.25—10 nm was explored. The films were prepared
by electron beam evaporation onto glassy carbon substrate and it was observed
that thinner films consisted of small particles. In alkaline media the activity
of Pd for ORR was rather constant for all coatings, but in sulphuric acid solu-
tion an increase in specific activity with increasing film thickness was observed.

In the second part of the work palladium was electrochemically deposited
onto glassy carbon and gold substrates and subsequently their electrocatalytic
properties towards the ORR were evaluated. These coatings consisted of larger
particles than electron beam evaporated Pd films, but the specific activities
showed the same tendencies that were observed for thin Pd films. In addition,
for Pd coatings deposited onto gold the SA values surpassed that of bulk Pd,
which could be due to alloying effects.

Next, palladium and gold were co-deposited onto glassy carbon substrate.
The resulted coating showed uniform distribution of both metals and the particle
size was about 6 nm; formation of some larger agglomerates was also observed.
The XPS analysis of these coatings suggested alloy formation that was also seen
from the cyclic voltammetry studies. The Pd-Au coatings showed relatively low
activity towards the ORR in acidic solution, but in alkaline solution the specific
activity of the alloy coatings was 3-5 times higher than that of the electro-
chemically deposited Pd and bulk Pd. The increased activity arises most pro-
bably from the alloying effects between Au and Pd.

In the next part cubic Pd nanoparticles were used as the catalyst for ORR.
The size of the nanocubes was 26.9 = 3.9 nm. The XRD analysis showed a
prevalence of Pd(100) facet that has highest activity among Pd single-crystal
facets. As expected, the specific activity of Pd nanocubes was higher than that
of spherical PANPs and bulk Pd. The nanocubes exhibited up to three times
higher SA than the spheres in acid medium and in alkaline medium these were
up to four times more active.

The Au/C catalysts with 20 wt% and 30 wt% Au content were used to pre-
pare catalyst layers with different thicknesses (1.5-10 pm). The analysis re-
vealed that the specific activities do not depend on the layer thickness or the
metal content in the catalyst. The mass activities were higher for 20 wt% cata-
lyst, as Au particles were smaller in that catalyst.

Finally the ORR was studied on carbo In alkaline n-supported shape-control-
led Au nanoparticles, i.e. Au spheres of two different size (~5 and ~30 nm),
octahedral (40—45 nm) and cubic AuNPs (40-45 nm). The specific activity of
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Au nanocubes was more than two times higher than that of spherical and octa-
hedral AuNPs in acid solution, in alkaline medium the differences were smaller,
but Au nanocubes exhibited the highest activity also in that solution.

The RDE data of O, reduction was analysed using the Koutecky-Levich
equation and the number of electrons transferred per O, molecule was found.
For most of the palladium-based catalysts it was close to four in both solutions,
but for thin Pd films and electrodeposited Pd coatings on glassy carbon sub-
strate this value dropped to 3.5. These values suggest that the oxygen reduction
reaction proceeds mainly via four-electron pathway yielding water. For gold
catalysts the number of electrons transferred strongly depended on the potential.
The Tafel analysis revealed that at low current densities the mechanism of the
ORR on nanostructured palladium and gold catalysts studied is the same as on
their bulk counterparts, the rate-limiting step being the transfer of the first
electron to the oxygen molecule.
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9. SUMMARY IN ESTONIAN

Hapniku elektrokeemiline redutseerumine nanostruktuursetel
pallaadium- ja kuldkataliisaatoritel

Doktorit6d eesmirk oli uurida hapniku elektrokeemilist redutseerumist pallaa-
diumil ja kullal pohinevatel nanostruktuursetel metallkataliisaatoritel, milleks
olid vaakumaurustamise teel valmistatud dhukesed pallaadiumkiled [I], elektro-
keemiliselt sadestatud pallaadiumkatted [II, III], elektrokeemiliselt sadestatud
PdAu sulamid [IV], Pd nanokuubid [V, VI, VII], kommertsiaalsed Au/C
kataltisaatorid [VIII] ja suurepinnalisele siisinikule kantud erikujulised Au
nanoosakesed [IX]. Elektrokeemilised mootmised viidi 1dbi nii vddvelhappe kui
ka kaaliumhiidroksiidi lahuses, kasutades pdorleva ketaselektroodi meetodit.

T66 esimeses osas uuriti hapniku redutseerumist dhukestel pallaadiumkiledel
nominaalse paksusega 0,25-10 nm. Lébistuselektronmikroskoopia abil tuvas-
tati, et kiled kasvavad saarekestena, mis kile paksenedes liituvad ja katavad
kogu alusmaterjali pinna. Leeliselises lahuses uuritud elektroodide eriaktiivsus
ei soOltunud kile paksusest, kuid happelises lahuses kasvas see kile paksuse
suurenedes. Saadud andmeid analiiiisiti kasutades Koutecky-Levichi vorrandit,
mille abil leiti ileminevate elektronide arv hapniku molekuli kohta (). Leeli-
selises lahuses 6hematel kiledel oli see 3,5-3,7, kuid paksematel oli # ligikaudu
4; happes jéi see suurus 3,6 ja 3,9 vahele. Tafeli analiiiis niitas, et kiirust limi-
teerivaks staadiumiks on esimese elektroni aeglane iilekanne hapniku
molekulile.

T606 teises osas kasutati elektrokeemilist sadestamist Pd-katete valmista-
miseks. Skaneeriva elektronmikroskoobi abil uuriti klaassiisinikule sadestatud
pallaadiumkatteid ja leiti, et vdiksemate osakeste suurus on 3-10 nm, kuid
monede osakeste suurus kiitindis ka 100 nm-ni. Sadestusaja pikenedes osakeste
arv ja nende modtmed suurenesid. Kuldalusele sadestatud Pd osakesed olid
pigem iihtlaste modtmetega (ligi 20 nm) ja nende suurus ei sdltunud sadestus-
ajast. Hapniku redutseerumisel happelises lahuses oli Pd katete eriaktiivsus
kompaktse pallaadiumiga vorreldav, vilja arvatud kuldalusele sadestatud kdige
paksema katte puhul, mille eriaktiivsus oli ligikaudu kaks korda suurem kui
teistel uuritud katetel. Leeliselises lahuses olid klaassiisinikule sadestatud Pd
katete eriaktiivsused monevorra vdiksemad kui kompaktsel pallaadiumil, kuid
kuldalusel olid koik elektrosadestatud katetega elektroodid kompaktsest
pallaadiumelektroodist aktiivsemad. Suurem eriaktiivsus kuldalusele sadestatud
katetel tuleneb sulami moodustumisest, mida uuriti t66 jairgmises osas.

Seejarel sadestati Pd ja Au iiheskoos, varieerides metallide ldhteainete
sisaldust sadestuslahuses. Saadud osakesed olid 1ibimddduga 642 nm, kuid vois
ka tdheldada suuremate aglomeraatide moodustumist. Rontgenfotoelektron-
spektroskoopia ja tsiikliline voltamperomeetria nditasid sulami moodustumist.
Uuritud PdAu sulamite elektrokataliiiitiline aktiivsus happelises lahuses oli
vidiksem kui puhtal pallaadiumil. Seevastu leeliselises keskkonnas saavutati
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3—5 korda suuremad eriaktiivsuse védrtused kui puhtal pallaadiumil, mis
tuleneb ilmselt sulami moodustumisega kaasnevatest efektidest.

To66 jargmises osas uuriti hapniku elektrokeemilist redutseerumist kuubi-
kujulistel Pd nanoosakestel modtmetega 26,9+3,9 nm ja vorreldi saadud tule-
musi sfadriliste osakeste (2,8+0,4 nm) vastavate andmetega. Uuritud nanoosa-
keste eelistatud struktuur tehti kindlaks rontgendifraktsioonanaliilisiga. Selgus,
et sfadrilistel osakestel ei ole eelistatud orientatsiooni, kuid kuubikujulistel
osakestel on pinnal iilekaalus Pd(100) tahk, mida kinnitasid ka tsiiklilise
voltamperomeetria andmed. Hapniku redutseerumisel oli kuubikujulistel Pd
nanoosakestel kdige suurem eriaktiivsus, mis liletas sfddriliste osakeste eri-
aktiivsuse happelises lahuses ligi kolm korda ja leeliselises keskkonnas ligi neli
korda. Pallaadiumi nanokuupide suurem aktiivsus tulenebki nende eelistatud
kristallograafilisest orientatsioonist.

Jargmisena uuriti kommertsiaalse péritoluga erineva kullasisaldusega Au/C
kataliisaatoreid. Uuritud kataliisaatorid erinesid peale kullasisalduse ka osakeste
suuruse poolest. Elektrokeemilistest mootmistest selgus, et eriaktiivsus ei soltu
kataliisaatorikihi paksusest vahemikus 1,5-10 um, mis nditab, et hapniku difu-
sioon ldbi kataliisaatorikihi on piisavalt efektiivne ega limiteeri hapniku
redutseerumisprotsessi.

To66 viimases osas uuriti hapniku elektrokeemilist redutseerumist siisinik-
kandjale kantud erikujulistel Au nanoosakestel. Uuriti kahes moddus Au sfaéri-
lisi osakesi, Au oktaeedreid ning Au kuupe. Nagu Pd nanokuupidel, oli ka kulla
nanokuupidel peamine pinnal esinev tahk (100), mis on kdige aktiivsem kulla
monokristalli tahk hapniku redutseerumisel. Hapniku redutseerumise uurin-
gutest selgus, et kulla nanokuupide eriaktiivsus vddvelhappe lahuses on iile kahe
korra kdrgem kui kompaktsel kullal ning sfaérilistel ja oktaeedrilistel Au nano-
osakestel. Kaaliumhiidroksiidi lahuses olid erinevused viiksemad, kuid kulla
nanokuupide eriaktiivsus oli ka tolles lahuses suurim. Massaktiivsus oli mole-
mas uuritud lahuses ootuspéraselt suurim ~5 nm sfééridel.

Kokku vottes voib oelda, et hapniku redutseerumine pallaadiumil pdhine-
vatel materjalidel kulgeb peamiselt neljaclektronilise protsessina vee moodustu-
miseni ning kullal pShinevatel kataliisaatoritel on peamiseks saaduseks vesinik-
peroksiid. Tafeli analiiiis néitas, et madalatel voolutihedustel on hapniku redut-
seerumisreaktsiooni mehhanism nii happelises kui ka leeliselises lahuses sama,
mis vastavatel kompaktsetel metallelektroodidel ning reaktsiooni limiteerivaks
staadiumiks on esimese elektroni aeglane iilekanne hapniku molekulile.
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