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2. ABBREVIATIONS AND SYMBOLS 

ALD  atomic layer deposition 
AMFC  alkaline membrane fuel cell 
Ar  real electroactive surface area 
CNF  carbon nanofiber 
CNT  carbon nanotube O2   concentration of oxygen in the bulk solution 
CV  cyclic voltammetry 
CVD  chemical vapour deposition 
DCDA  dicyandiamide 
DMF  dimethylformamide O2   diffusion coefficient of oxygen 
E  potential 
Eonset  onset potential 
E1/2  half-wave potential 
E°  standard potential 
ECSA  electrochemically accessible surface area 
EDX or EDS energy dispersive X-ray spectroscopy 
EG  ethylene glycol 
F  Faraday constant 
fcc  face-centred cubic 
GC  glassy carbon 
GNS  graphene nanosheet 
GO  graphene oxide 
HR-SEM high resolution scanning electron microscopy 
HR-TEM high resolution transmission electron microscopy 
j  measured current density 
jd  diffusion-limited current density 
jlim  plateau current density 
jk  kinetic current density 
ki  heterogeneous electron transfer rate constant 
K-L  Koutecky-Levich 
MA  mass activity 
MWCNT multi-walled carbon nanotube 
n  number of electrons transferred per oxygen molecule 
NG  nitrogen-doped graphene 
OA  oleic acid 
OLA  oleylamine 
ORR  oxygen reduction reaction 
Pd/C  carbon-supported palladium nanoparticles 
PdNP  palladium nanoparticle 
PEMFC proton exchange membrane fuel cell 
Pt/C  carbon-supported platinum nanoparticles 
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PtNP  platinum nanoparticle 
PVP  polyvinylpyrrolidone 
R  universal gas constant 
RDE  rotating disk electrode 
rds  rate-determining step 
RHE  reversible hydrogen electrode 
SA  specific activity 
SEM  scanning electron microscopy 
SWCNT single-walled carbon nanotube 
T  temperature 
TEM  transmission electron microscopy 
TGA  thermogravimetric analysis 
UPD  under potential deposition 
v  potential scan rate 
XPS  X-ray photoelectron spectroscopy 
XRD  X-ray diffraction 
ν  kinematic viscosity of the solution 
θ  electron take-off angle 
ω  electrode rotation rate 
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3. INTRODUCTION 

The oxygen reduction reaction (ORR) possesses great technological importance 
in electrochemical systems, like fuel cells, metal-air batteries and electro-
synthesis of hydrogen peroxide. The reduction of O2 occurs mainly via two-
electron pathway or four-electron pathway. The 4-electron pathway is pre-
dominant on Pt-metals and silver, whilst 2-electron pathway takes place on 
carbon materials, gold and most of metal oxides. 

Platinum (Pt) has highest electrocatalytic activity towards the ORR compared 
to other metals, but due to the high price and scarcity of this precious metal, 
alternative catalyst materials are needed. One opportunity to reduce the utili-
sation of platinum is to use nanostructured Pt (alloys, Pt/carbon composites etc.) 
or its complete replacement. 

Platinum and palladium (Pd) have similar properties, for example, same 
face-centered-cubic crystal structure, similar atom size etc. Palladium is much 
more abundant in the Earth crust and its electrochemical activity towards the 
ORR is high, which makes Pd good substitute for Pt in the cathode catalyst of 
fuel cells. Therefore, in this PhD thesis palladium has been examined as Pt-Pd 
alloy and Pt-free catalyst for fuel cells. 

The main aim of this work was to prepare different Pt- and Pd-based nano-
materials and to perform a detailed electrochemical characterisation of these 
composite materials towards O2 reduction. The surface morphology and com-
position of the prepared catalysts were analysed using different physical methods 
(scanning and transmission electron microscopies, X-ray photoelectron 
spectroscopy, X-ray diffraction, energy dispersive X-ray spectroscopy and 
thermogravimetry). For electrochemical characterisation cyclic voltammetry, 
CO-oxidation and the rotating disk electrode (RDE) method were used. 

In the first part of the work, platinum nanoparticles (PtNPs) were supported on 
different carbon-materials employing different preparation methods and these 
nanomaterials were used as electrocatalysts for O2 reduction. Firstly, the mag-
netron sputtering technique was utilised for the preparation of PtNPs supported 
on multi-walled carbon nanotubes (MWCNTs) [I,II], secondly, sodium boro-
hydride and ethylene glycol reduction of Pt-salt was used to synthesise Pt nano-
particles on nitrogen-doped graphene (NG) [III] and thirdly, chemical reduction 
of Pt-salt in the presence of oleylamine/oleic acid was applied to prepare Pt 
nanocubes supported on high-surface-area carbon [IV]. The studies of oxygen 
electroreduction on these nanostructured composite materials were carried out 
in acidic and alkaline media. 

In the second part of present doctoral work, palladium nanoparticles (PdNPs) 
were anchored to MWCNTs and NG supports. Magnetron sputtering method 
was employed for the preparation of MWCNT-supported Pd catalysts [V] and 
the effect of annealing at three different temperatures [VI] on the ORR activity 
was explored. Nitrogen-doped graphene nanosheets were modified with PdNPs 
prepared by borohydride reduction [VII]. The electroreduction of oxygen on 
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these Pd-based composite materials was studied in sulphuric acid and potassium 
hydroxide solutions.  

In the third part of doctoral thesis, the reduction of oxygen on PdPt alloy 
nanocubes synthesised in the presence of polyvinylpyrrolidone was investigated 
in acidic and alkaline solutions [VIII, IX]. Different Pd-to-Pt ratios were used 
and the electrocatalytic activity of PdPt catalysts for ORR was compared with 
that of cubic Pd and Pt nanoparticles. 
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4. LITERATURE OVERVIEW 

4.1. The oxygen reduction reaction 
The oxygen reduction reaction (ORR) is one of the most studied electro-
chemical reactions, being the most important reaction in energy conversion 
systems such as fuel cells and metal-air batteries, thus this reaction has been 
thoroughly studied on different materials [1–3]. The ORR proceeds in aqueous 
solutions mainly via two pathways: two-electron pathway (from O2 to H2O2) or 
direct four-electron pathway (from O2 to water). 

In acidic media, the 4-electron pathway takes place as follows: 

 O2 + 4H+ + 4e− → 2H2O  E° = 1.229 (1) 

The 2-electron pathway to H2O2: O2 + 2H+ + 2e− → H2O2 E° = 0.67 V (2) 

which can be further reduced to water: H2O2 + 2H+ + 2e− → 2H2O E° = 1.77 V (3) 

or catalytically decomposed: 2H O → 2H O + O   (4) 

In alkaline media, the four-electron reduction proceeds: O2 + 2H2O + 4e− → 4OH− E° = 0.401 V (5) 

The 2-electron reaction yielding HO2
–: O2 + H2O + 2e− → HO2− + OH− E° = –0.065 V (6) 

followed by subsequent reduction: HO2− + H2O + 2e− → 3OH− E° = 0.867 V (7) 

or catalytical decomposition: 2HO2− → 2OH− + O2  (8) 
 
[1–4]. The standard potential (E°) values are given against the standard 
hydrogen electrode at 25 °C. The simplified reaction pathways are presented in 
Scheme 1 [3]. 
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O2 O2(ads) H2O2(ads) H2O

H2O2

k1

k2 k3

k4
k5

 
 
Scheme 1. Simplified scheme of the oxygen reduction reaction in acidic media. The 
rate constants for different pathways are shown as (ki). Adsorbed states are subscribed 
by (ads). 
 
The mechanism of the electrochemical O2 reduction reaction is rather complex 
and involves many intermediates, primarily depending on the nature of the 
electrode material, catalyst and electrolyte [2, 3]. In fuel cells, O2 reduction is 
the cathodic reaction, but the ORR kinetics are usually sluggish, therefore it is 
important to stimulate the reaction rate of O2 reduction for practical applications 
in fuel cells, for that better cathode catalyst materials are needed. 
 
 

4.2. Oxygen reduction on platinum electrodes 
Platinum is the best metal catalyst for ORR [1] and this reaction has been 
widely studied on bulk Pt electrodes [1–3, 5]. Electroreduction of oxygen on 
platinum is the cathodic reaction in fuel cells and proceeds mainly through  
4-electron pathway. 

The ORR on different facets of Pt monocrystals has been systematically 
studied by Markovic research group [6–11]. They concluded that the structure-
sensitivity of the ORR is mainly related to the structure-sensitive adsorption of 
anions (OH–, HSO4

–, ClO4
–, etc.) on the Pt(hkl) facets that block the active 

centres and thus inhibit the O2 reduction rate [11, 12]. In sulphuric acid solution, 
the structure-sensitivity towards the ORR is well-pronounced on the Pt(111) 
facet, because the surface geometry of Pt(111) fits well with the HSO4

– anion 
structure, thus O2 reduction is much more inhibited on Pt(111) compared to 
Pt(110) and Pt(100) monocrystals. The order of the electrocatalytic activities of 
oxygen reduction on Pt monocrystals in H2SO4 solution decreases as follows: 
Pt(110) > Pt(100) > Pt(111) [9]. The structure-sensitivity of Pt nanoparticles 
towards ClO4

– and OH– adsorption is less pronounced than HSO4
– and thus the 

ORR activities in perchloric acid and hydroxide solutions are much higher 
compared to sulphuric acid. The electrocatalytic activity of O2 reduction in 0.1 M 
HClO4 decreases in the order Pt(110) > Pt(111) > Pt(100), whilst in 0.1 M KOH, 
it follows the order of Pt(111) > Pt(110) > Pt(100) [8]. On the stepped Pt surfaces 
it was found that the ORR activity in sulphuric and perchloric acid on Pt(111) 
was the lowest [13, 14]. The O2 reduction activity of Pt(110)–(1 × 1) was found 
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to be lower than that of disordered Pt(110)–(1 × 2) in 0.1 M HClO4 by  
30–40 mV on the basis of the half-wave potential (E1/2) value [15]. 

The structure-sensitivity of the ORR on Pt(hkl) low-index facets should lead 
to particle size effects according to the cubo-octahedral model of Pt particles 
[16]. Several efforts have been made to understand the Pt particle size effect on 
the ORR kinetics [17–28]. Mayrhofer et al. have reported in their early studies 
that the specific activity (SA) for O2 reduction increases when the particle size 
increases [20, 21]. This change in activity is related to the enhanced surface 
coverage by oxygen-containing species, which block the active sites more 
strongly when the Pt particle size decreases. Sheng et al. also studied the size-
dependence of the ORR activity of Pt nanoparticles (size below 5 nm) on high-
area carbon support in acidic electrolytes [22]. However, their results did not 
express any influence of the size on the specific and mass activities (MA) for O2 
reduction. Whilst the study by Sheng et al. resulted in independent relationship 
between Pt particle size and oxygen reduction activity, it has been reported by 
Shao and co-workers that both SA and MA are dependent on the Pt particle 
size, if the particle diameter is under 10 nm [23]. These authors suggested that 
this behaviour is related to the oxygen binding energies on different Pt sites, 
which get accessible when the particle size changes. Furthermore, Shinozaki et 
al. [27], who varied the Pt particle diameter from 2 to 10 nm, showed that in 
0.1 M HClO4 solution the SA increased from 0.8 to 1.8 mA cm–2 with 
increasing particle size, and for particles bigger than 10 nm the activity 
plateaued to 2.7 mA cm–2 at 0.9 V vs RHE. It has been suggested by Mukerjee 
and McBreen that the decrease in the ORR activity of the smaller Pt particles 
(size below 5 nm) is related to the increase of Pt low-coordination sites on the 
surface of platinum nanoparticles, which inhibits the electroreduction of O2 due 
to the strong adsorption of OH– above 0.8 V vs RHE [19]. The particle-size 
effect has been assigned to the geometric factors, associated with the crystal 
facets distribution on the surface of the nanoparticle [16], or to the alteration in 
the electronic structure of smaller particles that raise the adsorption energy of 
oxygenated species [19, 20]. 

The ORR kinetics on platinum also depends on the coverage of surface 
oxides. It has been established that in the wide range of potentials the surface of 
Pt electrodes is covered by oxygen-containing groups [5, 29]. Depending on the 
oxide coverage, the Tafel slope changes when the reduced Pt-surface covers 
with surface oxides. At low overpotentials Tafel slope is approximately –60 mV 
and it changes to –120 mV at high overpotentials in acidic and alkaline 
media [29]. Damjanovic and Brusic have suggested that the first electron transfer 
to O2 molecule is the rate-determining step (rds) in both acidic and alkaline 
solutions [29]. They showed that the same rds controls the kinetics of O2 
reduction in both Tafel regions. The rate equation was expressed as follows [29]: 

 = exp	(− / )	exp	(− / ) (9) 

where γ is the measure of the change in the energy of adsorption with oxygen 
coverage Θ. 
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4.3. Oxygen reduction on PtNPs supported 
on CNTs and graphene 

Carbon-supported platinum catalysts (Pt/C) have been under investigation in 
numerous studies as potential ORR electrocatalysts with improved activity and 
stability. Due to their unique electrical and structural properties carbon nano-
tubes (CNTs) are an attractive support material for Pt nanoparticles (PtNPs). 
Carbon nanotubes demonstrated the ability to carry large current densities and 
fast electron-transfer kinetics when used for electrochemical applications [30]. 
In 1998, Che et al. synthesised carbon nanotubes by chemical vapour deposition 
(CVD) method as support materials for Pt nanoparticles and used these as 
membranes for O2 reduction electrocatalysis in 0.05 M H2SO4 [31]. They 
observed a large O2 reduction wave at potentials similar to those characteristics 
for Pt electrocatalysts in acid solution. Other pioneering studies have pointed 
out that PtNPs supported on CNTs show an excellent electrocatalytic activity 
[32–34] and high stability in electrochemical conditions [35, 36]. 

Various catalyst preparation strategies have been proposed to attach Pt 
nanoparticles onto the sidewalls of carbon nanotubes. Uniform Pt metal deposi-
tion onto high-surface-area carbon supports is a key challenge of developing 
successful efficient catalyst materials with high durability. Chemical synthesis 
provides covalent bonding of Pt to CNTs through linking atom [37] and non-
covalent bonding, namely van der Waals interaction between metal and carbon. 
Polyol method is one of the most frequently used for synthesis of Pt/C catalyst 
materials [38–46]. Modification of carbon surface by introducing hydrophilic 
groups is essential for successful anchoring of metal nanoparticles [38, 47]. It 
has been proposed, that microstructure of the catalyst support material can 
influence the ORR process [48]. By varying synthetic conditions it is possible to 
achieve changes in the microstructure and morphology of catalyst materials. 
Chen and co-workers deposited phosphonate functionalised platinum nano-
chains onto the surface of multi-walled carbon nanotubes (MWCNTs) covered 
by polyallylamine using the thermal decomposition method [49]. Catalyst 
particles with improved morphology were formed via self-assembly process 
with the aid of electrostatic interactions between functionalised materials. 
Vinayan et al. synthesised the Pt-based electrocatalysts by a conventional 
sodium borohydride reduction method and modified polyol reduction method 
and stated that the modified polyol reduction yields more uniform dispersion, 
higher loading and optimum particle size of Pt and Pt3Co alloy nanoparticles 
over the MWCNT surface compared to the conventional sodium borohydride 
reduction method [42]. The effect of the functionalisation degree of MWCNTs 
on the synthesis and catalytic performance of Pt/MWCNT has been studied by 
Hernandez-Fernández et al. [43]. They found that increasing metal dispersion is 
favoured on severely treated carbon nanotubes, because that treatment provided 
nucleation sites and enhanced the hydrophilicity of the carbon surface. Kohl and 
co-workers used ethylene glycol for the synthesis of PtNPs supported on 
oxygen and nitrogen functionalised CNTs for oxygen reduction and found that 
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the performance of the catalyst for ORR is dependent on the type of the 
functional groups on the CNTs and these nanomaterials are also more effective 
in hybrid fuel cells than commercial Pt/C [46]. 

Electrodeposition is another widespread method for the preparation of carbon 
nanotube-supported Pt nanoparticles [50–56]. Girishkumar used electro-
deposition for the preparation of PtNPs supported on single-walled carbon 
nanotubes (SWCNTs) modified electrodes for methanol oxidation and oxygen 
reduction [51]. These nanocomposites showed higher catalytic activity for 
methanol oxidation and oxygen reduction than unsupported Pt. The higher 
catalytic activity was attributed to larger surface area provided by the carbon 
nanotube architecture and decreased overvoltage for these reactions. Electro-
deposition was also used for the preparation of hierarchical Pt nanoparticles 
supported on CNT coated carbon fiber as electrocatalysts for oxygen reduction 
by Sharma and Kar [56]. The overall ORR activity of this nanocomposite was 
enhanced synergistically by the presence of Pt-nanoparticle clusters on the 
defective CNT surface. 

Physical preparation techniques, such as pulsed laser deposition [57], 
microwave-assisted [58–60], chemical vapour deposition [61], atomic layer 
deposition (ALD) [62, 63] techniques were successfully utilised for the pre-
paration of highly effective, pure and uniform cathode catalysts for ORR. Roy 
and Hsieh used a comprehensive pulse microwave-assisted polyol synthesis 
method to deposit Pt catalysts onto MWCNTs and found that by the micro-
wave-assisted deposition well-dispersed Pt particles over the CNT support were 
achieved and these catalyst materials delivered an improved electrocatalytic 
activity and excellent stability not only for hydrogen oxidation reaction but also 
the ORR kinetics [58]. Atomic layer deposition was employed for the pre-
paration of uniform Pt layers on aligned CNTs as catalyst materials and were 
demonstrated to be applicable as efficient fuel cells catalysts and also the 
functionalisation of the surface was directly affecting their performance towards 
the ORR [62]. Magnetron sputtering technique is another physical method for 
the preparation of catalyst materials for O2 reduction [64–67]. Magnetron 
sputtering has a number of advantages over other physical methods, such as ease 
of sputtering any metal, alloy or compound onto different substrates providing 
high-purity films, good adhesion to substrate with accurate control of metal 
loading [64]. Pham et al. investigated the use of the graphene-carbon nanotube 
hybrids as the magnetron sputtered Pt support in proton exchange membrane 
fuel cells (PEMFCs) and showed that these catalysts exhibit high intrinsic 
catalytic activity and superior electrochemical stability compared to a com-
mercial carbon black supported Pt catalyst [66]. 

In the past decade, graphene-based supports have shown several advantages 
over traditional carbon supports, displaying remarkable charge transfer pro-
perties, high surface area, chemical inertness and mechanical flexibility [68–
74]. It has been also stated that the fast electron transport properties of graphene 
can facilitate the reduction of O2 and therefore increase the efficiency of fuel 
cells [68]. Graphene exhibits several advantages over CNTs, such as lower cost, 
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larger surface area and simple preparation. Very important advantage is that 
graphene synthesised from graphite powder does not contain metallic impurities, 
which could alter electrochemical properties. It has been also found that metal 
nanoparticles are more uniformly and well-distributed on graphene-based 
supports, which also enhance the electrochemical activities. Ghosh et al. 
synthesised graphene and functionalised graphene as support materials for Pt 
nanoparticles and found that these materials exhibited higher surface area and 
better electrochemical activity than commercial Pt/C, enhancement was attributed 
to well-distributed PtNPs on the prepared graphene supports [75]. Platinum 
nanoparticles embedded on reduced graphene-oxide were used as electro-
catalysts by Ha et al., who concluded that these nanomaterials showed much 
higher electrochemical surface area and greater catalytic activity towards O2 
reduction than 75% Pt/C [76]. The superior activity was also ascribed to uniform 
particle distribution and also to small Pt particle size. As a highly efficient 
catalyst support for oxygen reduction, the core-shell graphene nanosheet (GNS) 
and amorphous carbon composite was used [77], where GNS-shell showed 
excellent conductivity, high surface area and corrosion resistance and thus 
PtNPs deposited on the carbon support demonstrated good catalytic activity and 
higher electrochemical stability than state-of-the-art Pt/C catalyst. Maia work-
group investigated the ORR on electrodeposited Pt nanoclusters with porous 
dendritic structures on top supported on different carbon nanomaterials as 
graphite, MWCNTs, graphene oxide, graphene oxide nanoribbons, chemically 
converted graphene and graphene nanoribbons [73]. The results showed that the 
electrocatalytic activity depends quite strongly on the support material and the 
best results were obtained with Pt electrodeposited onto graphene nanoribbons 
and graphene, whilst others exhibited poor electrocatalytic activity, due to the 
better synergistic effects between Pt nanoparticles and support. 

Furthermore, the incorporation of heteroatoms (nitrogen, sulphur, boron or 
others) into the graphitic structure has enabled to improve the chemical and 
physical properties of carbon-based support materials [78], e.g. carbon nano-
tubes [79–83], carbon nanofibers [84–86] and graphene materials [87–89]. The 
doping by heteroatoms is considered to activate neighbouring carbon atoms for 
oxygen adsorption followed by reduction [90]. As a result of heteroatom 
incorporation, the O2 molecules can be efficiently reduced on the doped carbon 
surface. It has been reported that nitrogen doping also prevents the agglo-
meration and improves the distribution of metal nanoparticles on carbon support 
[79–81]. According to previous studies, N-doped carbon supports not only 
facilitate the dispersion of metal nanoparticles but tender them highly durable 
by introducing more binding sites to the carbon surface that anchor metal 
precursor or metal nanoparticles. Ramaprabhu and co-workers used graphene 
nanoplatelets and N-doped graphene nanoplatelets as a catalyst support for 
PtNPs for ORR in PEMFCs [91]. Both composite materials showed improved 
power densities, but the one containing nitrogen showed slightly higher fuel cell 
performance. The enhancement in the power density was attributed to the 
increased electrical conductivity and improved carbon-catalyst binding. Pt 
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nanoparticles supported on nitrogen-doped reduced graphene oxide (NRGO) 
were prepared for use as PEMFC catalysts by He et al [92]. Uniformly distri-
buted PtNPs on NRGO were in evidence and cyclic voltammetry revealed lower 
losses of the electrochemically accessible surface area (ECSA) and higher ORR 
catalytic activity was found for this novel Pt/NRGO catalyst in comparison to 
those of the platinum/graphene oxide and conventional Pt/C catalysts. Nitrogen-
doped graphene was used as a support material for PtNPs by Liu et al., who 
used this catalyst material for the studies of methanol oxidation and oxygen 
reduction [93]. These nanomaterials showed excellent electrocatalytic activities 
toward these two reactions and they found that nitrogen-doped graphene 
supported platinum is promising alternative. Pt nanoparticles anchored on 
N-doped reduced graphene oxide nanomaterials were used as electrocatalysts 
for ORR and it was found that these composites exhibit very high electro-
catalytic activity and excellent stability towards O2 reduction [94]. The increase 
in the ORR activity was assigned to the synergistic catalytic effect of both 
N-doped carbon matrix and PtNPs. 
 
 

4.4. Oxygen reduction on palladium electrodes 
The most active electrocatalyst for ORR is platinum [1]. Platinum and 
palladium have similar properties, but Pd is much more abundant in the Earth 
crust than Pt [95]. In acidic and alkaline media the O2 reaction mechanism on 
Pd is similar to that of platinum and the ORR proceeds mainly through 
4-electron pathway [96–99]. 

The electroreduction of oxygen on palladium surface depends on the metal 
structure. It has been suggested that the adsorption of anions on Pd is stronger 
than on Pt and this is one of the reasons for a lower ORR activity of Pd catalysts 
as compared to Pt electrode in acid media [99]. Palladium is more structure-
sensitive for anion adsorption than Pt, because of stronger interactions between 
Pd surface and adsorbed anions (Cl–, ClO4

–, HSO4
–, etc). Strongly adsorbed 

anions on palladium surface block the active sites for O2 adsorption, thereby 
preventing O=O bonds for breaking and thus resulting in a slower reduction of 
oxygen on palladium than on Pt surface in acidic media [99]. This is the main 
reason why Pd is not frequently used for PEMFC applications [95]. In alkaline 
media, inversely to acidic media, where Pd is unstable and less active, the 
electrocatalytic activity towards O2 reduction is comparable to that of platinum. 
In the presence of OH– anions, the inhibiting effect of anion adsorption is much 
lower, therefore the oxygen reduction activity is enhanced [99]. 

Hoshi and co-workers studied the structure-sensitivity of the ORR on Pd 
monocrystals in perchloric acid using the RDE technique [100]. They reported 
the following order of activities for low-index Pd single crystal planes: Pd(110) 
< Pd(111) < Pd(100). Therefore, it is of considerable interest to study the ORR on 
shape-controlled Pd nanoparticles (PdNPs) [99, 101–103]. Shao et al. explored 
the electrocatalysis of O2 reduction on cubic and octahedral Pd nanocrystals 
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[101]. They demonstrated that the Pd cubes with (100) facets were one order of 
magnitude more active than octahedric Pd with (111) facets in 0.1 M HClO4. 
Erikson et al. investigated the ORR on cubic PdNPs [102, 103]. They found that 
Pd nanocubes showed enhanced ORR activity compared to spherical PdNPs and 
bulk Pd in acid and alkaline solutions, this effect was explained by the pre-
dominance of Pd(100) surface sites. Lee and co-workers successfully synthe-
sised various sizes Pd nanocubes (27, 48 and 63 nm) composed of Pd(100) 
[104]. Cubic PdNPs exhibited good electrocatalytic activity for ORR in alkaline 
media. These authors also studied the ORR activity and methanol tolerance of 
Pd nanocubes in acid solution [105]. The specific activity for O2 reduction was 
higher on Pd nanocubes compared with regular PdNPs (9 nm). 

In early work, Damjanovic et al. studied the potential dependence of the 
Tafel slopes on palladium and found that at more negative potentials than 0.8 V 
vs. RHE the Tafel slope value is −120 mV and at more positive potentials than 
0.8 V vs. RHE the slope value is −60 mV [96, 97]. The change in the Tafel 
slope value at 0.8 V vs. RHE is related to the adsorption of the surface oxides to 
Pd surface. Although the kinetics of the ORR is affected by surface oxides, the 
mechanism remains the same, and the rate-determining step for O2 reduction 
reaction is the transfer of the first electron to the oxygen molecule. Depending 
on the surface-oxide adsorption, the ORR proceeds on oxide-free palladium 
surface mainly through four-electron pathway, but on PdO-covered surface 
partly via peroxide intermediate step [106]. 
 
 

4.5. Oxygen reduction on PdNPs supported 
on CNTs and graphene  

A lot of work has been made to find electrocatalytically active Pd-based material 
for oxygen reduction to overcome the low activity of bulk palladium in acidic 
media [95]. For that reason, the electrocatalytic properties of nanostructured Pd 
catalysts have received an increasing attention. Carbon-supported Pd (Pd/C) 
composite materials are widely studied as promising catalyst materials for ORR 
to replace expensive and scarce platinum [99, 107–110]. 

In general, Pd-based catalysts have larger particles than Pt-based catalysts 
and as a result, have smaller specific surface area and thus show lower electro-
catalytic activity. Usually, the particle size on carbon support changes in the 
following order: Pd > PdPt > Pt [111–114], which is related to the different metal 
nanoparticle nucleation mechanism for Pd/C and Pt/C catalysts. The differences 
in the nucleation mechanism also cause the dissimilar distribution of PdNPs and 
PtNPs on carbon support [95]. Jiang et al. investigated the Pd particle size effect 
on the ORR activity using carbon-supported Pd catalysts [115]. They found that 
with smaller size (3–5 nm) Pd is highly active in alkaline media and the electro-
catalytic activity for ORR is similar for bulk Pd and Pt. Carbon-supported Pd 
was also explored by Senthil Kumar et al. and these authors found that Pd/C 
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catalysts show rather high O2 reduction activity, but it was greatly influenced by 
the pre-treatment of carbon supports [109]. 

For the preparation of carbon-supported Pd-based catalysts, chemical and 
physical methods have been employed. In the case of chemical methods, 
different reducing agents and Pd precursors have been used [71, 102, 110, 116–
121]. Alvarez et al. studied the effect of different conditions of synthesis of Pd/C 
nanocomposites on their electrocatalytic properties [110]. They found that the 
highest electrocatalytic activity towards the ORR in alkaline media can be 
achieved when using ethylene glycol as a reducing agent. Lee and co-workers 
attached PdNPs to different carbon nanomaterials by self-regulated reduction of 
sodium n-tetradecyl sulphate and sodium n-dodecyl sulphate [118, 119]. It was 
found that the newly prepared Pd/SWCNT, Pd/MWCNT and Pd/graphite 
nanofibers possess high activity for oxygen reduction and Pd/CNT showed even 
higher activity than Pd/graphite nanofibers. This unique method for 
synthesising PdNPs on carbon support was suggested to yield in extraordinary 
physical and chemical features that are useful in advanced applications. 

Another effective method for the preparation of Pd-based catalysts is 
electrochemical deposition of metal nanoparticles to carbon support [107, 122–
124]. Good advantage using electrodeposition is the control of the loading of 
metal on the surface of different carbon substrates [107]. Janes and co-workers 
used galvanostatic electrodeposition for the fabrication of Pd nanocubes on 
SWCNTs [122]. They suggested that this technique provides unique oppor-
tunities to control the size and shape of metal nanoparticles. Hsieh et al. used a 
pulse electrodeposition approach for the synthesis of Pd nanocatalysts supported 
on graphene oxide sheets [123]. They suggested that this technique offers a 
promising route in synthesising highly crystalline Pd clusters and the presence 
of graphene oxide sheets renders multi-functional roles in promoting the 
dispersion of Pd clusters, ionic diffusion and charge transfer. 

As physical methods, chemical vapour deposition [125], atomic layer 
deposition [126, 127], magnetron sputtering [128, 129] etc. have been employed 
[58, 130]. Liang et al. synthesised PdNPs supported on carbon nanofibers by the 
two-step metal organic chemical vapour deposition, which resulted in uniformly 
distributed and small Pd nanoparticles all over the nanofiber, making the used 
method attractive for the preparation of catalyst materials [125]. For the 
synthesis of PdNP/MWCNT hybrid materials microwave irradiation was used 
[130]. It was reported to be simple and fast method for preparing PdNPs 
supported on CNTs with different Pd content, varying from 1 to 40 wt%. 

Zheng et al. used an incipient wetness impregnation method for the pre-
paration of Pd-based catalysts supported on activated carbon, platelet carbon 
nanofibers (p-CNF) and fish-bone carbon nanofibers (f-CNF) containing 5 wt% 
of palladium and studied the effects of the microstructure of CNF on the ORR 
activities [131]. It was found that the p-CNF has a higher ratio of edge atoms to 
basal atoms and therefore the palladium supported on this carbon nanomaterial 
has more positive ORR onset potential and ORR peak potential than for Pd 
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supported on f-CNF and also it was noted that the supporting materials also 
have influence on the reaction process. 

As for Pt-based electrocatalysts, also for palladium graphene-based supporting 
materials are becoming more attractive [71, 123, 132–137]. Seo et al. explored 
the electroreduction of oxygen on graphene-supported PdNPs and an excellent 
ORR activity was observed [71]. An electrostatic attraction method was utilised 
for anchoring 10 nm Pd nanocubes on reduced graphene nanosheet surfaces by 
Liu et al. who employed this nanomaterial as electrocatalysts for ORR in 
alkaline media [134]. They found that the support material with greater number 
of physical defects facilitated greater active sites of these cubic PdNPs due to its 
higher surface area and thus better promoted ORR. 

Heteroatom-doped graphene supports are showing also promising results as 
support materials for PdNPs [121, 138, 139]. Vinayan et al. synthesised triangular 
shaped PdNPs decorated N-doped graphene and explored their catalytic 
properties [121]. Nitrogen-doping of the support material lead to the formation 
of highly dispersed anisotropic nanoparticles over the graphene support and this 
nanocomposite showed good electrocatalytic activity towards the ORR and 
stability in acidic media due to the strong binding between PdNPs and graphene 
support as a result of N-doping. Recent study by Chen workgroup focused on 
oxygen electroreduction catalysed by PdNPs supported on N-doped graphene 
quantum dots [138]. The as-prepared catalysts showed enhanced activities 
towards O2 reduction in alkaline media compared to that of PdNPs supported on 
undoped graphene quantum dots and commercial Pt/C catalysts, the improve-
ment was explained by the enhanced electron withdrawing effects of the 
pyrrolic nitrogen centres that manipulated the electronic interactions between 
palladium and oxygen reduction intermediates. 
 
 

4.6. Oxygen reduction on palladium-platinum alloys 
The high price and scarcity of Pt forces researchers to find a way to reduce its 
amount in the catalyst materials. One strategy for lowering the Pt content is to 
replace it partially by other metals. Palladium is a promising substitute due to 
the similar properties to the Pt (same group of the periodic table, similar atomic 
size and crystalline structure) [95, 99]. Advantages for using Pd are the 
abundance of it in the Earth crust and also the fact that palladium improves the 
alloy stability in acidic media. 

Li et al. designed and prepared Pt-Pd/C catalyst for ORR and found that the 
addition of small content of Pd to the catalyst, improved the catalytic activity 
compared with Pt/C catalyst [111]. Beard et al. used electroless deposition of Pt 
onto the Pd surface for the preparation of carbon supported Pt-Pd electro-
catalysts and found that alloyed catalysts showed comparable ORR activities 
with that of commercially available Pt/C, it was suggested that there is little 
interaction between two metals which enhances the catalytic behaviour [140]. 
The decoration of MWCNTs with Pt-Pd alloy electrocatalysts of three different 
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compositions and their electrocatalytic performance towards the ORR were 
described by Ghosh et al. [141]. They showed that nanocomposite with 1:1 
metal ratio outperformed other nanoparticles and Pt black, the combined effect 
of the electrocatalyst and its support and synergistic effect between the metals is 
believed to enhance the overall electrocatalytic activity. 

Catalytic properties of alloy nanostructures are substantially affected by the 
shape, size, composition and surface structure [142–144]. Controlling the shape 
and facets of nanocrystals is a productive method to improve the performance in 
catalytic reactions [142–144]. In recent years, several researches have been 
focused on the preparation of shape-controlled Pt-Pd nanoalloys for electro-
catalytic application: nanodendrites [144–146], nanoflowers [144, 147–150], 
concave particles [144, 151–154], nanowires and -rods [155–159], poly- and 
octahedral shapes [160, 161], nanocubes [144, 162, 163], etc. Pd-Pt bimetallic 
nanodendrites were synthesised by Xia workgroup, who used these nano-
structured materials as electrocatalysts for O2 reduction [145]. Pd-Pt nano-
crystals exhibited relatively large surface areas and particularly active facets 
toward the ORR, being almost three times more active than state-of-the-art Pt/C 
catalyst. Chen and others studied oxygen reduction on Pt-Pd alloy nanoflowers 
and found that these catalysts possess superior electrocatalytic activity and 
remarkable methanol-tolerance in acidic media [150]. The advancement was 
proposed to be related to the change of the binding energy of Pt (electronic 
effect), decrease in the Pt-Pt bond length (geometric effect) and also with the 
unique porous nanostructure. Wang and co-workers also prepared Pt-Pd nano-
flowers as electrocatalyst material for ORR [147–149]. These nanocatalysts 
displayed enhanced electrocatalytic ORR performances as compared to 
commercially available Pd/C and Pt/C catalysts, which could be due to unique 
structures of Pt-Pd nanoflowers and bimetallic synergistic effects between these 
precious metals. These authors also prepared Pt-Pd nanocubes anchored to 
reduced graphene oxide, which were found to exhibit improved ORR activity 
and stability compared with commercial 10 wt% Pt/C [162]. Zhang et al. used 
bromide-induced galvanic replacement reaction for the preparation of Pd-Pt 
nanocrystals with different composition and a concave structure [152]. They 
found that the Pd-Pt sample with the lowest Pt content exhibited the largest 
specific electrochemical surface area and four times higher mass activity than 
commercial Pt/C catalyst for the ORR. The improvement in the activities was 
related to the enrichment of Pt nanoparticles on the catalyst surface. Many 
advantages were found when using PtPd porous nanorods as catalyst materials 
for O2 reduction [158]. Firstly, the porous structure was suggested to effectively 
improve the surface area and lower the utilisation of noble metal, secondly the 
larger surface area and synergistic effect between Pd and Pt, resulted in higher 
activities than Pt/C and thirdly, these kinds of nanomaterials were presented to 
exhibit excellent durability. 

Several research groups have prepared core-shell type Pd-Pt catalysts [143, 
164–176]. Yang et al. prepared carbon-supported pseudo-core-shell Pd-Pt nano-
particles as electrocatalysts for O2 reduction by galvanic replacement reaction 
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[164]. The Pd-Pt/C catalysts showed good activity in acidic solution even in the 
presence of methanol and it was found that the best overall composition was 
Pd70Pt30/C, explained in terms of the weaker OHads binding on the Pt sites and 
the combination of preferable electronic and strain effects. Three-dimensional 
Pd@Pt core-shell nanostructures with controllable shape and composition were 
synthesised and their electrocatalytic properties towards oxygen reduction were 
evaluated [175]. Pd@Pt nanocatalysts showed higher catalytic activity than pure 
Pd and Pt catalysts for ORR and the enhancement was explained by the increase 
of Pd/Pt molar ratio, more and more PtNPs were formed on the surface of Pd 
nanocube. Pt monolayer shell-Pd tetrahedra core electrocatalysts towards the 
ORR were examined [167]. It was shown that Pt monolayer on Pd tetrahedra 
resulted in good ORR activity, due to the predominant Pt(111) facets on the Pd 
tetrahedral surface and the clean surface of Pd nanoparticles ensured a 
favourable Pd-Pt core-shell interactions, which was essential to improve the 
kinetics of the ORR. Alia et al. studied the O2 reduction reaction on platinum 
coated palladium nanotubes, which displayed good activity compared to Pd 
nanotubes and Pt nanotubes [174]. Lee et al. established a method for the 
preparation of truncated Pd nanocubes and their further coating with multi-
armed Pt shells [172, 173]. These Pd-Pt core-shell nanomaterials were employed 
for ORR electrocatalysis in alkaline media. Pd-Pt nanocubes and Pd nanocubes 
displayed greater mass activity than Pt nanoparticles, its greater activity was 
associated to the better accessibility of Pd(100) planes. Liu’s work-group 
prepared carbon-supported Pt-Pd alloy catalysts with core-shell structure with 
Pt as the shell using room-temperature electron reduction method and studied 
their electrocatalytic behaviour towards the ORR [176]. They found that these 
nanostructures are highly active and stable catalyst materials for this reaction, 
because of the smaller particle size (~2.6 nm) the binding with oxygen is 
weaker and this kind of structure promotes the O-O bond breaking and 
desorption of OH–, which resulted in almost 4 times higher mass activity for 
core-shell structure than for the commercial Pt/C. 
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5. EXPERIMENTAL 

5.1. Electrode preparation 
Glassy carbon (GC), bulk polycrystalline palladium and platinum electrodes 
were fabricated by mounting GC (GC-20SS, Tokai Carbon), Pd (99.95%, Alfa 
Aesar) or Pt (99.5 %, Alfa Aesar) disks into Teflon holders. In some parts of the 
doctoral work, commercial GC electrodes (geometric area 0.071 cm2, Radio-
meter), were used. The surface of the working electrodes was polished to a 
mirror finish using 1.0 and 0.3 µm Al2O3 (Buehler) water suspension and for 
bulk Pd and Pt electrodes, additional polishing on 0.05 µm alumina slurry was 
used. The polishing residues were removed by sonicating the electrodes in Milli-
Q water (Millipore Inc.) for 5 min. 

The commercial 20 wt.% Pt/Vulcan XC-72 catalysts were purchased from  
E-TEK, Inc. (Framingham, MA, USA) and used for comparison purposes. 
 
 

5.2. Preparation of catalyst materials 
5.2.1. Acid-treatment of carbon nanotubes 

The acid-treatment of multi-walled carbon nanotubes (purity >95%, diameter 
30 ± 10 nm, length 5–20 mm, NanoLab Inc.) was carried out using previously 
published procedure [177]. First, carbon nanotubes were treated by refluxing in 
a mixture of concentrated sulphuric and nitric acids (1:1, v/v) for 2 h at 55 °C 
and then for 3 h at 80 °C. Afterwards, the nanotubes were washed with Milli-Q 
water (Millipore, Inc.) using repeated centrifugation (3000 rpm, 10 min), and 
resuspended in Milli-Q water. Finally, the MWCNTs were vacuum dried for 
15 h. MWCNTs were dispersed in dimethylformamide (DMF) (1 mg mL–1) and 
then sonicated for 30 min to give a homogeneous suspension. 
 
 

5.2.2. Preparation of nitrogen-doped graphene nanosheets 

Graphene oxide (GO) used in this work was synthesised from graphite powder 
(Graphite Trading Company) by a modified Hummers’ method as described 
elsewhere [178]. Dicyandiamide (DCDA, Aldrich) was used as a precursor for 
nitrogen doping. Briefly, GO was dispersed in deionised water and ethanol 
solution (3:1) with the aid of ultrasonic agitation. Nitrogen precursor was added 
to form GO/DCDA mixture with ratio of 1:20. Small amount of polyvinyl 
pyrrolidone (PVP) was added to reaction media and mixture was sonicated for 
2 h. The resulting mixture was dried at 75 °C in vacuum. Subsequent pyrolysis 
of the prepared material was performed in argon atmosphere at 800 °C for 2 h. 
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5.2.3. Preparation of sputter-deposited PtNP/MWCNT catalysts 

For modification of GC electrodes with MWCNTs, a 12.3 µL drop of MWCNT/ 
DMF suspension was placed on the GC surface (geometric area 0.126 cm2) for 
further magnetron sputtering procedure. Subsequent anchoring of Pt nanolayers 
of different loading onto MWCNTs was performed by sputter-deposition with a 
Pt target in argon atmosphere. The nominal Pt film thicknesses were 4, 8 and 
16 nm, corresponding to Pt loadings of 8.6, 17.2 and 34.4 µg cm–2, respectively 
(calculated per geometric area of the GC substrate). In what follows, the prepared 
catalysts are designated as 1-PtNP/MWCNT, 2-PtNP/MWCNT and 3-PtNP/ 
MWCNT, respectively. 
 
 

5.2.4. Preparation of Pt-TiO2/MWCNT catalysts 

GC disk electrodes (geometric area of 0.196 cm2) were coated with vertically 
aligned multi-walled carbon nanotubes prepared by chemical vapour deposition. 
The catalysts for MWCNT synthesis, namely 1 nm Al2O3 and 0.5 nm Fe layers 
were deposited on GC by electron beam evaporation. MWCNTs were grown at 
780 °C in a cold-wall atmospheric pressure CVD system, similar to that 
described earlier [179], by adding 1% of acetylene to the flow of 50:50 mixture 
of hydrogen and helium gases. In order to remove the metal catalyst (Fe and 
Al2O3) particles remained from MWCNT preparation by the CVD method, the 
MWCNT/GC samples were etched in 1 M HCl, followed by rinsing in heated 
deionised water for 3 times, and drying in ambient atmosphere for several days. 
To form TiO2 clusters on the MWCNT surface, atomic layer deposition from 
TiCl4 and H2O vapours was applied. The ALD precursors supply and purging 
times were 10 and 30–50 s, respectively. The deposition temperature was 
250 °C. Finally, the TiO2/MWCNT supports were coated with Pt nanolayers of 
different thicknesses (2, 4 and 8 nm, corresponding to Pt loading of 4.3, 8.6 and 
17.2 µg cm–2, respectively) using the magnetron sputtering technique. In what 
follows, these composite catalysts are designated as 1-Pt-TiO2/MWCNT,  
2-Pt-TiO2/MWCNT and 3-Pt-TiO2/MWCNT, respectively. 
 
 

5.2.5. Preparation of Pt/NG catalysts 

The Pt/NG catalysts were prepared using two synthetic procedures. By the first 
method, PtNPs were synthesised by chemical reduction of hexachloroplatinic 
acid (H2PtCl6 × H2O, 99.9%, Aldrich) using sodium borohydride (NaBH4, 99%, 
Aldrich) as a reducing agent. Briefly, a suspension of 20 mg of NG and 10 mM 
H2PtCl6, equivalent to 20 or 40% weight ratio of Pt to carbon support, was 
prepared by sonication in 80 mL Milli-Q water. Subsequently, the Pt precursor 
was simultaneously reduced and supported on the N-doped graphene nanosheets 
using NaBH4. The suspension was then vacuum-filtered and rinsed several times 
with water and ethanol. The final product was dried at 60 °C for 12 h. The 
prepared catalyst materials are designated as 20-Pt/NGBH and 40-Pt/NGBH. 
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In the second approach, PtNPs were anchored onto NG support using procedure 
described elsewhere [180]. In this case, 0.059 g of H2PtCl6 × H2O was added to 
5 mL of ethylene glycol (EG, 99.5%, Sigma-Aldrich) that contained 
0.15 M NaOH. The solution was mixed in a 50-mL three-neck flask at 1200 rpm 
for 30 min, followed by reflux of the mixture at 160 °C (achieved within less 
than 20 min) for 3 h at 1200 rpm. During the reduction process, the colour of 
the mixture changed from yellowish-brown to black. After the mixture was 
cooled down, 100 or 40 mg of NG was added to the mixture yielding a 20 or 
40 wt% Pt/NG catalyst. Using 1 M HNO3, the pH of the solution was adjusted 
and the final mixture was stirred for 24 h at room temperature. The suspension 
was then vacuum-filtered and washed several times with water and ethanol. The 
final product was dried overnight at 60 °C. The prepared catalyst materials are 
designated as 20-Pt/NGEG and 40-Pt/NGEG. 
 
 

5.2.6. Preparation of Pt nanocubes supported 
on Vulcan XC-72R carbon 

Cubic Pt nanoparticles were synthesised using a procedure previously reported 
[181, 182]. The initial synthesis recipe was scaled up by a factor of 6 in order to 
obtain a higher amount of product, so that the only variable is the loading. 
Briefly, 0.12 g of platinum (II) acetylacetonate (Pt(acac)2), 48 mL of oleylamine 
(OLA) and 12 mL of oleic acid (OA) were added into a 3-necked flask and 
heated up to 130 ºC in argon atmosphere, while stirring at 500 rpm. At this 
temperature, 0.3 g of tungsten hexacarbonyl (W(CO)6) was added to the reaction 
mixture, followed by raising the temperature to 240 ºC for 30 min at 200 rpm. 
When the reaction was finished, the black dispersion was cooled down to room 
temperature and the Pt nanoparticles were collected by centrifugation at 6000 
rpm for 10 min. After decanting the supernatant, the residue was re-suspended 
in 50 mL of hexane. 

For the preparation of Pt/C catalyst materials, the amount of carbon and Pt 
was calculated to obtain 35 mg of carbon-supported Pt catalyst. Thus, the 
suitable amount of nanoparticles suspension was mixed with the proper mass of 
Vulcan XC-72R (Cabot Corp.) carbon to obtain the 10, 20, 30, 40 and 
50 wt% Pt/C catalysts. The samples were then magnetically stirred for 30 min. 
The as-prepared catalyst materials were then washed following a protocol 
described elsewhere [182]. First, the samples were washed twice with a mixture 
of hexane and ethanol. The precipitates were then re-dispersed in 20 mL of 
methanol and a pellet of NaOH was added to the dispersion, which was 
sonicated for 10 min. After the catalyst precipitated, the alkaline solution of 
methanol was removed and the carbon-supported particles were washed with 
acetone. This procedure was repeated at least three times, and after that, the 
catalyst particles were vacuum-filtered and rinsed with ultrapure water and 
ethanol. Final products were dried in an oven at 70–80 °C for 12 h. 
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5.2.7. Preparation of sputter-deposited PdNP/MWCNT catalysts 

Prior to magnetron sputtering procedure, GC electrode was modified with 
MWCNTs. For that, a 12.3 µL drop of MWCNT/DMF ink was placed onto GC 
electrode surface (geometric area 0.126 cm2). Then, the MWCNTs were coated 
with Pd nanoparticles of different loading by sputter-deposition with a Pd target 
in argon atmosphere. The nominal Pd film thicknesses were 5, 10 and 15 nm, 
which correspond to Pd loading of 6, 12 and 18 μg cm–2, respectively. In what 
follows, the prepared catalysts are designated as 1-PdNP/MWCNT; 2-PdNP/ 
MWCNT and 3-PdNP/MWCNT, respectively. 
 
 

5.2.8. Preparation of heat-treated PdNP supported on MWCNTs 

Three drops of 100 μL of multi-walled carbon nanotubes dispersed in DMF ink 
were placed on a glassy carbon plate for further magnetron sputtering procedure. 
Acid-treated MWCNTs on the small GC plates were placed in the sputtering 
chamber and the coating with Pd nanolayers was conducted by sputter-deposition 
with a Pd target in argon atmosphere. For each experiment, the same amount of 
Pd was deposited on MWCNTs. The nominal Pd film thickness was 15 nm, 
which corresponds to Pd loading of 18 μg cm−2. PdNP/MWCNT composites 
were further annealed in argon using a tube oven at 300 °C, 400 °C and 500 °C 
for 30 min. 
 
 

5.2.9. Preparation of Pd/NG catalysts 

Anchoring of Pd nanoparticles to N-doped graphene nanosheets was performed 
using the following procedure. First 0.1 g of PdCl2 (Aldrich) with 0.1 mL of 
concentrated HCl was added to 60 mg of NG dispersed in 60 mL of deionised 
water. The suspension was sonicated for 15 min and then 0.021 g of NaBH4 was 
added during agitation. The suspension was sonicated for additional 15 min, 
filtered and washed with ethanol solution. The resulting powder was dried at 
60 °C for 2 h. The prepared catalyst materials were designated as Pd/NG. 
 
 

5.2.10. Preparation of cubic PdPt alloy nanoparticles 

PdPt-alloy nanocubes were synthesised using a similar methodology to that 
described elsewhere [183]. Briefly, 20 mM potassium tetrachloropalladate 
(K2PdCl4, >99.99%, Sigma-Aldrich), 20 mM potassium tetrachloroplatinate 
(K2PtCl4, >99.99%, Sigma-Aldrich), 75 mg of sodium iodide (≥99.99%, Sigma-
Aldrich) and 160 mg of polyvinyl pyrrolidone (MW≈55000, Sigma-Aldrich) 
were mixed together with 10 mL N,N-dimethylformamide (Sigma-Aldrich) in a 
glass vial and the mixture was sonicated for 2 min. The resulting homogeneous 
mixture was capped, transferred to an oven and heated at 130 °C for 3 h before 
cooling down to room temperature. The colloidal products were collected by 
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centrifugation and washed several times with an ethanol-acetone mixture and 
finally stored in ultrapure water. In order to synthesise PdPt-alloy nanocubes 
with different composition, the amount of K2PdCl4 and K2PtCl4 was varied 
accordingly. The nominal PdPt alloy compositions were 34/66, 50/50 and 
66/34. 
 

5.3. Surface characterisation 
The surface morphology of carbon nanotube-supported Pd- and Pt-based 
catalysts were characterised by high-resolution scanning electron microscopy 
(HR-SEM) using Helios NanoLab 600 (FEI) instrument, where GC disks were 
used as substrates for the nanocatalysts. Transmission electron microscopy 
(TEM) was used to explore the surface structure of the as-prepared Pd/NG, 
Pt/NG, Pt/C and PdPt nanocatalysts. TEM measurements were performed on a 
Tecnai 12 instrument operated at 120 kV accelerating voltage, a probe corrected 
G2 80–200 FEI Titan operating at 200 kV or JEOL, JEM-2010 working at 
200 kV equipped with an X-ray detector OXFORD INCA Energy TEM 100 for 
microanalysis (EDX) instrument. The TEM samples were prepared by placing 
an aliquot of diluted dispersions onto a Formvar-covered copper grid. 

X-ray diffraction (XRD) analysis for heat-treated PdNP/MWCNT and 
PtNP/MWCNT composite materials was carried out on a Bruker D8 Advance 
difractometer (Cu Kα radiation of 0.154 nm, 2θ range 15–100° with LynxEye 
linear detector, U = 40 kV and I = 40 mA).  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with 
a SCIENTA SES-100 spectrometer using nonmonochromatised Al Kα X-ray 
radiation (1486.6 eV), a take-off angle of 90° and a source power of 400 W. The 
pressure in the analysis chamber was less than 10−9 Torr. For collecting the survey 
scans, the following parameters were used: energy range 800–0 eV (for  
Pt-TiO2/MWCNT materials) or 600–0 eV (for Pd/NG and Pt/NG materials), pass 
energy 200 eV, and step size 0.5 eV. In specific regions, high-resolution scans 
were performed with the pass energy of 200 eV and the 0.1 eV steps. 

Thermogravimetric analysis (TGA, Mettler-Toledo TGA/SDTA851 thermo-
balance) was used to experimentally determine the Pt loading (% in weight) of 
the prepared carbon-supported Pt nanocubes. The experiments were carried out 
in an oxidative atmosphere, N2:O2 (4:1) raising the temperature from 25 to 
850 °C at a heating rate of 10 °C min–1. 
 
 

5.4. Electrochemical measurements 
Electrochemical measurements were performed either in 0.5 M H2SO4, 
0.1 M HClO4 or 0.1 M KOH solutions. Electrolyte solutions were prepared 
using sulphuric acid (Suprapur®, Merck), perchloric acid (Aldrich) or potassium 
hydroxide (p.a. quality, Merck) and Milli-Q water. Solutions were saturated 
with pure oxygen (99.999% AGA), argon (99.999% AGA) or carbon monoxide 
(99.97%, AGA). 
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The electrochemical measurements were conducted in a three-electrode glass 
cell, where reversible hydrogen electrode (RHE) was used as a reference 
electrode and a Pt wire as a counter electrode. Autolab potentiostat/galvanostat 
PGSTAT30, PGSTAT128N or PGSTAT302N (Metrohm-Autolab B. V.) 
controlled with General Purpose Electrochemical System (GPES) software were 
used to record cyclic voltammograms, CO oxidation and O2 reduction 
polarisation curves. Also, in some cases, a VMP3 multichannel potentiostat 
(BioLogic) was employed, these measurements were conducted using the NStat 
configuration mode in which 6 GC rods (diameter 3 mm) as working electrodes 
were simultaneously employed sharing the same counter and reference 
electrodes. The counter electrode was again a Pt wire and the reference 
electrode a reversible hydrogen electrode connected to the cell through a Luggin 
capillary. 

An EDI101 rotator and a CTV101 speed control unit (Radiometer) were 
typically employed for the RDE measurements, but in the work of Pt-TiO2/ 
MWCNT catalyst an AFMSRX rotator and MSRX speed controller from Pine 
Research Instrumentation were used. The background currents in all the studies 
were also recorded at the same conditions as used to measure the ORR 
polarisation curves in Ar-saturated electrolyte and were subtracted from the 
experimental ORR current. All the electrochemical measurements were carried 
out at room temperature (23±1 °C). 
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6. RESULTS AND DISCUSSION 

6.1. Oxygen reduction on sputter-deposited 
PtNP/MWCNT composites 

Magnetron sputtering technique was employed to prepare Pt nanoparticles sup-
ported on multi-walled carbon nanotubes as electrocatalysts for O2 reduction [I]. 
Three different nominal Pt film thicknesses: 4, 8 and 16 nm were used. The ORR 
measurements were carried out in 0.5 M H2SO4 and 0.1 M KOH solutions. 
 

6.1.1. SEM and XRD characterisation of PtNP/MWCNT samples 

The freshly prepared PtNP/MWCNT catalysts were characterised by SEM and 
Fig. 1 shows typical examples of SEM micrographs of unmodified MWCNTs 
(Fig. 1a) and for as-prepared catalysts (Fig. 1b–d). The SEM images indicate a 
good dispersion of the Pt nanolayers throughout the surface of MWCNTs 
 

 

Figure 1. SEM images of (a) uncoated MWCNTs and (b–d) MWCNT support modified 
by Pt nanolayers with different film thicknesses: (b) 4, (c) 8 and (d) 16 nm. 

a b 

c d 
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support. SEM observations also show that the Pt nanolayers are located only on 
MWCNTs. Four images at the same magnifications show the morphological 
features of catalyst composite materials. 

The presence of crystalline PtNPs was confirmed by XRD analysis (data not 
shown). The XRD peaks at 2θ = 39.7° and 46.1° and an ill-defined peak at  
2θ = 67.2° can be assigned to the (111) and (220) planes of face-centred cubic 
Pt structure [37]. 
 
 

6.1.2. CO oxidation and cyclic voltammetry experiments 

PtNP/MWCNT modified GC electrodes were cycled at 50 mV s−1 in Ar-
saturated 0.5 M H2SO4 and 0.1 M KOH solutions in the potential range between 
0.05 and 1.4 V. In order to improve the surface cleanliness, the CO-stripping 
experiments were performed following the operation conditions described 
elsewhere [47] and typical CO-stripping voltammograms in 0.5 M H2SO4 are 
presented in Fig. 2. The first cycle between 0.05 and 0.35 V vs. RHE indicates 
that Pt surface is completely blocked by adsorbed CO. CO-stripping technique 
is a surface sensitive probe [184]. Clearly distinguished anodic peak in the 
potential range between 0.8 and 0.9 V corresponds to CO oxidation and 
desorption from the Pt catalyst surface. 
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Figure 2. CO-stripping voltammograms for (a–c) 1-PtNP/MWCNT, 2-PtNP/MWCNT, 
3-PtNP/MWCNT catalysts and (d) bulk Pt electrode in 0.5 M H2SO4. ν = 20 mV s–1. 
Current densities are normalised to the geometric surface area of GC substrate. 
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CO oxidation peaks are observed at different potentials for all catalysts in this 
study, namely at 0.90, 0.78, 0.80 and 0.85 V for 1-PtNP/MWCNT, 2-PtNP/ 
MWCNT and 3-PtNP/MWCNT catalysts and bulk Pt, respectively. Cherstiouk 
et al. suggested that the positive shift of the CO oxidation onset is due to slow 
interaction of OHads and COads on platinum surface [185]. Peak shoulders for 
1-PtNP/MWCNT and 3-PtNP/MWCNT (Fig. 2a and c) indicate variations of 
surface sites present on Pt with different layer thicknesses. For bulk Pt electrode, 
multiple CO oxidation peak is observed, which indicates complex morphology 
of Pt surface. Similar behaviour was also evidenced in previous works [186, 
187]. López-Cudero et al. showed that the increased agglomeration of Pt 
nanoparticles results in a development of a new peak at lower potentials [188]. 
Earlier developments have demonstrated that the CO oxidation peak location is 
strongly influenced by agglomeration and size of Pt nanoparticles supported on 
high-surface-area carbon [189, 190]. 
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Figure 3. Cyclic voltammograms of PtNP/MWCNT catalysts and bulk Pt electrode in 
Ar-saturated solutions: (a) 0.5 M H2SO4, (b) 0.1 M KOH. ν = 50 mV s–1. Current 
densities are normalised to the geometric surface area of GC substrate. 
 
The CV curves displayed in Fig. 3 were recorded in both acid and alkaline 
media after the electrochemical decontamination of the Pt surface. The cyclic 
voltammograms look similar to the CVs of the bulk Pt electrode presented in 
Fig. 3 for comparison purposes. The CVs show the presence of adsorption states 
associated with (110) and (100) sites at 0.12 and 0.27 V, respectively. More-
over, a shoulder around 0.35 V is apparent, being characteristic of small (100) 
terraces. The charge integrated under the hydrogen desorption peaks was used 
to calculate the electroactive Pt surface area of the electrodes, assuming that the 
charge required to oxidise a monolayer of adsorbed hydrogen on Pt is equal to 
210 μC cm−2 [191]. As can be seen from Table 1 the 3-PtNP/MWCNT catalyst 
has larger real surface area than catalysts with thinner sputtered layers. For 
comparison reasons the Ar values were also obtained by integrating the charge 
under CO oxidation peak using the CO-stripping voltammetry data, taking into 
account that the charge required to oxidise on monolayer of CO adsorbed on a 
Pt surface as 420 μC cm−2 (equivalent to two electrons per CO molecule) [21, 
192, 193]. The Ar values calculated from CO-stripping were slightly higher than 
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the electroactive areas determined from HUPD (0.17, 0.29 and 0.42 cm2 for  
1-PtNP/MWCNT, 2-PtNP/MWCNT and 3-PtNP/MWCNT catalysts, respec-
tively). Mezalira and Bron observed a similar tendency for Pt electrocatalyst 
supported on functionalised CNTs because of the easier and reliable baseline 
correction during the peak integration [194]. Analogous results were also 
presented by other groups [47, 195]. 
 
 

6.1.3. RDE studies of O2 reduction 

The RDE measurements were carried out in O2-saturated 0.5 M H2SO4 and 
0.1 M KOH solutions at different electrode rotation rates. The representative 
current–potential curves of the ORR for the 2-PtNP/MWCNT modified GC 
electrode in 0.5 M H2SO4 are shown in Fig. 4a. Only the negative-going potential 
scans are presented and further analysed. Single-wave polarisation curves with a 
well-defined current plateau were observed and a high electrocatalytic activity 
of the Pt nanoparticles towards the ORR is in evidence. 

The RDE data were analysed using the Koutecky-Levich (K-L) equation 
[196]: 

 

 
1 = 1 + 1 = − 1 2 − 10.62 22/3 −1/6 2 1/2 (10) 

 
where j is the measured current density, jk and jd are the kinetic and diffusion-
limited current densities, respectively, n is the number of electrons transferred 
per O2 molecule, k is the rate constant for oxygen reduction, F is the Faraday 
constant (96,485 C mol−1), ω is the electrode rotation rate (rad s–1), O2	is the 

concentration of oxygen in the bulk (1.13×10−6 mol cm−3) [197], O2	is the 
diffusion coefficient of oxygen (1.8×10−5 cm2 s−1) [197] and ν is the kinematic 
viscosity of the solution (0.01 cm2 s−1) [198]. The K–L plots were constructed 
(Fig. 4b) and the value of n was close to four for all the PtNP/MWCNT 
catalysts studied (see inset to Fig. 4b). This is an indication that the ORR 
predominantly follows a 4e− pathway. The four-electron pathway of the ORR 
on Pt has been confirmed in many studies [199, 200], however, it is not possible 
to unambiguously establish whether the ORR proceeds through a “direct” 4e− 
pathway or through H2O2 intermediate that is subsequently reduced. From the 
K–L plots it is obvious that the process of the ORR on PtNP/MWCNT is 
controlled by the diffusion of oxygen to the electrode surface in a large range of 
potentials. 
 



35 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-10

-8

-6

-4

-2

0

ω  rpm
j /

 m
A

 c
m

−2

E vs RHE / V

360
610
960

1900

3100

4600

(a)

0.00 0.04 0.08 0.12 0.16 0.20 0.24

0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4 0.6

0

1

2

3

4

 

 

n

E vs RHE / V

 0.6 V
 0.5 V
 0.4 V
 0.3 V
 0.2 V
 0.1 V

(b)

j −
1  /

 m
A

−1
 c

m
2

ω−1/2 / rad−1/2 s1/2

 

Figure 4. (a) RDE voltammetry curves for O2 reduction on a 2-PtNP/MWCNT 
modified GC electrode in O2-saturated 0.5 M H2SO4, ν = 10 mV s–1. (b) Koutecky–
Levich plots for O2 reduction on a 2-PtNP/MWCNT modified GC electrode in 
0.5 M H2SO4. Inset shows the potential dependence of n. Current densities are 
normalised to the geometric surface area of GC substrate. 
 
Fig. 5a presents the RDE behaviour of all the electrodes studied in the first 
phase of the work. For the sake of comparison a polarisation curve for acid-
treated MWCNT modified GC electrode is also presented. The half-wave 
potential for oxygen reduction on the modified GC electrodes at 1900 rpm was 
determined to be 0.71, 0.75 and 0.76 V for 1-PtNP/MWCNT, 2-PtNP/MWCNT 
and 3-PtNP/MWCNT, respectively. This value is very similar to that of bulk Pt, 
which was determined to be 0.74 V. The value of E1/2 for the ORR on com-
mercial Pt/C modified GC electrode was 0.84 V which is in good agreement 
with previous studies [201]. Note that a remarkably positive shift of E1/2 for 
Pt/C catalyst is largely due to the higher Pt area. 
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Figure 5. (a) Comparison of RDE results on oxygen reduction on PtNP/MWCNT 
catalysts, commercial Pt/C, acid-treated MWCNT modified GC and bulk Pt electrode in 
O2-saturated 0.5 M H2SO4, ν = 10 mV s–1. (b) Mass-transfer corrected Tafel plots for O2 
reduction on PtNP/MWCNT catalysts, commercial Pt/C modified GC and bulk Pt 
electrodes in 0.5 M H2SO4. ω = 1900 rpm. Current densities are normalised to the 
geometric surface area of GC substrate. 
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The specific activity of O2 reduction on PtNP/MWCNT, bulk Pt and Pt/C 
catalysts was calculated using the following equation: 
 
 SA = Ik / Ar  (11) 
 
where Ik is the kinetic current at a given potential and Ar is the real surface area 
of platinum. The PtNPs deposited onto the MWCNT support show an enhanced 
ORR activity compared with the bulk Pt electrode. The SA values were close to 
40 μA cm−2 for all the PtNP/MWCNT catalysts prepared in this study, which 
indicates that SA does not depend on the catalyst surface morphology for these 
composite materials. Strongly adsorbing (bi)sulphate anions block the active 
sites for oxygen reduction and as a result the electrocatalytic activity decreases 
[13, 14]. It has been shown, that the SA values of Pt catalyst strongly depend on 
the carbon support material structure [65]. In the previous study of our research 
group the SA values for Pt nanoparticles supported on SWCNTs were lower 
than that observed for PtNPs deposited on the surface of MWCNTs [47]. The 
SA value for PtNPs deposited onto TiO2 functionalised graphene nanosheets 
was 69 μA cm−2 at 0.9 V vs. RHE [180]. Gasteiger et al. reviewed and 
compared the values of SA obtained by different research groups for Pt/C 
catalysts [202] and depending on the preparation method used the SA values 
varied between 36 and 470 μA cm−2. 

The mass activity values for the electrodes studied were calculated at 0.9 V 
using the following equation: 

 
 MA = Ik / mPt  (12) 
 
taking into account Pt loading in PtNP/MWCNT catalyst materials. The MA 
values were 5, 4.7, 3.3 and 10.6 A g−1 for 1-PtNP/MWCNT, 2-PtNP/MWCNT 
and 3-PtNP/MWCNT catalysts and commercial Pt/C electrodes, respectively. 
The highest MA value was found for 1-PtNP/MWCNT modified electrode, 
which has lowest nominal Pt layer thickness. This is a reasonable result 
considering that for this PtNP/MWCNT catalyst the number of Pt atoms 
exposed to the solution and normalised to the weight is the largest of the three 
nanocomposites studied. The calculated MA values were relatively low 
compared with earlier studies of Pt/C catalysts in 0.5 M H2SO4, where MA 
values were 40 and 90 A g−1 (0.9 V vs. RHE) [203]. The reason for this dif-
ference in MA values can be explained by difference in Pt particle size. The 
MA values decrease when Pt particle size increases. 

Tafel plots were constructed from the RDE data for the determination of 
kinetic parameters of O2 reduction for all the electrodes studied. The Tafel 
behaviour of O2 reduction on Pt-based catalysts in 0.5 M H2SO4 at a single 
electrode rotation rate (ω = 1900 rpm) is presented in Fig. 5b. Two Tafel regions 
with characteristic slopes close to −60 and −120 mV are clearly distinguished 
(Table 1). This indicates, that in both regions the charge transfer is the rate-
determining step [51, 204] and the slope changes due to a significant change in 
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coverage of oxygen-containing species on the surface of Pt nanoparticles [199]. 
Tafel slopes were similar among all the electrodes studied, which indicates that 
the reaction mechanism is the same for all the electrocatalysts tested. 
 
Table 1. Kinetic parameters for oxygen reduction on PtNP/MWCNT, commercial Pt/C 
and bulk Pt electrodes in 0.5 M H2SO4. ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(mV) 

*Region I 

Tafel slope 
(mV) 

*Region II 

E1/2

(V) 
SA at 0.9 V 
(mA cm–2) 

MA at 0.9 V 
(A g–1) 

bulk Pt 0.44 –67 –119 0.74 0.033 n.a. 

1-PtNP/ 
MWCNT 

0.13 –66 –125 0.71 0.042 5.0 

2-PtNP/ 
MWCNT 

0.27 –64 –121 0.75 0.037 4.7 

3-PtNP/ 
MWCNT 

0.34 –65 –119 0.76 0.042 3.3 

commercial 
Pt/C 

4.33 –74 –84 0.84 0.020 10.6 

*Region I corresponds to low current densities and region II to high current densities 
 
The RDE experiments for the ORR were also carried out in 0.1 M KOH 
solution under otherwise identical conditions. Polarisation curves with well-
defined diffusion-limited current plateaus were observed (Fig. 6a). The RDE 
data in alkaline solution were analysed using Eq. (10), where the values of O2 
solubility ( = 1.2×10–6 mol cm–3) [205] and diffusion coefficient ( = 
1.9×10–5 cm2 s–1) [205] were used for 0.1 M KOH solution. The results of the 
K–L analysis are shown in Fig. 6b. Linear and parallel K–L plots were obtained 
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Figure 6. (a) RDE voltammetry curves for O2 reduction on a 2-PtNP/MWCNT 
modified GC electrode in O2-saturated 0.1 M KOH, ν = 10 mV s–1. (b) Koutecky–
Levich plots for O2 reduction on a 2-PtNP/MWCNT modified GC electrode in 
0.1 M KOH. Inset shows the potential dependence of n. Current densities are 
normalised to the geometric surface area of GC substrate. 
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from the RDE data. The value of n was found from the K–L slopes, which was 
close to four for each electrode (see inset to Fig. 6b). The four-electron O2 
reduction pathway on Pt catalysts in alkaline media has been reported previously 
[206, 207]. Recently, Liu et al. performed systematic RRDE investigation on 
different functionalised Pt nanoparticles in 0.1 M NaOH and for all the catalyst 
in their study oxygen underwent 4-electron reduction to water [208]. 

The RDE results at a single electrode rotation rate are presented in Fig. 7a. 
As can be seen from Fig. 7a the limiting current densities are the same for 
MWCNT supported Pt catalysts and bulk Pt. The value of E1/2 of the ORR on 
the PtNP/MWCNT catalysts was similar to that of bulk Pt (see Table 2). 
According to these E1/2 values, the overall ORR activity of commercial Pt/C 
catalyst is higher than that of the PtNP/MWCNT nanocomposites in alkaline 
media. This is due to the lower density of active surface sites on the PtNP/MWCNT 
catalyst surface, which can also be reflected from the real electroactive surface 
area of Pt. 
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Figure 7. (a) Comparison of RDE results on oxygen reduction on PtNP/MWCNT 
catalysts, commercial Pt/C, acid-treated MWCNT modified GC and bulk Pt electrode in 
O2-saturated 0.1 M KOH, ν = 10 mV s–1. (b) Mass-transfer corrected Tafel plots for O2 
reduction on PtNP/MWCNT catalysts, commercial Pt/C modified GC and bulk Pt 
electrodes in 0.1 M KOH. ω = 1900 rpm. Current densities are normalised to the 
geometric surface area of GC substrate. 
 
Tafel plots of O2 reduction were constructed and two regions of distinct slope 
are in evidence (Fig. 7b). The values of Tafel slopes are typical for polycrys-
talline and single-crystal Pt electrodes [8, 10, 209] and indicate that the 
mechanism of the ORR on PtNP/MWCNT catalysts is the same as for bulk Pt. 
Similar Tafel behaviour was also observed for carbon nanotube supported Pt 
nanoparticles in our previous work [47]. 

The SA and MA values for O2 reduction on the PtNP/MWCNT catalysts in 
0.1 M KOH solution were also determined at 0.9 V and are presented in Table 2. 
According to previous studies the specific ORR activity values should be higher 
in alkaline than in acid solution [8, 180]. This is the expected result due to the 
site-blocking effect of (bi)sulphate anions [210]. Hydroxide ions are not 
strongly adsorbed on Pt and therefore the inhibition of the kinetics of the ORR 



39 

is less pronounced in 0.1 M KOH than in 0.5 M H2SO4 solution. By com-
parison, the specific activities of the synthesised composite catalysts show 
slightly lower values than commercial Pt/C. The results obtained in 0.1 M KOH 
are in good agreement with previous reports on the kinetics of the ORR on Pt 
nanoparticles in alkaline solution [8]. 
 
Table 2. Kinetic parameters for oxygen reduction on PtNP/MWCNT, commercial Pt/C 
and bulk Pt electrodes in 0.1 M KOH. ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(mV) 

*Region I 

Tafel slope 
(mV) 

*Region II 

E1/2

(V) 
SA at 0.9 V 
(mA cm–2) 

MA at 0.9 V 
(A g–1) 

bulk Pt 0.37 –54 –113 0.78 0.065 n.a. 

1-PtNP/ 
MWCNT 

0.13 –61 –149 0.77 0.101 12.1 

2-PtNP/ 
MWCNT 

0.26 –58 –145 0.79 0.061 7.2 

3-PtNP/ 
MWCNT 

0.34 –62 –141 0.79 0.071 5.6 

commercial 
Pt/C 

1.65 –57 –100 0.86 0.145 30.0 

*Region I corresponds to low current densities and region II to high current densities 
 
 

6.2. Oxygen reduction on Pt-TiO2/MWCNT nanocomposites 
In previous part, O2 reduction studies were carried out on sputter-deposited Pt 
nanoparticles supported on multi-walled CNTs [I]. In this part of the study, a 
new approach for the preparation of Pt–TiO2/MWCNT composite materials 
using chemical vapour deposition of MWCNTs, atomic layer deposition of TiO2 
and magnetron sputtering of Pt is explored [II]. Work is focused on the 
investigation of the electrocatalytic activity of Pt–TiO2/MWCNT catalysts, with 
Pt layer thicknesses of 2, 4 and 8 nm for ORR in acid and alkaline solutions. 
 
 

6.2.1. Physical characterisation of Pt–TiO2/MWCNT catalysts 

Fig. 8 shows SEM images of MWCNTs deposited on glassy carbon and  
Pt–TiO2/MWCNT catalyst (Fig. 8a and b, respectively). As can be seen from 
Fig. 8, the overall surface morphology of carbon nanotubes is not affected by 
ALD of TiO2. However, it is evident from Fig. 8b that the ALD treated 
nanotubes are slightly thicker. The same observation has been made by Lu et al. 
by depositing TiO2 on the surface of aligned MWCNTs using the ALD method 
[211]. As can be seen from Fig. 8b, Pt nanoparticles were successfully deposited 
onto the TiO2-coated MWCNT support, indicating that the presence of TiO2 
does not affect the homogeneity of sputter-deposited Pt nanoislands. Cross-
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sectional SEM images of the structures (data not shown) reveal that near the GC 
substrate carbon nanotubes were vertically aligned, however, moving farther 
away, they became frizzled, which is a common feature of the catalytic CVD 
[212, 213] that was used in this work. According to SEM measurements, the 
typical thickness of the composite catalyst layer is of the order of µm. 
 

 

Figure 8. SEM images of (a) as-prepared MWCNTs and (b) Pt–TiO2/MWCNT 
samples. 
 
The XPS survey scan (data not shown) showed the presence of the following 
elements in the surface layer of the 3-Pt–TiO2/MWCNT catalysts: C, O, Ti and 
Pt. Fig. 9a and b present the XPS core-level spectra in the Ti2p and Pt4f regions. 
As expected, all Ti is in an oxidised form (Ti4+) that indicates the formation of 
TiO2 by ALD. The XPS peak of Ti2p3/2 is centred at 458.7 eV in agreement 
with previous study on Pt–TiO2 catalysts [214]. High-resolution XPS spectrum 
in the Pt4f region shows that the sputter-deposited Pt was mainly in the zero 
valence (metallic) state (Fig. 9b). These Pt4f peaks appeared at the same 
binding energy values as those of bulk Pt (not shown). 
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Figure 9. XPS core-level spectra of 3-Pt–TiO2/MWCNT samples in (a) Ti2p and 
(b) Pt4f regions. 

b a 



41 

 
6.2.2. Cyclic voltammograms of Pt–TiO2/MWCNT catalysts 

The Pt–TiO2/MWCNT modified GC and bulk Pt electrodes were cycled at 
50 mV s–1 in Ar-saturated 0.5 M H2SO4 and 0.1 M KOH solutions in the 
potential range between 0.05 and 1.4 V vs. RHE. Each electrode was cycled 15 
times in order to achieve a stable voltammogram. The CV curves presented in 
Fig. 10 show typical hydrogen adsorption–desorption peaks in the potential 
range of 0.05–0.35 V vs. RHE in 0.5 M H2SO4 (Fig. 10a) and between 0.1 and 
0.4 V vs. RHE in 0.1 M KOH (Fig. 10b). In both acid and alkaline solutions the 
electrochemical fingerprints of Pt metal were clearly recognised. However, 
slight differences in the shape of the hydrogen adsorption–desorption peaks 
reveal different Pt crystallite orientation. The cyclic voltammograms obtained 
for Pt–TiO2/MWCNT catalysts showed distinctly higher current density in the 
conventional double layer region compared to bulk Pt electrodes that is 
apparently caused by a higher surface area of the composite materials. Small 
peaks in this region could be related to quinone-type functionalities on the 
MWCNT surface exposed to solution. The regions of surface oxide formation 
and reduction typical for polycrystalline Pt in acid and alkaline electrolytes 
were observed. No additional peaks appeared, indicating that TiO2 has sufficient 
electrochemical inertness and electrical conductivity [215]. As can be seen from 
the CV results presented, the platinum oxide reduction peak location was 
different for all the electrodes studied. This effect can be explained by the 
formation of Pt crystallites or agglomerates of different size during the 
magnetron sputtering procedure, when Pt layers of different thickness are 
deposited onto the TiO2/MWCNT support. The reduction of oxide of smaller Pt 
particles needs more energy and therefore the oxide reduction peak shifts to 
more negative potentials. From this estimation we can assume, that the Pt 
crystallite size is larger for 3-Pt–TiO2/MWCNT compared to 1-Pt–TiO2/ 
MWCNT and 2-Pt–TiO2/MWCNT catalysts. 
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Figure 10. Cyclic voltammograms of 1-Pt–TiO2/MWCNT, 2-Pt–TiO2/MWCNT and  
3-Pt–TiO2/MWCNT modified GC and bulk Pt electrodes in Ar-saturated solutions: 
(a) 0.5 M H2SO4 and (b) 0.1 M KOH. ν = 50 mV s–1. Current densities are normalised to 
the geometric surface area of GC substrate. 
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In order to calculate the electroactive Pt surface area for all the electrodes 
studied, the integrated charge under the hydrogen desorption peak was used. It 
can be seen from Tables 3 and 4 that the electroactive Pt surface area of the 
commercial Pt/C catalyst is significantly higher than that of the prepared catalyst 
materials. However, it needs to be mentioned that the determination of real 
surface area of metal-oxide supported Pt catalysts is not straightforward, because 
of the difficulties in baseline correction [216]. 
 
 

6.2.3. Oxygen reduction on Pt–TiO2/MWCNT catalysts 

The RDE measurements were carried out in O2-saturated 0.5 M H2SO4 and 
0.1 M KOH solutions at different electrode rotation rates. The representative 
current–potential curves of the ORR for Pt–TiO2/MWCNT modified GC 
electrodes in acid media are shown in Fig. 11a–c. Fig. 11d shows the comparison 
of the ORR activity for Pt–TiO2/MWCNT catalysts, unmodified MWCNTs, 
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Figure 11. RDE voltammetry curves for oxygen reduction on (a) 1-Pt–TiO2/MWCNT, 
(b) 2-Pt–TiO2/MWCNT and (c) 3-Pt–TiO2/MWCNT modified GC electrodes in  
O2-saturated 0.5 M H2SO4, ν = 10 mV s–1. (d) Comparison of RDE results on oxygen 
reduction on Pt–TiO2/MWCNT, MWCNT and commercial Pt/C modified GC and bulk 
Pt electrode in 0.5 M H2SO4 at 960 rpm. Current densities are normalised to the 
geometric surface area of GC substrate. 
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commercial Pt/C modified GC and bulk Pt electrodes in O2-saturated 0.5 M H2SO4 
at 960 rpm. The oxygen reduction studies in 0.5 M H2SO4 showed that the 
commercial Pt/C catalyst exhibited the best ORR performance due to its 
remarkably higher electroactive surface area (Fig. 11d). Half-wave potential 
values for the prepared 3-Pt–TiO2/MWCNT catalysts shifted negative by 80 mV 
compared with commercial Pt/C. Due to different electroactive area, which 
depends on the Pt loading and nanoparticle size, a shift of RDE voltammetry 
curves and a slight variation of limiting current is an expected result [212]. The 
value of E1/2 for ORR on commercial Pt/C modified GC electrode was 0.85 V 
which is in good agreement with previous studies [I]. The E1/2 value for un-
modified MWCNTs is significantly lower in acid media, consistent with our 
early work [177, 217]. 

The K–L plots were constructed (Fig. 12a–c) and the n value was found to 
be close to four for all catalysts in this study (see insets in Fig. 12a–c). This 
indicates that the process of O2 reduction follows predominantly a 4e− pathway 
on Pt–TiO2/MWCNT catalysts. 

To calculate the specific activity of oxygen reduction for Pt–TiO2/MWCNT 
and commercial Pt/C catalysts the reduction current at 0.9 V was used 
(Table 3). The SA of Pt–TiO2/MWCNT catalysts shows a slight enhancement 
compared to the commercial Pt/C catalyst. An increase in SA could be 
explained by the modification of electronic properties of Pt by the metal oxide. 
However, lower SA of Pt/C might arise from the reduced intrinsic activity of Pt 
particles of smaller size. Gasteiger et al. studied Pt particle size effect on the 
ORR kinetics in non-adsorbing 0.1 M HClO4 solution and showed that the Pt 
oxide reduction peak shifted to more negative potentials for smaller Pt particles 
[202]. This research group proposed that this effect occurred due to increasing 
adsorption strength of OHads species with their negative impact on the ORR 
with decreasing Pt particle size. Similar trends were shown by Hayden group 
for Pt particle size effect at Pt layer thicknesses smaller than 1 nm on TiOx and 
carbon supports [218]. Mayrhofer et al. examined this effect on Pt particles 
sized 1–30 nm and observed the same trend [20]. 

For better overview of kinetics results, the mass-transfer corrected Tafel 
plots for O2 reduction on Pt–TiO2/MWCNT, commercial Pt/C modified GC and 
bulk Pt electrodes were constructed from the RDE data obtained at 960 rpm and 
shown in Fig. 12d. Similar Tafel slope for all the electrodes compared was also 
observed in earlier studies, indicating that the ORR mechanism does not change 
after incorporation of TiO2 into the catalyst structure [219, 220]. 
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Figure 12. Koutecky–Levich plots for O2 reduction on (a) 1-Pt–TiO2/MWCNT,  
(b) 2-Pt–TiO2/MWCNT and (c) 3-Pt–TiO2/MWCNT modified GC electrode in 
0.5 M H2SO4. Insets show the potential dependence of n. (d) Mass-transfer corrected 
Tafel plots for O2 reduction on Pt–TiO2/MWCNT, commercial Pt/C modified GC and 
bulk Pt electrodes in 0.5 M H2SO4. ω = 960 rpm. Data derived from Fig. 11. Current 
densities are normalised to the geometric surface area of GC substrate. 
 
 
Table 3. Kinetic parameters for oxygen reduction on Pt-TiO2/MWCNT, commercial 
Pt/C and bulk Pt electrodes in 0.5 M H2SO4. ω = 960 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope
(mV) 

*Region I 

Tafel slope 
(mV) 

*Region II 

E1/2 
(V) 

SA at 0.9 V
(mA cm–2) 

MA at 0.9 V 
(A g–1) 

1-Pt-TiO2/ 
MWCNT 

0.16 ± 
0.03 

–67 ± 3 –105 ± 8 
0.71 ± 
0.01 

0.025 ± 
0.002 

5.7 ± 0.7 

2-Pt-TiO2/ 
MWCNT 

0.36 ± 
0.04 

–73 ± 3 –112 ± 13 
0.77 ± 
0.02 

0.032 ± 
0.002 

3.6 ± 0.5 

3-Pt-TiO2/ 
MWCNT 

0.39 ± 
0.02 

–55 ± 2 –107 ± 11 
0.77 ± 
0.02 

0.024 ± 
0.003 

2.9 ± 0.4 

comm. Pt/C 
4.33 ± 
0.16 

–71 ± 5 –131 ± 16 
0.85 ± 
0.01 

0.021 ± 
0.002 

11.3 ± 1.2 

bulk Pt 
0.44 ± 
0.03 

–65 ± 3 –117 ± 6 
0.76 ± 
0.01 

0.031 ± 
0.005 

n.a. 

*Region I corresponds to low current densities and region II to high current densities 
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The calculated MA values at 0.9 V vs. RHE for 1-Pt–TiO2/MWCNT were two-
fold smaller than that of the commercial Pt/C catalyst in acid solution. The 
obvious reason might be a smaller size of Pt particles of the Pt/C catalyst [202]. 
Very recently Ruiz-Camacho et al. proposed that the TiO2 loading on carbon 
material is an essential parameter that should be taken into account [221]. In 
their study Pt–TiO2–C samples prepared with TiO2 loading of 5 wt% resulted in 
homogeneous oxide dispersion with an enhanced metal-oxide interaction, 
compared to 15 wt% Pt–TiO2–C catalyst, which had lower electronic transfer to 
carry out the electrocatalysis of the ORR. 
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Figure 13. RDE voltammograms for oxygen reduction on (a) 1-Pt–TiO2/MWCNT, 
(b) 2-Pt–TiO2/MWCNT and (c) 3-Pt–TiO2/MWCNT modified GC electrode in  
O2-saturated 0.1 M KOH, ν = 10 mV s–1. (d) Comparison of RDE results on oxygen 
reduction on Pt–TiO2/MWCNT, MWCNT and commercial Pt/C modified GC and bulk 
Pt electrodes in 0.1 M KOH at 960 rpm. Current densities are normalised to the 
geometric surface area of GC substrate. 
 
Using identical RDE operation conditions the ORR experiments were also carried 
out in O2-saturated 0.1 M KOH solution. Similarly to the RDE results obtained in 
0.5 M H2SO4 the ORR polarisation curves with well-defined diffusion-limited 
current plateaus were observed (Fig. 13a–c). As can be seen from Fig. 13d, 
commercial Pt/C catalyst demonstrated highest ORR activity, while all the  
Pt–TiO2/MWCNT catalysts showed the ORR performance similar to that of 
bulk Pt. The E1/2 value for unmodified MWCNTs in 0.1 M KOH is considerably 
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lower than that of Pt-based catalysts, in agreement with our previous reports 
[222, 223]. The results of the K–L analysis are shown in Fig. 14a–c. Linear K–L 
plots were obtained from the RDE data. The value of n was found from the K–L 
slopes, which was close to four for each electrode (inset in Fig. 14a–c). The 
4e− ORR pathway on Pt catalyst in alkaline media has been reported previously 
[47, 180, 206, 207, 224]. 
 

0.00 0.04 0.08 0.12 0.16 0.20 0.24

0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4 0.6

0

1

2

3

4

 

 

n

E vs RHE / V

 0.6 V
 0.5 V
 0.4 V
 0.3 V
 0.2 V
 0.1 V

(a)

j −
1  /

 m
A

−1
 c

m
2

ω−1/2 / rad−1/2 s1/2

0.00 0.04 0.08 0.12 0.16 0.20 0.24

0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4 0.6

0

1

2

3

4

 

 

n

E vs RHE / V

 0.6 V
 0.5 V
 0.4 V
 0.3 V
 0.2 V
 0.1 V

(b)

j −
1  /

 m
A

−1
 c

m
2

ω−1/2 / rad−1/2 s1/2

0.00 0.04 0.08 0.12 0.16 0.20 0.24

0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4 0.6

0

1

2

3

4

 

 

n

E vs RHE / V

 0.6 V
 0.5 V
 0.4 V
 0.3 V
 0.2 V
 0.1 V

(c)

j −
1  /

 m
A

−1
 c

m
2

ω−1/2 / rad−1/2 s1/2

-3 -2 -1 0 1

0.7

0.8

0.9

1.0
(d)

 1-Pt-TiO2/MWCNT
 2-Pt-TiO2/MWCNT
 3-Pt-TiO2/MWCNT
 bulk Pt
 Pt/C

E 
vs

 R
H

E 
/ V

log (j / (jd- j))  

Figure 14. Koutecky–Levich plots for O2 reduction on (a) 1-Pt–TiO2/MWCNT, 
(b) 2-Pt–TiO2/MWCNT and (c) 3-Pt–TiO2/MWCNT modified GC electrode in 0.1 M 
KOH. Insets show the potential dependence of n. (d) Mass-transfer corrected Tafel plots 
for O2 reduction on Pt–TiO2/MWCNT and commercial Pt/C modified GC and bulk Pt 
electrodes in 0.1 M KOH. ω = 960 rpm. Data derived from Fig. 13. Current densities 
are normalised to the geometric surface area of GC substrate. 
 
For all the Pt–TiO2/MWCNT electrocatalysts prepared the decrease in kinetic 
performance was evident in alkaline electrolyte. The SA values obtained for 
these catalysts are lower than those determined for bulk Pt and commercial Pt/C 
catalyst, indeed the value of E1/2 obtained for Pt–TiO2/MWCNT is comparable 
to that obtained for bulk Pt electrode. It turns out that O2 reduction in 0.1 M KOH 
is more favourable for the commercial Pt/C catalyst. 

In both acid and alkaline solutions a slight increase in Tafel slope was 
observed for 1-Pt−TiO2/MWCNT catalyst. Two regions of distinct Tafel slope 
were evident from Fig. 14d and a higher slope value than –120 mV at higher 
current densities is in accordance with literature results for Pt catalysts in 
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alkaline media [225]. Due to variation in catalyst structure and morphology, 
enhanced interactions between Pt and TiO2 should result in faster ORR kinetics. 
Gustavsson et al. showed that the presence of TiO2 can either increase or 
decrease the ORR performance of Pt catalyst, depending on deposition order of 
the thin films [226]. According to their model, electrocatalytic performance is 
greater when TiO2 is placed in between Pt and Nafion, while a decreased 
performance was observed when TiO2 was placed in between Pt and the carbon 
conductor. 
 
Table 4. Kinetic parameters for oxygen reduction on Pt-TiO2/MWCNT, commercial 
Pt/C and bulk Pt electrodes in 0.1 M KOH. ω = 960 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope
(mV) 

*Region I 

Tafel slope 
(mV) 

*Region II 

E1/2 
(V) 

SA at 0.9 V 
(mA cm–2) 

MA at 0.9 V 
(A g–1) 

1-Pt-TiO2/ 
MWCNT 

0.28 ± 
0.02 

–59 ± 2 –138 ± 14 
0.76 ± 
0.01 

0.034 ± 
0.003 

13.0 ± 0.5 

2-Pt-TiO2/ 
MWCNT 

0.50 ± 
0.04 

–57 ± 3 –156 ± 19 
0.79 ± 
0.02 

0.035 ± 
0.004 

9.8 ± 0.6 

3-Pt-TiO2/ 
MWCNT 

0.57 ± 
0.03 

–55 ± 2 –136 ± 15 
0.81 ± 
0.01 

0.037 ± 
0.003 

6.5 ± 0.4 

comm. Pt/C 
1.65 ± 
0.13 

–65 ± 6 –166 ± 22 
0.87 ± 
0.01 

0.133 ± 
0.011 

27.4 ± 2.0 

bulk Pt 
0.37 ± 
0.04 

–57 ± 3 –150 ± 9 
0.80 ± 
0.01 

0.067 ± 
0.007 

n.a. 

*Region I corresponds to low current densities and region II to high current densities 

 
The stability of Pt–TiO2/MWCNT and commercial Pt/C catalysts was tested 
using repetitive potential cycling in 0.5 M H2SO4 between 0.05 and 1.2 V for a 
total of 1000 scans (Fig. 15a) and obvious changes in the amount of charge 
under the HUPD peak were observed (Fig. 15b). The formation of quinone-type 
groups on the surface of MWCNTs is also evident by repeat cycling and a pair 
of peaks appears at ca 0.6 V. The electrochemically accessible surface area of 
Pt–TiO2/MWCNT decreased to 41% and only 25% of Pt electroactive area was 
left on commercial Pt/C after long-term durability tests under identical 
conditions. 

The advantages of TiO2-carbon composites as catalyst support materials 
have been recently highlighted in a review by Alonso-Vante and co-workers 
[227]. It was reported that up to 20 wt% TiO2/C the resistance does not increase 
as compared to Vulcan carbon. The incorporation of TiO2 into the composite 
decreases the contact between Pt and carbon and therefore increases the stability 
of the electrocatalyst. Pt catalysts supported on TiO2/C showed an improved 
ORR activity by a factor of 2–3 and increased stability under potential cycling 
[228]. The enhanced activity was explained by alloying of Pt with Ti that alters 
the electronic properties of Pt. Sakai et al. annealed the Pt–TiOx/C catalysts 
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prepared from reversed micelles [229]. It was found that the reduced state of 
TiO2 was essential for high ORR activity to be observed. The reason for increased 
activity was the formation of Ti3+ species that leads to oxygen defect-Pt or Ti3+–
Pt interactions. The heat-treated Pt–TiOx/C samples showed also an excellent 
stability. Bauer et al. investigated the ORR performance and durability of Pt 
nanoparticles supported on Nb–TiO2–carbon composite prepared by electro-
spinning [230]. The Pt/Nb–TiO2–carbon catalyst showed a comparable ORR 
activity and better stability than commercial Pt/C catalyst. Pt/Nb–TiO2–carbon 
was used as a cathode material in low-temperature fuel cell and a good fuel cell 
performance was observed (peak power density 0.34 W cm–2). In a further 
development, non-carbon ceramic Nb-doped TiO2 nanofibers were used as Pt 
catalyst support [231]. This Pt/Nb–TiO2 material retained a significantly higher 
ECSA during repetitive potential cycling than Pt deposited on carbon nano-
fibers. This was explained by an enhanced corrosion resistance of TiO2-based 
support. Huang et al. explored the electrocatalysis of the ORR on electro-
deposited Pt catalysts on mesoporous TiO2 film [232]. The ORR mass-activity 
decreased with increasing electrodeposition time, which is concomitant with a 
decrease in specific surface area. The increased stability of the Pt/TiO2 catalysts 
as compared to commercial Pt/C was attributed to the interaction between Pt 
particles and TiO2 support as confirmed by XPS. This finding is in good 
agreement with that of a previous study [233]. Recently, sputter-deposition was 
employed for the preparation of Pt/titanium dioxide nanotubes showing a great 
promise of this method for the development of cathode catalysts for low-
temperature fuel cells [234]. 
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Figure 15. (a) Repetitive cyclic voltammograms of 3-Pt–TiO2/MWCNT modified GC 
electrodes. Cycle numbers are indicated in legend. Test solution: Ar-saturated 
0.5 M H2SO4. ν = 50 mV s–1. (b) Comparison of ECSA value loss for the  
3-Pt–TiO2/MWCNT and commercial Pt/C catalysts during repetitive potential cycles. 
Current densities are normalised to the geometric surface area of GC substrate. 
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6.3. Oxygen reduction on N-doped graphene- 
nanosheet supported PtNPs 

Platinum nanoparticles supported on N-doped graphene sheets are studied as 
electrocatalysts for ORR [III]. As-prepared Pt/NG catalysts are physically 
characterised by transmission electron microscopy and X-ray photoelectron 
spectroscopy. The electrochemical properties of the Pt/NG materials are studied 
in acid and alkaline solutions using cyclic voltammetry and the RDE method. 
 
 

6.3.1. Surface characterisation of Pt/NG catalysts 

The surface morphology of the Pt/NG catalysts was examined by TEM. Figure 
16a and 16d provide an overview of the Pt distribution in the 40-Pt/NGBH and 
20-Pt/NGEG nanomaterials, respectively. In both samples, creasing of the 
graphene sheet is clearly visible and is manifested by an excess of PtNPs in this 
area. In the 40-Pt/NGBH sample, the nanoparticles appear to be less densely 
dispersed compared to the 20-Pt/NGBH as expected from the quantity of Pt 
loading in the two samples. Moreover, the size of the nanoparticles in the  
40-Pt/NGBH sample is larger and less uniformly shaped compared to  
20-Pt/NGBH. It can be seen that smaller nanoparticles were formed when 
ethylene glycol was used as reducing agent. 
 

 

Figure 16. TEM micrographs for (a) 40-Pt/NGBH and (d) 20-Pt/NGEG nanomaterials. 
The HAADF-STEM images of (b) 40-Pt/NGBH and (e) 20- Pt/NGEG samples. The insets 
in (b) and (e) are the EDX spectra of the various elements acquired from areas shown in 
(b) and (e). EDX maps of Pt in (c) 40-Pt/NGBH and (f) 20-Pt/NGEG samples. 
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In Fig. 16b,e, HAADF-STEM images have been acquired from the 40-Pt/NGBH 
and 20-Pt/NGEG samples, respectively. EDX spectra shown in the insets of these 
images were acquired from the zones indicated in the images. The spectra 
confirm the presence of all elements such as N, Pt and C. Cu present in the 
spectra originates from the carbon-coated Cu grid used for TEM analysis. For 
the 40-Pt/NGBH sample we observe in Fig. 16b that along with larger particles 
of ∼10 nm, smaller nanoparticles of ∼2 nm are also visible. Figure 16c, f is the 
EDX Pt elemental mapping confirming the distribution of the Pt nanoparticles 
in the graphene sheet. Similar TEM images were also obtained for the 
20-Pt/NGBH and 40-Pt/NGEG samples (Fig. 17). Uniform distribution of PtNPs 
is clearly observed in both samples. However, a denser Pt distribution along 
with a larger Pt nanoparticle size distribution is observed for the 20-Pt/NGBH 
sample (Fig. 17a) compared to the 40-Pt/NGEG sample (Fig. 17c). The corres-
ponding diffraction patterns for both samples 20-Pt/NGBH and 40-Pt/NGEG are 
also provided in subpanels b and d of Fig. 17, respectively. In both cases, the 
graphene sheets are oriented along the (0001) zone axis. However, small 
amount of rotation of graphene sheets/flakes with respect to each other is also 
visible as indicated by the smudging of the diffraction spots of graphene. For all 
four samples, the average particle size for Pt/NG catalysts has been calculated 
by measuring 100 isolated particles. The average particle sizes were found to be 
4, 6.9, 2.2 and 2.9 nm for 20-Pt/NGBH, 40-Pt/NGBH, 20-Pt/NGEG and 40-Pt/NGEG, 
respectively. 
  

 

Figure 17. TEM micrographs for (a) 20-Pt/NGBH and (c) 40-Pt/NGEG nanomaterials. 
Electron diffraction patterns showing the crystal structure of pure Pt indexed in red and 
graphene sheet indexed in yellow for (b) 20-Pt/NGBH and (d) 40-Pt/NGEG. 
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XPS was employed to analyse the surface composition of the catalysts and 
identify the chemical states of the elements present. The XPS survey spectra 
(Fig. 18) showed O1s, N1s, C1s, Pt4d and Pt4f peaks for all the Pt/NG samples. 
The main peak of C1s can be seen at 284.5 eV, which corresponds to sp2 
carbon. As suggested in previous studies, the smaller peaks at 285.6 and 
287.2 eV correspond to the formation of N-sp2 C and N-sp3 C bonds [235, 236] 
and these can be also due to the formation of carbon oxygen (mostly C–OH and 
C=O) surface groups [178]. The high-resolution XPS spectra in the N1s region 
are shown in the insets of Fig. 18a–d. The N1s spectrum can be deconvoluted 
into four peaks at 398, 400, 401 and 403 eV that correspond to pyridinic N, 
pyrrolic N, graphitic N and pyridine-N-oxide, respectively [235]. The overall 
nitrogen content in the Pt/NG samples was calculated from the XPS data, and it 
was found to be between 6 and 7 at.% for NG-supported Pt catalysts. The XPS 
results confirmed that the incorporation of nitrogen into the graphene structure 
was successful. 
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Figure 18. The XPS survey spectra of Pt/NG samples: (a) 20-Pt/NGBH, (b) 40-Pt/NGBH, 
(c) 20-Pt/NGEG and (d) 40-Pt/NGEG. Insets: High-resolution XPS spectra in the N1s 
regions for a (a) 20-Pt/NGBH, (b) 40-Pt/NGBH, (c) 20-Pt/NGEG and (d) 40-Pt/NGEG 
samples. 
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It has been found that the type of nitrogen plays a critical role in determining 
the ORR performance, but it is still under debate, which of the N-functionalities 
are responsible for high O2 reduction activity. It has been suggested that 
pyridinic and/or graphitic N are actually responsible for the high ORR per-
formance of N-doped carbon materials [139, 237, 238]. Kim et al. performed 
density functional calculations on nitrogen-doped graphene nanoribbons and 
suggested that the edge structure and doped-N near the edge enhanced the oxygen 
adsorption, first electron transfer and also the selectivity towards four-electron 
rather than two-electron O2 reduction pathway [139]. According to this, high 
nitrogen contents are expected to be favourable for enhanced ORR activity; 
however, too high N content might be disadvantageous for ORR because of the 
interruption of the π–π electron conjugation thus leading to low electronic 
conductivity [90]. The Pt4f peaks confirm the presence of metallic Pt, since the 
binding energy of the main spin-orbit is split into doublet at about 71.1 and 
74.6 eV, which correspond to Pt4f7/2 and Pt4f5/2, respectively [239]. As found by 
XPS, the electronic structure of Pt is similar for all four catalysts in this study. 
 
 

6.3.2. Cyclic voltammetry and CO oxidation 

Electro-oxidation of pre-adsorbed carbon monoxide can be used to clean PtNPs 
without their distortion and also for their characterisation [240]. In Fig. 19, the 
CO-stripping voltammograms in acid media are presented. It can be observed 
that initially the surface of Pt is completely blocked as there are no distinguis-
hable hydrogen adsorption/desorption peaks observed (cycle 1), CO is completely 
oxidised by the first scan to 0.9 V (cycle 2) and the last cycle corresponds to 
clean platinum surface (cycle 3). 

The oxidation of adsorbed CO on Pt surface yields a sharp peak centred at 
0.83 V in 0.5 M H2SO4 and at 0.67 V in 0.1 M KOH (data not shown). It can be 
seen that there is a pre-wave of the CO oxidation peak for Pt/NGBH catalysts 
(Fig. 19a, b) in acidic media. The different CO oxidation profiles for Pt/NGBH 
and Pt/NGEG in 0.5 M H2SO4 solution could be attributed to the modifications in 
the number and nature of active sites present on the surface of the PtNPs. The 
pre-peak may also appear because of some agglomeration of Pt nanoparticles, 
especially with the PtNPs prepared by borohydride reduction as can be seen 
from TEM images (Figs. 16a and 17a). In addition, Urchaga et al. have suggested 
that the pre-wave is characteristic to atomically ordered domains containing 
surface defects and they have also found that the origin of pre-wave comes from 
different CO oxidation mechanism [241, 242]. In alkaline solution, the pre-
wave in the CO oxidation peak is evident for all the Pt/NG catalysts studied. 
 



53 

 
Stable cyclic voltammograms displayed in Fig. 20 are recorded in acid and 
alkaline solutions after the electro-oxidation of carbon monoxide. In 
0.5 M H2SO4, characteristic peaks of platinum low-index planes (110) and (100) 
can be observed at 0.13 and 0.26 V, respectively [243]. A shoulder apparent at 
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Figure 19. Electro-oxidation of pre-adsorbed CO on Pt/NG catalysts: (a) 20-Pt/NGBH, 
(b) 40-Pt/NGBH, (c) 20-Pt/NGEG and (d) 40-Pt/NGEG in 0.5 M H2SO4 solution 
(ν = 20 mV s−1). Current densities are normalised to the geometric electrode area. 
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Figure 20. Cyclic voltammograms of Pt/NG catalysts and NG modified GC electrodes 
in Ar-saturated (a) 0.5 M H2SO4 and (b) 0.1 M KOH solutions (ν = 50 mV s−1). Current 
densities are normalised to the geometric electrode area. 
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0.35 V can be associated with small (100) terraces. In alkaline media, typical 
peaks of adsorption/desorption of underpotential deposited hydrogen on Pt 
surface in the potential range of 0.05–0.45 V were observed. The electro-
chemically accessible surface area of Pt catalysts was evaluated by charge 
integration under the hydrogen desorption peaks. The obtained values of Ar are 
presented in Table 5 for acid and in Table 6 for alkaline media. 
 
 

6.3.3. Oxygen reduction on Pt/NG materials in acid media 

The RDE measurements were carried out in 0.5 M H2SO4 solution at different 
electrode rotation rates to access to the kinetics data from the Koutecky-Levich 
equation. The representative polarisation curves of O2 reduction on the  
20-Pt/NGEG-modified GC electrode are presented in Fig. 21a. Only the cathodic 
sweeps are shown and further analysed. For all the Pt/NG catalysts, single-
waved polarisation curves with well-defined diffusion-limited current plateaus 
were observed. 

From the K-L plots (Fig. 21b), it was determined that the reduction of oxygen 
proceeds mainly via four-electron pathway yielding water, which is in accordance 
with our previous studies [I, 47, 180, 199]. 

Figure 21c presents the comparison of the electrochemical oxygen reduction 
behaviour of Pt/NG, NG and Pt/C catalyst materials at 1900 rpm. The half-wave 
potentials of O2 reduction were found to be 0.80, 0.78, 0.74 and 0.79 V for  
20-Pt/NGBH, 40-Pt/NGBH, 20-Pt/NGEG and 40-Pt/NGEG catalysts, respectively. 
These values remain a little bit lower than that of the commercial Pt/C catalyst 
(E1/2 = 0.82 V). Slightly lower E1/2 values for Pt/NG catalysts might be due to 
the differences in the crystallographic structure of Pt nanoparticles. 

Tafel behaviour of oxygen reduction on Pt/NG and Pt/C catalysts in 
0.5 M H2SO4 at a single electrode rotation rate (ω = 1900 rpm) is shown in 
Fig. 21d. Two Tafel regions with distinct slopes can be clearly distinguished 
(Table 5). In the low overpotential region, the slope was close to −60 mV and 
the rds of oxygen reduction on Pt-based catalysts is the transfer of the first 
electron to O2 molecule. As suggested previously, the change of the slope is not 
related to a change of the reaction mechanism, but it has been attributed to the 
potential-dependent coverage of surface oxides that inhibit the adsorption of O2 
and reaction intermediates [1, 8, 9, 73]. Tafel slopes were similar for all the 
electrodes studied, which indicate that the reaction mechanism is the same for 
all the Pt-based electrocatalysts tested. 
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The specific activities for oxygen reduction on Pt/NG catalysts at 0.9 V are given 
in Table 5. 20-Pt/NGBH electrocatalyst showed the highest specific activity 
(0.059 mA cm–2) from the Pt/NG materials studied, and the value of SA was 
comparable with that found for commercial Pt/C catalyst (0.062 mA cm–2). It 
can be seen that the SA values in H2SO4 are not dependent on the Pt particle 
size. It might be due to the different adsorption behaviour of (bi)sulphate anions 
on the surface of PtNPs that inhibits the ORR and lowers the specific activity. 
This remarkable improvement in the ORR performance for 20-Pt/NGBH catalyst 
can also be attributed to higher utilisation of PtNPs on N-doped graphene 
nanosheets and the modified electronic structure of PtNPs by nitrogen 
functionalities present on the NG support, which enhances their intrinsic ORR 
activity. It is believed that the electronic interactions between PtNPs and N-doped 
carbon support would drastically affect the electronic structures of the surface 
Pt atoms, thus the adsorption/desorption of oxygen species on Pt nanocrystal 
surface [244]. This contributes to the improvement of stability and electro-
catalytic activity of Pt/NG materials. 
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Figure 21. (a) ORR polarisation curves for 20-Pt/NGEG in O2-saturated 0.5 M H2SO4 
(ν = 10 mV s−1). (b) Koutecky-Levich plots for ORR (inset shows the potential 
dependence of n). (c) Comparison of the RDE results for O2 reduction on Pt/NG, NG 
and Pt/C catalysts (ν = 10 mV s−1, ω = 1900 rpm). (d) Tafel plots for ORR in 
0.5 M H2SO4 (ω = 1900 rpm), data derived from Fig. 21c. Current densities are 
normalised to the geometric electrode area. 
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Table 5. Kinetic parameters for oxygen reduction on Pt/NG modified GC electrodes 
and Pt/C catalyst in O2-saturated 0.5 M H2SO4. ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(V) 

I region* 

Tafel slope 
(V) 

II region* 

E1/2 
(V) 

SA at 0.9 V 
(mA cm–2) 

20-Pt/NGBH 0.520 –0.072 –0.177 0.80 0.059 

40-Pt/NGBH 0.671 –0.072 –0.152 0.78 0.032 

20-Pt/NGEG 0.499 –0.062 –0.161 0.74 0.024 

40-Pt/NGEG 1.079 –0.069 –0.171 0.79 0.025 

Pt/C 0.880 –0.079 –0.156 0.82 0.061 

* Region I corresponds to low current densities and Region II to high current densities. 
 
 

6.3.4. Oxygen reduction on Pt/NG materials in alkaline media 

The ORR electrocatalytic activity of the Pt/NG catalysts prepared in this study 
along with commercial Pt/C is also tested in 0.1 M KOH solution. Figure 22a 
presents the RDE data of 20-Pt/NGBH; all catalysts showed similar O2 reduction 
behaviour being single-waved with distinct diffusion-limiting current plateaus. 

The ORR polarisation curves recorded in alkaline solution were analysed 
using Eq. (10). Linear and parallel K-L plots (Fig. 22b) were obtained from the 
RDE data, indicating the first-order reaction kinetics towards the concentration 
of dissolved O2 and similar electron transfer numbers at different electrode 
potentials. The value of n was calculated from the slope of the K-L plots, which 
was close to 4 for each electrode (inset to Fig. 22b). The four-electron O2 
reduction pathway on Pt catalysts in alkaline media has been reported 
previously [I, 93]; however, it has been proposed that on Pt-group metals, this 
reaction proceeds at least partly via peroxide intermediate [106]. 

Figure 22c presents the RDE results at a single electrode rotation rate 
(ω = 1900 rpm). The values of E1/2 of oxygen reduction for Pt/NG catalysts in 
alkaline media are similar to that of commercial Pt/C. Only 20-Pt/NGEG nano-
material showed slightly lower half-wave potential value than the other Pt/NG 
electrocatalysts studied. The differences in the E1/2 value might be caused by the 
differences in the crystallographic structure of the Pt nanoparticles. The kinetic 
current densities of the prepared catalyst are higher than that of commercial 
Pt/C, highlighting the improved ORR activities of N-doped graphene-supported 
Pt catalysts. 
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Tafel plots for O2 reduction on Pt/NG and Pt/C catalysts in 0.1 M KOH solution 
are shown in Fig. 22d. Two regions with different Tafel slopes were determined. 
In the low current density region, the slope values for Pt nanocatalysts were 
slightly higher than −60 mV and at high current densities the slope value is 
higher than −150 mV. Similar Tafel slopes have been found on stepped Pt 
surfaces [209] and also in our previous works [I, 47, 206, 207]. 

The SA values for oxygen reduction on the Pt/NG catalysts in alkaline media 
were also determined at 0.9 V and are presented in Table 6. In 0.1 M KOH 
solution, all the Pt/NG catalysts showed higher SA values than that of com-
mercial Pt/C. The highest value of SA was found for the 40-Pt/NGEG nano-
material. It is known that the specific activity depends on the particle size, but 
in the case of Pt/NG catalysts, no effect of the variation of Pt particle size on the 
value of SA could be seen. Similar observations have been reported elsewhere 
[86, 245]. An enhanced electrochemical performance may be attributed to the 
synergetic effect of the nitrogen incorporated into the graphene structure and Pt 
particles. Difference in the SA values most likely arises from the electronic 
modification of Pt generated by the substrate effect. 
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Figure 22. (a) ORR polarisation curves for 20-Pt/NGBH in O2-saturated 0.1 M KOH 
(ν = 10 mV s−1). (b) Koutecky-Levich plots for ORR (inset shows the potential 
dependence of n). (c) Comparison of the RDE results for O2 reduction on Pt/NG, NG 
and Pt/C catalysts (ν = 10 mV s−1, ω = 1900 rpm). (d) Tafel plots for ORR in 
0.1 M KOH (ω = 1900 rpm), data derived from Fig. 22c. Current densities are 
normalised to the geometric electrode area. 
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Table 6. Kinetic parameters for oxygen reduction on Pt/NG modified GC electrodes 
and Pt/C catalyst in O2-saturated 0.1 M KOH. ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(V) 

I region* 

Tafel slope 
(V) 

II region* 

E1/2 
(V) 

SA at 0.9 V 
(mA cm–2) 

20-Pt/NGBH 0.409 –0.070 –0.173 0.83 0.102 

40-Pt/NGBH 0.499 –0.066 –0.208 0.82 0.095 

20-Pt/NGEG 0.320 –0.073 –0.194 0.80 0.102 

40-Pt/NGEG 0.422 –0.072 –0.182 0.81 0.121 

Pt/C 0.582 –0.063 –0.245 0.83 0.092 

* Region I corresponds to low current densities and Region II to high current densities. 
 
It has been noted that the introduction of nitrogen into carbon structure 
increases the ORR activity due to the improved catalyst support binding and 
increased electrical conductivity [79, 80, 246]. The improved activity of Pt 
supported on N-doped carbon materials has been also ascribed to the specific 
interaction between N-doped carbon and the overlaying Pt catalyst, which could 
result in modifications to the electronic structure of the overlaying PtNPs that in 
turn can change their catalytic activity [82]. The electron transfer from the  
N-doped carbon support to the Pt catalyst is suggested to occur through the 
nitrogen group, thus leading to a higher electron density of PtNPs and therefore 
increase the electrocatalytic activity. According to theoretical considerations, 
the changes in the electronic structure are more evident as the functional groups 
and nitrogen are more electronegative [247]. Higher ORR activity on N-doped 
carbon-supported platinum is directly related to changes in the O2 adsorption 
energy on catalyst surface. It was shown that atomic oxygen adsorption is 
weaker for the N-doped substrates, O-O distance is elongated and O2 
dissociation barriers are lower, which explains the increased electrocatalytic 
activity of Pt/NG towards the ORR. 

As mentioned, smaller PtNPs and narrower size distribution have been 
consistently reported on N-doped carbon materials, even at relatively high metal 
loading, suggesting that these surfaces are capable of nucleating PtNPs more 
uniformly [78, 193, 248]. It has also been found that the Pt particle size decreases 
when the amount of nitrogen increases [81]. The better dispersion can be 
attributed to the higher number of structural defects on the surface. 

NG-supported Pt catalysts in this study showed remarkable stability during 
experimental testing. The cycling procedure had no obvious influence on the 
diffusion-limited current for all four Pt/NG catalysts tested. Due to anti-
corrosion properties of graphene and improved adhesion between Pt nano-
particles and N-doped graphene, major aggregation, dissolution and detaching 
of PtNPs from support material can be avoided. 
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6.4. Oxygen reduction on carbon-supported Pt nanocubes 
The loading effect of Vulcan XC-72R carbon-supported Pt nanocubes on the 
ORR kinetics in alkaline and acid solutions has been systematically investigated 
using a rotating disk electrode [IV]. Pt/C catalysts were characterised by trans-
mission electron microscopy, the real Pt loading was found by thermogravi-
metric analysis and for electrochemical characterisation CO-stripping and cyclic 
voltammetry experiments were performed. 
 
 

6.4.1. TEM and TG characterisation of Pt/C samples 

Figure 23 shows the representative TEM images for all the catalysts prepared in 
this part of the work. Well-defined cubic-shaped Pt nanoparticles can be 
observed. From Figures 23b-f, it can be seen that platinum nanocubes are 
evenly distributed on the high-area carbon support and by increasing the amount 
of Pt more agglomerates are formed. For lower Pt content the nanoparticles are 
better separated from each other. Even though the Pt nanocubes come from the 
same synthesis batch, the determination of their mean particle size was done for 
each sample by measuring about 150–200 isolated particles. The mean particle 
sizes obtained were 9.25 ± 1.24, 9.56 ± 1.16, 9.63 ± 1.11, 9.71 ± 1.31, 9.44 ± 1.16 
and 9.29 ± 0.9 nm corresponding to the unsupported Pt nanocubes and carbon-
supported nanocubes with a nominal loading of 10, 20, 30, 40 and 50 wt%, 
respectively. As expected, within experimental error, the Pt nanocubes have the 
same mean particle size. 
 

 

Figure 23. TEM micrographs of (a) unsupported Pt nanocubes, and carbon-supported 
cubic Pt nanoparticles: (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50 wt% Pt/C catalysts. 

f e d 

c b a 
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Thermogravimetric analyses were also carried out to obtain the information 
about the real Pt content. The Pt content in carbon-supported catalysts was 
found to be 9, 19, 28, 35 and 47 wt% for nominal 10, 20, 30, 40 and 50 wt% Pt/C 
catalysts, respectively. The TGA results showed good correlations with the 
expected values from the experimental synthesis. 
 
 

6.4.2. Surface structure characterisation 
by voltammetric measurements 

It is well-recognised that, for Pt surfaces including massive and nanoparticulate 
electrodes, the cyclic voltammetric response in Ar-saturated 0.5 M H2SO4 and 
particularly the so-called hydrogen adsorption/desorption region can be used as 
fingerprint of the surface structure of the Pt electrode under study [249]. The 
voltammetric profiles of the samples here obtained are reported in Fig. 24. As 
expected, the voltammetric profiles are essentially similar regardless of the 
different electric double layer contribution. Figure 24a shows the response 
obtained with the unsupported PtNPs where the voltammetric features at about 
0.12, 0.27 and 0.37 V vs. RHE characteristic of the presence of (110) sites, 
(100) steps and terrace borders and (100) terraces, respectively, are clearly 
observed. Similar voltammetric responses have been obtained with analogous 
cubic Pt nanoparticles prepared using other synthetic approaches [182, 249, 
250] and denote the presence of a (100) preferential surface structure. Figure 
24b reports the voltammetric responses of the samples having different metal 
loading. For samples with lower Pt loadings (10 and 20 wt%), the electric 
double layer contribution is well-marked as a consequence of the presence of the 
carbon support. Interestingly and regardless of the metal loading, the voltam-
metric profiles of the different samples are essentially identical. However, it is 
worth noting that, in comparison with the unsupported samples (Fig. 24a), all 
voltammetric features and particularly the feature at 0.37 V vs RHE 
characteristic to the presence of (100) terraces, are less defined/marked. This 
fact can be attributed to the Nafion used during the preparation of the inks 
[251], which is missing in the case of the pure (unsupported) Pt nanocubes 
which are simply dispersed in ultrapure water. 
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On the other hand, and taking into consideration that i) all Pt/C inks were 
prepared using the same total amount of catalyst (5 mg) and ii) the catalyst-
modified GC electrodes were prepared by depositing the same volume of 
different inks (3 µL), the correct proportionality of the Pt electroactive surface 
area of the Pt nanoparticles is warranted, particularly for high metal loading 
where an evident agglomeration of the PtNPs takes place (see Fig. 23f). As 
described in previous contributions [188, 250], to estimate if the agglomeration 
of PtNPs induces a loss of the electroactive surface area, two analyses can be 
carried out, a) plotting the estimated electroactive surface area versus the corres-
ponding metal loading (experimentally measured by TGA) and b) measuring the 
ratio between the currents at 0.27 and 0.44 V vs. RHE both without any double 
layer correction and plotting this ratio versus the corresponding Pt loading. In 
both cases, as discussed in previous works [188, 250], a linear relationship should 
be observed. Figures 25a and 25b show the results obtained, respectively, and a 
good linear relationship is found in both cases, thus pointing out that the carbon-
supported cubic Pt nanoparticles were electrochemically accessible inde-
pendently of the particular metal loading and allowing the effect of the metal 
loading towards the ORR to be properly studied both in acidic and alkaline 
solutions. 
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Figure 24. Cyclic voltammograms corresponding to (a) unsupported Pt nanoparticles 
and (b) carbon-supported cubic Pt nanoparticles with 10, 20, 30, 40 and 50 wt% Pt 
loading. Test solution: Ar-saturated 0.5 M H2SO4, ν = 50 mV s–1. Current densities are 
normalised to the electroactive surface area of Pt. 
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To evaluate the ECSA of the samples their electroactive surface area was 
normalised to the corresponding mass of platinum. The Pt mass of each sample 
was calculated from the total mass of sample used in the experiment (3 μL of a 
1 mg mL−1 suspension) and its particular metal loading. The value of ECSA was 
found to be constant for all the catalysts studied, which confirms that all the Pt 
nanocubes supported on Vulcan carbon are fully accessible as independent 
particles also in the agglomerates that were formed when the Pt content 
increased. 
 
 

6.4.3. Oxygen reduction in 0.1 M HClO4 and 0.1 KOH solutions 

The electroreduction of O2 was first studied in acidic media (0.1 M HClO4). 
Figures 26a and 26b show the voltammetric response of the different samples in 
Ar-saturated 0.1 M HClO4 solution. Similarly to the results obtained in 
0.5 M H2SO4, the voltammetric profiles of the carbon supported nanocube 
samples (Fig. 26b) are similar to that obtained with the pure Pt nanocubes 
(Fig. 26a). As discussed in a previous work [252], the voltammetric profile 
displays characteristic peaks between 0.3–0.5 V, related to the OH adsorption 
on the (100) well-ordered domains whereas, the contributions in the range 
between 0.09–0.22 V can be attributed to (110) sites. In addition, as shown in 
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Figure 25. (a) Ratio between current densities at 0.27 V and 0.44 V vs. RHE for each 
sample vs the Pt loading. (b) Real electroactive surface area vs Pt loading. The linear fit 
is also presented in both cases. Test solution: Ar-saturated 0.5 M H2SO4, ν = 50 mV s–1. 



63 

 
The positive-going sweeps at different rotation speeds of the ORR polarisation 
curves for 30% Pt/C catalyst are presented in Fig. 27a. For all electrode rotation 
rates, single-waved current density-potential (j-E) curves with well-defined 
diffusion-limited current plateaus were observed. 

The obtained RDE data were analysed using Eq. (10), where the values of O2 
solubility (  = 1.26×10−6 mol cm−3) [253] and the diffusion coefficient  
(  = 1.93×10−5 cm2 s−1) [253] were used for 0.1 M HClO4 solution. Linear K-L 
plots are shown in Fig. 27b. The K-L analysis revealed that the electron transfer 
number was close to 4 for all the catalyst materials tested (inset to Fig. 27b). 
Similar n values have been found for different Pt-based catalysts in the 
literature [199, 254–258]. 

Figure 27c shows the anodic sweeps of the oxygen reduction polarisation 
curves for the different Pt/C catalysts in O2-saturated 0.1 M HClO4 solution 
recorded at a rotation speed of 1900 rpm. It can be observed that with increasing 
Pt loading, the ORR onset potential (Eonset) and half-wave potential shift 
towards positive values. The Eonset is 0.93 and 0.99 V for 10% Pt/C and 50% 
Pt/C catalysts, respectively. The E1/2 value for 10% Pt/C is 0.74 V and it 

Fig. 26c, a linear relationship is again found between the electroactive surface 
area and the specific metal loading of the samples. 
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Figure 26. Cyclic voltammograms corresponding to (a) unsupported Pt nanoparticles 
and (b) carbon-supported cubic Pt nanoparticles with 10, 20, 30, 40 and 50 wt% Pt 
loading. Test solution: Ar-saturated 0.1 M HClO4, ν = 50 mV s–1. (c) Real electroactive 
surface area vs Pt loading. The linear fit is also presented. 
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Tafel plots for O2 reduction shown in Fig. 27d were constructed from the RDE 
data at 1900 rpm. Two specific Tafel regions with distinct slopes were found. 
At low overpotentials the slope was close to –60 mV and at high overpotentials 
it increased to –120 mV. Similar Tafel behaviour for O2 reduction in perchloric 
acid has been reported in earlier works [29, 199, 255]. 

Specific activities for O2 reduction on Pt/C catalysts were calculated at 
0.9 V. As can be seen from Fig. 28a, the value of SA is almost constant for all 
the catalysts studied (0.73±0.06 mA cm–2), which is in accordance with our 
assumptions that the reaction kinetics are identical and does not depend on the 
Pt loading. The SA value is slightly higher for the 10% Pt/C catalyst 

increases to 0.85 V for 50% Pt/C catalyst. Similar tendency has been also found 
by Fabbri et al. [259, 260]. The E1/2 values for all the catalysts are given in 
Table 7. Similar Eonset and E1/2 values have been also reported by Kim et al., 
who studied oxygen reduction on PtNPs supported on ordered mesoporous 
carbon [261]. 
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Figure 27. (a) RDE voltammetry curves for O2 reduction on 30% Pt/C catalyst in 
O2-saturated 0.1 M HClO4 at different rotation rates (ν = 10 mV s–1), (b) the 
corresponding K-L plots in 0.1 M HClO4 (inset shows n dependence on potential), 
(c) comparison of the RDE results of Pt/C modified GC electrodes in O2-saturated 
0.1 M HClO4 at 1900 rpm (ν = 10 mV s–1), (d) Tafel plots for O2 reduction in 
0.1 M HClO4 (ω = 1900 rpm). Current densities are normalised to the geometric area of 
GC. 
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(1.17±0.03 mA cm–2), which is most likely due to the complexity of determi-
nation of the real electroactive surface area. Compared to some other studies 
[22, 256, 262], the SA values found in this work are approximately two to three 
times higher, but the differences may arise from the Pt particle size, as 
described in the respective literature, the SA value increases with increasing the 
particle size. 
 

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

SA
 / 

m
A

 c
m

-2 Pt

Pt loading / wt%

(a)

0 10 20 30 40 50

0

20

40

60

80

M
A

 / 
m

A
 m

g-1 Pt

Pt loading / wt%

(b)

 

Figure 28. The dependence of (a) specific activity and (b) mass activity for O2 
reduction on the Pt loading in O2-saturated 0.1 M HClO4 solution at 0.9 V. 
 
Mass activity for O2 reduction of each electrode was calculated using Eq. (12), 
where the mass of Pt was calculated using the concentration of the catalyst ink 
(1 mg mL–1), volume deposited onto the GC electrode (3 µL) and Pt loading 
determined by TGA. The mass activities vs. Pt loading are shown in Fig. 28b. 
The average MA at 0.9 V was found to be 59.2±5.9 mA mg–1. Almost constant 
MA value for all the catalysts studied is indicating that the mass activity does 
not depend on the loading of Pt nanocubes. The observed MA values are 
somewhat smaller than that found for smaller Pt particles in the literature [22, 
23, 263, 264]. It has been suggested in earlier studies that PtNPs in the size 
range of 3.3–3.5 nm show the highest MA values [16, 265, 266]. Comparable 
mass activities for O2 reduction have been found by Kim et al. for PtNPs 
supported on ordered mesoporous carbons [261] and by Angelopoulos and co-
workers on clustered and single crystal Pt nanoparticles [267]. 
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Table 7. Kinetic parameters for oxygen reduction on Pt/C modified GC electrodes in 
O2-saturated 0.1 M HClO4 and 0.1 M KOH solutions (ν = 10 mV s–1, ω = 1900 rpm). 

Electrode 
Ar 

(cm2) 

Tafel 
slope 
(V) 

I region* 

Tafel 
slope 
(V) 

II region*

E1/2 
(V) 

Ar 

(cm2)

Tafel 
slope 
(V) 

I region* 

Tafel 
slope (V) 

II 
region* 

E1/2 
(V) 

 0.1 M HClO4 0.1 M KOH 

10% Pt/C 0.020 –0.064 –0.122 0.74 0.019 –0.061 –0.114 0.79 

20% Pt/C 0.066 –0.064 –0.126 0.79 0.061 –0.064 –0.127 0.80 

30% Pt/C 0.077 –0.065 –0.128 0.81 0.075 –0.063 –0.128 0.82 

40% Pt/C 0.121 –0.063 –0.126 0.82 0.119 –0.062 –0.128 0.84 

50% Pt/C 0.153 –0.063 –0.125 0.85 0.156 –0.064 –0.134 0.85 

* Region I corresponds to low current densities and Region II to high current densities. 
 
The oxygen reduction studies were also carried out in O2-saturated 0.1 M KOH 
solution. Figure 29a reports the voltammetric response of the different samples 
in Ar-saturated 0.1 M KOH solution. As expected, the voltammetric profile of 
the samples shows different contributions which are well-established to be 
associated with a (100) preferential surface structure [252]. In alkaline solution, 
the calculation of the electroactive surface area is not as well-defined as in 
acidic solution (H2SO4 and HClO4). In this regard, in a previous contribution, a 
reference value of 390 μC cm−2 for the total charge measured between 0.06 and 
0.90 V (without any double-layer correction) was proposed [252]. Unfortunately, 
this calculation is only valid for pure Pt nanoparticles but not for carbon-
supported Pt nanoparticles due to the important contribution of the carbon 
substrate to the double layer region. In this work, we proposed a different 
approach which involves the calculation of the charge between 0.05 and 0.65 V 
after double-layer correction as visually described in Fig. 29b. The double layer 
contribution is estimated from the current at 0.65 V and a charge density value 
of 187 μC cm−2 is used. This charge density value is an average value deduced 
from the charge density values of 282, 164 and 114 μC cm−2 corresponding to 
Pt(100), Pt(110) and Pt(111) single crystal electrodes, respectively [268]. Inte-
restingly, the calculated surface areas are essentially similar to those obtained in 
0.1 M HClO4 (Table 7) and also show a linear relationship with the Pt loading 
(Fig. 29c). These facts further confirm the validity of our approach. 
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Figure 30a represents the positive-going ORR polarisation curves for 30% Pt/C 
catalyst. The j-E curves for all the electrodes tested in alkaline media were also 
single-waved with well-defined diffusion-limited current plateaus as observed 
in acidic electrolyte. The obtained K–L plots (Fig. 30b) were linear and parallel, 
indicating the first order reaction kinetics towards the concentration of dissolved 
O2 and similar electron transfer numbers at different electrode potentials. From 
the slope of the K–L plots the value of n was found to be close to four for each 
electrode (inset to Fig. 30b). The four-electron O2 reduction pathway on  
Pt-based catalysts in alkaline media has been reported previously [I, III, 47, 
207, 257, 269]. 

Figure 30c displays the comparison of the RDE results at a single electrode 
rotation rate (ω = 1900 rpm). As in acidic media, the values of Eonset and E1/2 for 
O2 electroreduction on Pt/C catalysts in alkaline media are more positive when 
the amount of Pt in the catalysts increases. The Eonset for 50% Pt/C is 0.99 V and 
it decreases to 0.94 V for 10% Pt/C. The E1/2 values for all the Pt/C catalysts 
studied are listed in Table 7. The highest E1/2 value of 0.85 V was found for 50% 
Pt/C. It has been reported by Markovic et al. that Pt(100) single-crystal electrode 
shows higher electrocatalytic activity for ORR in 0.1 M HClO4 solution as 
compared to 0.1 M KOH [8]. In our work, the activity of oxygen electroreduction 
is enhanced in alkaline media, the reason of which needs further investigation. 
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Figure 29. (a) Cyclic voltammograms corresponding to carbon-supported cubic Pt 
nanoparticles with 10, 20, 30, 40 and 50 wt% Pt loading. (b) Region used for the 
calculation of the electroactive surface area. Test solution: Ar-saturated 0.1 M KOH, 
ν = 50 mV s–1 (c) Real electroactive surface area vs Pt loading. The linear fit is also 
presented. 
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Tafel plots for O2 reduction on Pt/C catalysts in 0.1 M KOH solution are 
shown in Fig. 30d. Two regions of different Tafel slope were found. In the low 
current density region, the slope values for Pt nanocatalysts were around  
–60 mV and at high current densities the slope values were close to –120 mV 
[I, III, 47, 269]. The change in the Tafel slope is related to the potential-
dependent coverage of oxygenated species on the surface of Pt catalysts. These 
slope values indicate that the rds is the transfer of the first electron to the O2 
molecule. 

 
The SA values for O2 reduction on the Pt/C catalysts in alkaline media were 
also determined at 0.9 V and are presented in Fig. 31a. In 0.1 M KOH solution 
all the Pt/C catalysts showed almost constant SA. The average value of SA was 
around 0.57±0.04 mA cm–2. As in acidic media, the SA value for 10% Pt/C 
catalyst was slightly higher than that of other Pt loadings. This observation 
might arise also from the errors in calculating the electroactive area of Pt by 
charge integration under the hydrogen desorption peaks. The SA values in both 
solutions were rather similar, which may be due to a relatively weak adsorption 

0.0 0.2 0.4 0.6 0.8 1.0
-10

-8

-6

-4

-2

0

4600

3100

1900

960
610
360

 

j /
 m

A
 c

m
−2

E vs RHE / V

ω / rpm

(a)

0.00 0.04 0.08 0.12 0.16 0.20

0.0

0.1

0.2

0.3

0.4  0.1 V
 0.2 V
 0.3 V
 0.4 V
 0.5 V
 0.6 V

 

j  −
1  / 

m
A

−1
 c

m
2

ω−1/2 / rad−1/2 s1/2

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

1

2

3

4

 

 

n

E vs RHE / V

(b)

0.0 0.2 0.4 0.6 0.8 1.0

-6

-5

-4

-3

-2

-1

0
 10% Pt/C
 20% Pt/C
 30% Pt/C
 40% Pt/C
 50% Pt/C

j /
 m

A
 c

m
−2

E vs RHE / V

(c)

-3 -2 -1 0 1

0.70

0.75

0.80

0.85

0.90

0.95

1.00  10% Pt/C
 20% Pt/C
 30% Pt/C
 40% Pt/C
 50% Pt/C

 

E 
vs

 R
H

E 
/ V

log (ik / mA)

(d)

 

Figure 30. (a) RDE voltammetry curves for O2 reduction on 30% Pt/C catalyst in  
O2-saturated 0.1 M KOH at different rotation rates (ν = 10 mV s–1), (b) the corres-
ponding K-L plots in 0.1 M KOH (inset shows the dependence of n on potential), 
(c) comparison of the RDE results of Pt/C modified GC electrodes in O2-saturated 
0.1 M KOH at 1900 rpm (ν = 10 mV s–1), (d) Tafel plots for O2 reduction in 0.1 M KOH 
(ω = 1900 rpm). Current densities are normalised to the geometric area of GC. 
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of spectator species in these electrolytes (HClO4 and KOH). It is obvious that 
the ORR kinetics is mainly influenced by adsorbed OH coverage on Pt in these 
electrolytes, which inhibits the ORR rate. 

The mass activity in 0.1 M KOH solution showed almost constant values for 
O2 reduction on all the catalysts studied (Fig. 31b). The mean value of MA for 
the carbon-supported Pt/C nanomaterials was 53.1±3.4 mA mg–1 at 0.9 V, 
which is slightly lower than that found in acidic media. 
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Figure 31. The dependence of (A) specific activity and (B) mass activity for O2 
reduction on the Pt loading in O2-saturated 0.1 M KOH solution at 0.9 V. 
 
The effect of Pt particle size in ORR electrocatalysis has been a matter of 
controversy [245]. According to several previous studies the size effect of Pt 
particles on the ORR kinetics has been reported for smaller nanoparticles than 
6–7 nm [28]. Above this particle diameter the SA is virtually constant. The 
investigation of Pt particle size effect in different electrolytes did not yield the 
expected results on the basis of model predictions of cubo-octahedral Pt particles 
[270]. The size of Pt nanocubes studied in the present work is above the size 
range for which the change in the SA value is expected. Also, there have been 
variations regarding the ORR activity trend of shape-controlled PtNPs, which 
might arise from imperfect particle shapes. Even though the overall quality of 
particle shape could be perfect in some studies on the basis of HR-TEM images, 
there is still a high likelihood that Pt surface atoms of lower coordination number 
exist and this could lead to scatter in the data and differences in the electro-
catalytic ORR behaviour. 
 
 

6.5. Oxygen reduction on magnetron sputtered 
PdNP/MWCNT 

The electroreduction of oxygen was studied on magnetron sputtered Pd nano-
particles supported on multi-walled carbon nanotubes [V]. The nominal Pd-film 
thicknesses were 5, 10 and 15 nm. The ORR activities were compared with that 
of the bulk Pd electrode. 
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6.5.1. Physical and electrochemical characterisation of the 
PdNP/MWCNT catalysts  

Fig. 32 presents typical micrographs of uncoated and Pd-coated MWCNTs on 
GC substrates. HR-SEM images showed that the sputtered Pd was uniformly 
distributed on the surface of MWCNTs for all the composite catalysts studied. 
 

 

Figure 32. SEM images of uncoated (a) and Pd-coated (b-d) MWCNTs on GC 
electrodes. Nominal Pd film thickness: (b) 5, (c) 10 and (d) 15 nm (calculated per 
geometric area of GC). 
 
The cyclic voltammetry experiments were performed to clean and characterise 
the surface of sputtered PdNPs on MWCNTs. Shown in Fig. 33 are stable CV 
curves of PdNP/MWCNT-modified GC electrodes recorded in Ar-saturated 
0.5 M H2SO4 and 0.1 M KOH solutions at 50 mV s−1. The anodic peaks at  
E > 0.8 V and the cathodic peak at ca. 0.6–0.7 V correspond to the formation of 
Pd surface oxides and to their reduction, respectively. Characteristic peaks of 
adsorption/desorption of underpotential deposited hydrogen are in evidence in 
the potential range of 0.1–0.3 V. By integrating the charge under the Pd oxide 
reduction peak, the Ar value of Pd catalysts was estimated, assuming the value 

a b

c d
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of 424 μC cm−2 as the charge density for the reduction of Pd oxides [271]. The 
real area of Pt catalyst was evaluated by charge integration under the hydrogen 
desorption peak, assuming 210 μC cm−2 for a monolayer of HUPD [47]. The 
values of Ar of palladium and platinum catalysts are presented in Table 8 and 9. 
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Figure 33. Representative cyclic voltammograms of PdNP/MWCNT/GC electrodes in 
Ar-saturated (a) 0.5 M H2SO4 and (b) 0.1 M KOH. ν = 50 mV s–1. The CV of MWCNT/GC 
is also shown. Current densities are normalised to geometric area of the GC electrode. 
 
 

6.5.2. Oxygen reduction on PdNP/MWCNT catalysts in acidic media 

First, the RDE experiments of oxygen reduction were performed in O2-saturated 
0.5 M H2SO4 solution. A set of polarisation curves of the ORR on a 3-PdNP/ 
MWCNT catalyst is shown in Fig. 34a. Only the cathodic sweeps are given and 
further analysed. 

Fig. 34b presents the K-L plots for O2 reduction on a 3-PdNP/MWCNT 
modified electrode. Linear K-L plots were observed for all the catalysts studied. 
From the slope of the K-L lines the value of n was calculated, which was found 
to be close to 4 over the whole range of potentials for all the Pd catalysts 
studied (see inset to Fig. 34b). 

For better comparison of the RDE results the j−E curves for O2 reduction 
recorded at a single rotation rate are presented in Fig. 34c. The values of half-
wave potential of oxygen reduction for PdNP/MWCNT catalysts were lower 
than that of bulk Pd and Pt/C catalysts. 

From the RDE data of the ORR the Tafel plots were constructed (Fig. 34d). 
Two Tafel regions with different slope values can be distinguished. At low 
overpotentials the Tafel slope is close to −60 mV and at higher current densities 
the slope is approximately −100 mV. Similar slope values have been reported 
earlier for ORR on nanoparticulate and bulk Pd in acid media [116]. The kinetic 
parameters for oxygen reduction in 0.5 M H2SO4 are listed in Table 8. 
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Figure 34. (a) RDE voltammetry curves for oxygen reduction on a 3-PdNP/ 
MWCNT/GC electrode in O2-saturated 0.5 M H2SO4 (ν = 10 mV s–1), (b) K–L plots for 
ORR in 0.5 M H2SO4 (inset shows the potential dependence of n), (c) comparison of the 
RDE results for the ORR (ω = 1900 rpm, ν = 10 mV s–1) and (d) mass-transfer corrected 
Tafel plots for oxygen reduction on PdNP/MWCNT, bulk Pd and commercial Pt/C 
catalysts in 0.5 M H2SO4. Current densities are normalised to geometric area of the GC 
electrode. 
 
Table 8. Kinetic parameters for oxygen reduction on PdNP/MWCNT, bulk Pd and 
commercial Pt/C catalysts in 0.5 M H2SO4. 

Electrode Ar (cm2) 
Tafel slope 

(V) 
*Region I 

Tafel slope 
(V) 

*Region II 
E1/2 (V) 

SA at 0.85 V 
(mA cm–2) 

1-PdNP/MWCNT 0.30 –0.066 –0.103 0.58 0.009 

2-PdNP/MWCNT 0.48 –0.060 –0.107 0.64 0.013 

3-PdNP/MWCNT 0.71 –0.066 –0.104 0.65 0.010 

Bulk Pd 0.69 –0.052 –0.111 0.72 0.024 

Pt/C 1.64 –0.061 –0.096 0.78 0.058 

* Region I corresponds to low current densities and Region II to high current densities. 
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The specific activities of O2 reduction for the PtNP/MWCNT modified GC 
electrodes were calculated at 0.9 V vs. RHE using Eq. (11). The SA values of 
PdNP/MWCNT catalysts remained lower than that of bulk Pd. The reason for 
that may come from crystallographic differences, it is difficult to precisely 
control the size and the shape of sputter-deposited Pd catalysts. It is well-known 
that the electrocatalytic activity for ORR depends on the size and shape of 
PdNPs. Shao et al. found that octahedral Pd particles showed about 10 times 
lower ORR activity than Pd nanocubes [101]. The SA value of Pt/C is higher 
than that of Pd-based catalysts and this is the expected result in H2SO4 solution 
[47]. 
 
 

6.5.3. Oxygen reduction on PdNP/MWCNT 
catalysts in alkaline electrolyte 

The RDE experiments of O2 reduction were also carried out in 0.1 M KOH 
solution. The ORR polarisation curves with well-defined diffusion-limited current 
plateaus were observed (Fig. 35a). It should be noted that unmodified multi-
walled carbon nanotubes are active catalysts for oxygen reduction in alkaline 
media according to our previous reports [222, 223, 272]. However, a substantial 
positive shift of the onset potential for O2 reduction is evident upon depositing 
Pd catalyst on the surface of MWCNTs. Therefore, the reduction current at low 
overpotentials is caused by PdNPs only and these data suggest that the kinetics 
of the ORR is determined entirely by the Pd catalyst at low overpotentials. In 
acid electrolyte much lower electrocatalytic activity of PdNP/MWCNT 
composites was in evidence (Fig. 34a). The reason for this can be strong 
adsorption of (bi)sulphate anions on the PdNP surface. 

Linear K-L plots were obtained from the RDE data. The value of n was 
calculated from the K-L slopes, which was close to four for each electrode (see 
inset to Fig. 35b). For better comparison of the RDE results the j−E curves for 
O2 reduction recorded at ω = 1900 rpm are shown in Fig. 35c. The values of E1/2 
for O2 reduction for PdNP/MWCNT catalysts and bulk Pd were similar. Note 
that the electroactive surface area of Pt catalyst was also higher. The RDE data 
presented in Fig. 35c were used for the construction of Tafel plots for oxygen 
reduction in 0.1 M KOH (Fig. 35d). At low current densities the Tafel slope was 
close to −60 mV, which is in agreement with previous observations [116]. The 
slope increased at higher overpotentials. Erikson et al. reported a similar Tafel 
behaviour of oxygen reduction on electrodeposited Pd coatings on GC [124]. In 
0.1 M KOH solution the specific activities of O2 reduction were also determined 
(Table 9). 
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Figure 35. (a) RDE voltammetry curves for oxygen reduction on a 2-PdNP/MWCNT/ GC 
electrode in O2-saturated 0.1 M KOH (ν = 10 mV s–1), (b) K–L plots for ORR in 0.1 M 
KOH (inset shows the potential dependence of n), (c) comparison of the RDE results for 
the ORR (ω = 1900 rpm, ν = 10 mV s–1) and (d) mass-transfer corrected Tafel plots for 
oxygen reduction on PdNP/MWCNT, bulk Pd and commercial Pt/C catalysts in 0.1 M 
KOH. Current densities are normalised to geometric area of the GC electrode. 
 
Table 9. Kinetic parameters for oxygen reduction on PdNP/MWCNT, bulk Pd and 
commercial Pt/C catalysts in 0.1 M KOH. 

Electrode Ar (cm2) 
Tafel slope 

(V) 
*Region I 

Tafel slope 
(V) 

*Region II 
E1/2 (V) 

SA at 0.85 V 
(mA cm–2) 

1-PdNP/MWCNT 0.32 –0.057 –0.086 0.78 0.091 

2-PdNP/MWCNT 0.48 –0.057 –0.076 0.80 0.187 

3-PdNP/MWCNT 0.36 –0.058 –0.085 0.81 0.176 

Bulk Pd 0.64 –0.066 –0.085 0.79 0.126 

Pt/C 1.90 –0.058 –0.102 0.85 0.351 

* Region I corresponds to low current densities and Region II to high current densities. 
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The SA values were comparable for PdNP/MWCNT catalysts and bulk Pd. 
Similar values of SA for nanoparticulate Pd catalysts were reported in our earlier 
work [177]. Higher SA values for O2 reduction in alkaline solution than in acid 
electrolyte have been also found for the electrodeposited Pd/GC electrodes 
[124]. The SA of Pt/C catalyst is higher by a factor of two compared with 
PdNP/MWCNT (Table 9). This indicates that the electrocatalytic activity of 
carbon nanotube supported Pd nanoparticles towards the ORR is only slightly 
inferior than that of Pt/C in alkaline media. The ORR results obtained in this 
work with the PdNP/MWCNT composites show a great promise of these 
materials as an alternative cathode catalyst for alkaline membrane fuel cells 
(AMFCs). Recently, there has been an enormous progress in the preparation of 
anion exchange membranes and ionomers for AMFCs. A significant break-
through in the fabrication of this type of fuel cells is expected in the near future. 
Our preliminary work has shown a good fuel cell performance of non-platinum 
cathode catalysts in AMFCs [273]. Recently, a similar electrocatalyst was 
proposed as a cathode material for AMFCs [129]. 
 
 

6.6. Electroreduction of oxygen on heat-treated  
sputtered PdNP/MWCNT catalysts 

In continuation of previous work [V], where sputter-deposition was used to 
prepare PdNP/MWCNT catalyst materials for ORR, similar composite material to 
3-PdNP/MWCNT nanocatalyst, with Pt nanolayer thickness 15 nm, is annealed at 
three different temperatures (300 – 500 °C) to investigate the influence of the 
heat-treatment on the electrocatalytic activity towards the ORR [VI]. 
 
 

6.6.1. Surface characterisation of PdNP/MWCNT composites 

Figure 36a shows typical image of PdNP/MWCNT fixed onto the GC substrate 
surface by depositing 15 nm thick palladium layer onto the nanotubes by 
magnetron sputtering. It can be seen that the carbon nanotubes are covered with 
a continuous Pd nanolayer, the fine grains of which are clearly visible. Pd layer 
is applied uniformly onto the surface of MWCNTs. Figure 36b–d shows the 
SEM micrographs of PdNP/MWCNT samples after heat treatment. No visible 
changes were observed in catalyst surface morphology by annealing the 
PdNP/MWCNT samples at 300 °C for 30 min (Fig. 36b). Annealing at higher 
temperature (400 °C, 30 min) resulted in the formation of even surface 
(Fig. 36c). The Pd particles of different morphology appeared after annealing at 
500 °C (Fig. 36d). In addition to well-distributed small rounded particles, a 
number of large agglomerates can be seen. Their size increases even to ∼60 nm. 
In comparison to the sample annealed at 300 °C, in this case, the surface of 
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Figure 36. HR-SEM images of PdNP/MWCNT samples: (a) before annealing and after 
annealing at (b) 300 °C, (c) 400 °C and (d) 500 °C for 30 min. 
 
MWCNTs is less uniformly covered with palladium, and as a result, more 
uncoated nanotube area can be observed. Instead of uniform metal film, regularly 
shaped rounded Pd particles are seen. Particle diameter varies from 1.9 to 
12.5 nm, their average diameter was ca. 4.5±1.7 nm, measured over 100 particles. 

The structural characterisation of PdNP/MWCNT catalysts was carried out 
by X-ray diffraction. Glassy carbon plate substrate was used for the XRD 
analysis. Figure 37 shows typical XRD pattern of PdNP/MWCNT catalyst fixed 
onto a GC substrate after annealing at 500 °C for 30 min. Magnified selected 
region of Pd (111) peak is presented in inset. The XRD peak at 40.1° which 
corresponds to (111) reflection demonstrates the presence of crystalline Pd. The 
signals which correspond to Pd features are rather small which might be caused 
by the low amount of Pd deposited on the surface of MWCNTs. Pd particles of 
different morphology appeared only after annealing at 500 °C. For other com-
posite catalysts only residual XRD peaks were observed due to rather small 
particle size or amorphous Pd layer. 

a b 

c d 
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6.6.2. Electrochemical characterisation of 
the PdNP/MWCNT-modified electrodes 

PdNP/MWCNT-modified GC electrodes were first cycled three times in Ar-
saturated 0.1 M KOH solution in the range of potentials from 0.1 to 1.4 V using 
a potential sweep rate of 50 mV s−1 (Fig. 38). It is suggested that the growth of 
the Pd(II)oxide is completed at 1.1–1.3 V vs. RHE in basic electrolytes [271]. 
Cathodic reduction of PdO was used to determine the real surface area of Pd 
electrodes, assuming a charge density of 424 μC cm−2 for oxide monolayer 
[271]. 

 
The O2 reduction was studied on PdNP/MWCNT-modified GC electrodes using 
the RDE technique. The RDE experiments were performed in O2-saturated 
0.1 M KOH solution at various rotation rates from 360 to 4600 rpm and at a 
scan rate of 10 mV s−1. The polarisation curves for O2 reduction on the heat-
treated PdNP/MWCNT catalysts in alkaline solution are shown in Fig. 39a–c. 
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Figure 37. X-ray diffraction pattern of PdNP/MWCNT catalyst after annealing at 
500 °C for 30 min. Inset: magnified selected region of Pd(111) peak. 
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Figure 38. Cyclic voltammograms for PdNP/MWCNT-modified GC electrodes in Ar-
saturated 0.1 M KOH. ν = 50 mVs−1. Current densities are calculated per geometric 
surface area of GC. 
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The RDE results for all the composites studied and bulk Pd at a single rotation 
rate (ω = 1900 rpm) are also presented for comparison purposes (Fig. 39d). 
Only the negative-going potential scans are presented and further analysed. The 
ORR onset potential in 0.1 M KOH was 0.94, 0.92, 0.96, and 0.95 V for 
PdNP/MWCNT catalysts annealed at 300 °C, 400 °C, 500 °C and bulk Pd, 
respectively. The half-wave potentials for O2 reduction were determined at 1900 
rpm and are given for all the studied catalysts in Table 10. 

The K-L plots were constructed (insets of Fig. 39) and the number of electrons 
transferred per O2 molecule was calculated from Eq. (10). On PdNP/MWCNT 
catalysts and on bulk Pd electrode, the value of n was 4 in the whole range of 
potentials studied. The 4e− oxygen reduction pathway on Pd catalysts in alkaline 
solution has been also reported in previous studies [71, 115, 274]. For PdNP/ 
MWCNT catalysts annealed at 300 °C and 400 °C, the O2 reduction current 
densities are slightly lower than theoretically calculated jd values. It appears that 
the loading of Pd applied (18 μg cm−2 calculated per geometric area of GC 
electrode substrate) for this particular 3D catalyst structure is not sufficient to 
achieve limiting current densities for a 4-electron reduction of oxygen. 
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Figure 39. RDE voltammetry curves for O2 reduction on annealed PdNP/MWCNT 
modified GC electrodes in O2-saturated 0.1 M KOH at various electrode rotation rates. 
PdNP/MWCNT catalysts were heat-treated at: (a) 300, (b) 400 and (c) 500 °C, respec-
tively. Insets: K-L plots for oxygen reduction at different potentials. (d) A comparison 
of RDE results on PdNP/MWCNT modified GC electrodes, bulk Pd and Pt/C catalyst. 
ω = 1900 rpm, ν = 10 mV s−1. 
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As can be seen from the comparison of the RDE results presented in Fig. 39d, 
the PdNP/MWCNT catalyst annealed at 500 °C shows the best performance. 
Both the ORR onset potential and half-wave potential are higher for this 
particular electrode. The ORR activity of Pt/C catalyst is slightly higher than 
that of PdNP/MWCNT composites and bulk Pd (Fig. 39d). 

The ORR on Pd is a structure-sensitive reaction and changing the morphology 
and shape of Pd nanoparticles by different heat-treatment procedures leads to 
altered electrocatalytic activity. Therefore, it is expected that the Pd-based 
catalysts having a large fraction of (100) surface sites can act as more active O2 
reduction electrocatalysts as compared to untreated nanoparticles. In addition, 
recent investigations have shown that in alkaline solution, the specific activity 
of Pd particles towards the ORR decreases with decreasing the particle size 
[115]. This has been attributed to the stronger adsorption of OH on smaller 
particles that block the active sites for ORR. From the CV curves presented in 
Fig. 38, it is seen that the peak potential of the reduction of Pd surface oxides 
shifts negative as the Pd particle size decreases. It has been pointed out that the 
electrocatalytic activity of Pd for ORR depends on the coverage of surface 
oxides, 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. 
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Figure 40. Mass-transfer corrected Tafel plots for oxygen reduction on PdNP/ 
MWCNT-modified GC electrodes and bulk Pd in 0.1 M KOH. 

The Tafel plots shown in Fig. 40 were constructed from the RDE data on O2 
reduction at 1900 rpm. Two Tafel regions of different slope can be distingui-
shed. At low current densities, the Tafel slope of heat-treated PdNP/MWCNT 
catalysts is near −70 mV and in the second region the slope value is higher than 
−130 mV. The Tafel analysis shows that the kinetics of the ORR is affected by 
Pd surface oxides; however, the mechanism remains the same. The Tafel slopes 
on all the PdNP/MWCNT catalysts studied continuously change to a higher 
value when the potential is more negative than 0.8 V (the high overpotential 
region). This Tafel behaviour is in agreement with previous report of O2 
reduction on Pd catalysts in alkaline solution [106]. SA values were determined 
at 0.85 V (Table 10). The highest value of SA was found for the PdNP/MWCNT 
catalyst annealed at 500 °C. 
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Table 10. Kinetic parameters for oxygen reduction on Pd/MWCNT modified GC 
electrodes and bulk Pd in O2-saturated 0.1 M KOH. ω = 1900 rpm. 

Electrode 
Ar 

(cm2)

Tafel slope
(mV) 

I region* 

Tafel slope
(mV) 

II region* 
E1/2 (mV)

SA at 0.85 V 
(mA cm−2) 

Pd/MWCNT (300 ºC) 0.40 –73 –171 804 0.18 

Pd/MWCNT (400 ºC) 0.36 –67 –135 791 0.15 

Pd/MWCNT (500 ºC) 0.32 –74 –130 809 0.26 

Bulk Pd 0.68 –65 –79 815 0.20 

* Region I corresponds to low current densities and Region II to high current densities. 
 
 

6.7. Electroreduction of oxygen on PdNPs  
supported on N-doped graphene 

Nitrogen-doped graphene nanosheets were used as support materials also for Pd 
nanoparticles that were prepared by borohydride reduction [VII]. Pd/NG com-
posites were used as electrocatalysts for oxygen reduction and their ORR 
performance was evaluated in acidic and alkaline media. 
 
 

6.7.1. Surface characterisation of Pd/NG samples 

Graphene-based materials are interesting supports for electrocatalysis because 
of their high surface area and high conductivity. However, graphene is susceptible 
for stacking induced by π-π interactions between the nanosheets and this reduces 
surface area and may even prevent mass transfer of reactants to the active sites 
on the catalyst surface. TEM measurements were performed in order to obtain 
information about the surface morphology of the prepared Pd/NG catalysts. 
Transparent corrugated flake-shaped sheets characteristic for few-layered 
graphene are observed revealing a high exfoliation degree. No evidence of 
agglomeration of NG flakes is observed. Pd nanoparticles deposited on the 
micron-sized NG support are visible in Fig. 41a. The TEM images show a good 
dispersion of Pd nanoparticles on the support surface and the average size of the 
PdNPs is 2.6 ± 0.7 nm (Fig. 41b) indicating successful synthesis. To determine 
the particle size, 250 isolated particles were measured. 

XPS was used to identify chemical state of nitrogen species. The XPS survey 
spectrum showed O1, N1s, C1s and Pd3d peaks for Pd/NG sample (Fig. 41c). 
Fig. 41c shows the main peak of C1s at 284.5 eV, which corresponds to sp2 
carbon. As suggested in previous studies, the smaller peaks that appear at 285.6 
and 287.2 eV correspond to the formation of N-sp2 C and N-sp3 C bonds [236] 
or be due to the formation of C-OH and C = O bonds [178]. Four different types 
of nitrogen species can be seen in inset N1s spectra. Namely, pyridinic-N at 
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binding energy of 397.8 eV prevails on the surface, peak shoulder between 399 
and 400 eV corresponds to pyrrolic-N and graphitic-N [178] and smaller peak at 
ca. 402.5 eV is due to the presence of pyridine-N-oxide functionalities on the 
surface [275]. The overall nitrogen content in the sample was calculated from 
the XPS data and it was ca. 9 at.%. It is still under debate, which type of 
nitrogen functionalities is responsible for high ORR activity [139, 275]. 
According to our previous investigations on N-doped carbons, we assume that 
the main reason for enhanced electrocatalytic activity is the presence of 
pyridinic nitrogen groups in nanocarbons [178, 213]. In the inset of Fig. 41c 
Pd3d peaks confirm the presence of metallic Pd, since the binding energy of the 
main spin-orbit is split into doublet at about 336.9 and 340.6 eV, which 
correspond to Pd3d5/2 and Pd3d3/2, respectively [276]. 
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Figure 41. (a) TEM image, (b) particle size distribution and (c) XPS survey spectrum of 
Pd/NG sample. Insets to Fig. 41c: N1s and Pd3d core-level spectra. 
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6.7.2. Electrochemical characterisation of Pd/NG catalysts 

Shown in Fig. 42 are stable CV curves of Pd/NG modified GC electrodes 
recorded in O2-free 0.5 M H2SO4 and 0.1 M KOH at a scan rate of 50 mV s−1. In 
both solutions, the CV profiles of Pd/NG samples are similar to those observed 
for a bare polycrystalline Pd, but the charging current in double-layer region is 
much higher due to the contribution of the high surface area NG support. The 
anodic peaks at E > 0.8 V and the cathodic peak at ca. 0.6–0.7 V correspond to 
the formation of Pd surface oxides and to their reduction, respectively [V, 117]. 
Typical peaks of adsorption/desorption of underpotential deposited hydrogen in 
the potential range of 0.1–0.3 V were also observed. The Ar values were of the 
same order for different batch of Pd/NG catalysts, therefore showing a good 
batch-to-batch reproducibility. 
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Figure 42. Cyclic voltammograms of Pd/NG modified GC and bulk Pd electrodes in 
Ar-saturated solutions: (a) 0.5 M H2SO4 and (b) 0.1 M KOH. ν = 50 mV s−1. Current 
densities are normalised to the geometric GC electrode area. 
 
The RDE results obtained at different rotation rates for Pd/NG modified GC and 
bulk Pd electrodes in acid and alkaline electrolytes are shown in Figs. 43a and 
44a, respectively. Only the cathodic sweeps are shown in the Figures and are 
further analysed. In acid electrolyte, the ORR polarisation curves with well-
defined limiting current plateaus are observed only at low rotation rates (Fig. 
43a). At high rotation speed the reduction current gradually increases reaching a 
diffusion-limited value at high overpotentials. This indicates sluggish kinetics 
of O2 reduction on Pd catalysts in H2SO4 and is in accordance with previous 
observation [117]. 

Koutecky–Levich plots for oxygen reduction were constructed for both 
solutions (Fig. 43b and 44b) and the n value was calculated from Eq. (10). 
Linear K-L plots were obtained from the RDE data. The value of n was close to 
four (see insets in Fig. 43b and 44b), which indicates that the process of O2 
reduction follows predominantly a 4e− pathway on Pd/NG catalysts in acid and 
alkaline solutions. The 4e− ORR pathway on Pd catalyst in alkaline media has 
been reported previously [117]. 
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The comparison of j–E curves of O2 reduction recorded at a single rotation 
rate (ω = 1900 rpm) are presented in Fig. 43c and 44c. Compared with bulk Pd 
the onset potential of O2 reduction on Pd/NG shifted slightly positive in acid 
media and in 0.1 M KOH the onset potential is ∼100 mV higher, showing 
remarkably higher ORR activity in alkaline media. 

In both acid and alkaline media the values of E1/2 of O2 reduction for Pd/NG 
catalyst were higher than that of bulk Pd. Tafel plots were constructed from the 
RDE data of the ORR and are presented in Fig. 43d and 44d. Two Tafel regions 
with distinct slope were observed and this behaviour is in agreement with the 
results of our earlier studies of O2 reduction on Pd nanocatalysts [V, VI, 98, 
102, 103, 117, 124]. 
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Figure 43. (a) RDE voltammetry curves for oxygen reduction on a Pd/NG modified GC 
electrode in O2-saturated 0.5 M H2SO4 solution at different rotation rates, ν = 10 mV s−1. 
(b) K–L plots for O2 reduction on a Pd/NG modified GC electrode in 0.5 M H2SO4. 
Inset shows the potential dependence of n. (c) Comparison of RDE results on O2 
reduction on Pd/NG modified GC and bulk Pd electrodes in O2-saturated 0.5 M H2SO4 
solution at ω = 1900 rpm. (d) Mass-transfer corrected Tafel plots for O2 reduction on 
Pd/NG modified GC and bulk Pd electrodes in acid electrolyte. 
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Previous studies confirm that N-doped carbon nanomaterial itself is a good 
electrocatalyst for ORR [178, 213, 277, 278]. It was reported that N-doped 
graphene has low efficiency in catalysing the ORR in acid solution [279], 
however it greatly improves the electrocatalytic performance of Pd nanoparticles 
when utilised as a support material. A better ORR performance is caused by the 
improved adhesion between graphene and metal catalyst, which enhances the 
stability of catalyst nanoparticles dispersed over the substrate surface. The 
enhanced performance can be attributed to the stronger carbon–catalyst binding 
and increased electrical conductivity caused by nitrogen doping [91]. 
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Figure 44. (a) RDE voltammetry curves for oxygen reduction on a Pd/NG modified GC 
electrode in O2-saturated 0.1 M KOH solution at different rotation rates, ν = 10 mV s−1. 
(b) K–L plots for O2 reduction on a Pd/NG modified GC electrode in 0.1 M KOH. Inset 
shows the potential dependence of n. (c) Comparison of RDE results on O2 reduction on 
Pd/NG modified GC and bulk Pd electrodes in O2-saturated 0.1 M KOH solution at 
ω = 1900 rpm; (d) Mass-transfer corrected Tafel plots for O2 reduction on Pd/NG 
modified GC and bulk Pd electrodes in alkaline electrolyte. 
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Table 11. Kinetic parameters for oxygen reduction on Pd/NG and bulk Pd in  
O2-saturated 0.5 M H2SO4 and 0.1 M KOH solutions. ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(mV) 

I region* 

Tafel slope 
(mV) 

II region* 
E1/2 (V) 

SA at 0.85 V 
(mA cm–2) 

0.5 M H2SO4 

Pd/NG 0.69 –45 –141 0.76 0.015 

Bulk Pd 0.54 –40 –124 0.73 0.009 

0.1 M KOH 

Pd/NG 0.55 –67 –129 0.82 0.55 

Bulk Pd 0.59 –48 –77 0.81 0.52 

*Region I corresponds to low current densities and Region II to high current densities. 
 
Table 11 summarises the main kinetic parameters obtained for oxygen reduction 
in this part of the work. The specific activities for O2 reduction were calculated 
at 0.85 V vs RHE. The specific activity of the prepared Pd/NG catalyst was 
0.015 mA cm−2 in acid media, which is almost twice that observed for poly-
crystalline Pd (0.009 mA cm−2). In alkaline electrolyte, the value of SA of 
Pd/NG was significantly higher than that observed in acid solution. This is due 
to the inhibiting effect of (bi)sulphate anions on the kinetics of the ORR in 
H2SO4 solution. The superior ORR activity of Pd/NG as compared to other  
Pd-based catalysts in alkaline media is in evidence, indicating that the Pd/NG 
catalysts studied could be successfully employed in alkaline membrane fuel cell 
and other electrochemical applications. 

It has been clearly shown, that N-doped carbon materials have a great potential 
in fuel cell application as highly active and stable electrocatalyst supports. Up to 
now nitrogen-doped nanocarbons have been primarily employed as supports for 
nanoparticulate Pt catalysts. Huang et al. used NG-vanadium carbide hybrids as 
Pt catalyst support for ORR in alkaline media. After annealing at 1000 ºC the 
catalyst showed higher MA than commercial Pt/C (0.210 vs. 0.200 mA gPt

−1 at 
E1/2) under the same conditions [280]. Four times higher power density was 
achieved for Pt2Co alloy supported on N-doped carbon as compared to com-
mercial Pt/C [239]. Electrochemical experiments showed that Pt nanoparticles 
supported on N-doped carbon show higher ORR activity and much better 
stability [83, 92, 235, 281, 282]. The enhanced properties are generally con-
sidered to occur due to: controlled and optimised Pt particle size and distribution 
on N-doped carbon materials [79–82, 84, 85, 193, 283, 284]; the increase in 
electrical conductivity [248]; and the action of doped N as catalyst stabilising 
agent with enhanced activity for ORR [40, 285–287]. Strong interaction 
between catalyst and support is attributed to a larger N-content and smaller Pt 
particle size [78, 288, 289]. Gracia-Espino et al. confirmed that N-doped 
graphene has a significant effect in reducing the energy barrier for O2 
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dissociation and decrease the energetic stability of HO● intermediates resulting 
in enhanced ORR activity [89]. 

A thorough electrocatalytic study performed in this work confirms that the 
proposed simple procedure for the preparation of highly dispersed Pd nano-
particles over nitrogen-doped graphene results in cathode catalyst with good 
electrocatalytic properties for ORR. This investigation shows that the attachment 
of Pd nanoparticles into the catalyst matrix increases its electrocatalytic activity 
in both acid and alkaline media. 
 
 

6.8. Oxygen reduction on cubic PdPt nanoalloys 
The reduction of oxygen on palladium-platinum alloy nanocubes synthesised in 
the presence of PVP was investigated using a rotating disc electrode [VIII, IX]. 
Different Pd-to-Pt ratios were used and the electrocatalytic activity of PdPt 
catalysts for ORR was compared with that of cubic Pd and Pt nanoparticles. 
 
 

6.8.1. TEM/EDX characterisation of PdPt catalysts 

TEM analysis was carried out to obtain knowledge about the particle size and 
morphology of PdPt alloy nanoparticles. Figures 45a-c show PdPt nanoparticles 
with preferential cubic particle shape. Most of the PdPt nanoparticles were cubic-
shaped, but there were also observed some truncated particles. To determine the 
particle size of PdPt nanocubes, 200 isolated particles were measured. The 
mean particle sizes were 8.6 ± 0.9, 9.4 ± 1.4 and 10.4 ± 1.2 nm for Pd34Pt66, 
Pd50Pt50 and Pd66Pt34 samples, respectively. Particle size distributions for all the 
alloyed catalysts are shown in Fig. 45. The average particle sizes of Pd and Pt 
nanocubes were about 10 nm. 

The composition of the prepared PdPt alloy nanocubes was analysed by 
energy dispersive X-ray spectroscopy. The EDX analyses displayed that the 
atomic compositions were close to the nominal values and the Pd-to-Pt ratios of 
36:64, 54:46 and 72:28 were determined. 
 

 

Figure 45. TEM images of PdPt catalysts: (a) Pd36Pt64, (b) Pd54Pt46 and (c) Pd72Pt28 and 
their corresponding particles size histogram. 
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6.8.2. CO stripping and CV experiments 

Typical CO-stripping behaviour of PdPt catalysts in 0.5 M H2SO4, 0.1 M HClO4 
and 0.1 M KOH solutions are shown in Figs. 46a–c. In all the solutions, it can 
be seen that there is a positive potential shift in the position of the CO oxidation 
peak of PdPt alloys with rising the amount of Pd. It has been proposed to be 
related to a gradual Pd surface enrichment for increasing Pd content [191]. 
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Figure 46. Electro-oxidation of pre-adsorbed CO on PdPt catalysts, Pd and Pt 
nanocubes in Ar-saturated (a) 0.5 M H2SO4, (b) 0.1 M HClO4 and (c) 0.1 M KOH 
solutions (ν = 20 mV s−1). Cyclic voltammograms after CO oxidation on PdPt catalysts, 
Pd and Pt nanocubes in Ar-saturated (d) 0.5 M H2SO4, (e) 0.1 M HClO4 and 
(f) 0.1 M KOH solutions (ν = 50 mV s−1). Current densities are normalised to the real 
surface area of electrocatalysts. 
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Representative CVs recorded after the CO-stripping experiments are shown in 
Fig. 46d–f. The CV responses showed improvement in surface cleanness 
compared with those initially measured. Better defined peaks in the hydrogen 
adsorption/desorption region are in evidence. The real surface areas of the PdPt 
electrocatalysts were determined by charge integration under the hydrogen 
desorption peaks (see Tables 12–14). 
 
 

6.8.3. Oxygen reduction on PdPt catalysts 

The electroreduction of oxygen on PdPt alloy nanocubes was firstly studied in 
O2-saturated 0.5 M H2SO4 solution using the RDE method. The representative 
ORR polarisation curves for the Pd54Pt46-catalyst modified GC electrode are 
shown in Fig. 47a. Only the positive-going potential scans are presented and 
further analysed. For all the PdPt catalysts the ORR polarisation curves were 
single-waved and well-defined diffusion-limited current plateaus were observed. 

Figure 47b presents the K–L plots for Pd54Pt46-catalyst. The value of n was 
close to four for all the PdPt catalysts studied (inset of Fig. 47b). This is in 
agreement with previous studies of O2 reduction on Pd and Pt catalysts in acid 
media [I, 103, 116, 117, 148]. 

For better comparison of the RDE results the j-E curves of ORR recorded at 
1900 rpm are shown in Fig. 47c. Half-wave potentials of oxygen reduction for 
all the alloyed catalysts were higher than that of Pd nanocubes and were 
comparable to that of cubic PtNPs (Table 12). The onset potential for Pd36Pt64 
was the highest. 

Tafel plots were constructed from the RDE data on O2 reduction at 1900 rpm 
as shown in Fig. 47d. Two regions with distinct slope values were observed 
(Table 12). In the low overpotential region the slope was close to −60 mV and 
the rate-determining step of oxygen reduction on oxide-covered PdPt alloys is 
the first electron transfer. At high overpotentials the Tafel slope value was over 
−130 mV, which is slightly higher than that reported for Pd and Pt electrodes in 
early work [9, 116]. Similar slope values have been found for different Pd- and 
Pt-based catalysts [I, V, 102, 103, 117]. 
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Figure 47. (a) RDE voltammetry curves for O2 reduction on Pd54Pt46 alloy nanocubes in 
O2-saturated 0.5 M H2SO4 (ν = 10 mV s–1), (b) K–L plots for ORR in 0.5 M H2SO4 
(inset shows the potential dependence of n), (c) comparison of the RDE results for the 
ORR (ν = 10 mV s–1, ω = 1900 rpm) and (d) Tafel plots for ORR in 0.5 M H2SO4  
(ω = 1900 rpm). Current densities are normalised to the geometric area of GC. 
 
The specific activity of O2 reduction at 0.9 V are given in Table 12. The SA 
value of Pd36Pt64 was higher than that of Pd nanocubes, but still lower than that 
of Pt nanocubes. Hoshi et al. have shown that a Pt monolayer on Pd(100) 
decreases the activity [290]. On the other hand Pd–Pt nanodendrites with 85% 
of Pt had higher activity than that of Pt/C [145]. In this work the largest Pt 
content was 64% and it can be observed that SA starts to increase, but still does 
not surpass that of Pt nanocubes. It has been suggested that with higher Pt 
content the O2 adsorption is more favourable and thus increases the ORR 
activity [145]. Apparently, the lower activity of PdPt nanocubes is related to a 
decrease in the number of dual Pt–Pt sites as compared to monometallic Pt 
particles. Another reason for lower SA value of PdPt nanocubes might be the 
adsorption of anions on the metal that is competing with O2 adsorption. 
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Table 12. Kinetic parameters for oxygen reduction on PdPt nanocubes, cubic Pd and 
cubic Pt in O2-saturated 0.5 M H2SO4, ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 

Tafel slope 
(mV) 

I region* 

Tafel slope 
(mV) 

II region* 
E1/2 (V) 

SA at 0.90 V 
(mA cm–2) 

Pd36Pt64 0.99 –62 –151 0.83 0.089 

Pd54Pt46 0.89 –62 –152 0.81 0.072 

Pd72Pt28 0.45 –66 –136 0.79 0.086 

Cubic Pd 0.46 –64 –134 0.73 0.078 

Cubic Pt 0.75 –58 –142 0.84 0.113 

* Region I corresponds to low current densities and Region II to high current densities. 
 
Typical RDE voltammetry curves for O2 electroreduction on Pd54Pt46 nanocubes 
in 0.1 M HClO4 are demonstrated in Fig. 48a. The ORR polarisation curves 
showing a single reduction wave were in evidence for all the electrocatalysts 
studied in the present work. 

From the K-L slopes the value of n was calculated, which was close to four 
over the whole range of potentials for all the electrocatalysts studied (see inset 
in Fig. 48b). This suggests that the main product of the ORR is water and only 
little peroxide is formed. On hollow Pd-Pt nanostructures using the rotating 
ring-disk electrode method the H2O2 yield was found to be <0.15% [151]. The 
4e– pathway of O2 electroreduction on Pd and Pt electrocatalysts in acid media 
has been also confirmed in earlier studies [158, 163, 291, 292]. 

A comparison of the RDE results in perchloric acid at 1900 rpm is shown in 
Fig. 48c. Pd36Pt64 had the highest half-wave potential from the alloys; its E1/2 
value was comparable with that of pure Pt nanocubes (Table 13). Similar E1/2 
values have been also found for PdPt nanodendrites [146, 163]. GC electrodes 
modified with Pd54Pt46 and Pd72Pt28 nanocubes had the lowest E1/2 (0.83 and 
0.84 V, respectively), which were similar to that of cubic Pd nanoparticles 
(E1/2 = 0.84 V). Although Pd(100) is recognised to be the most active single-
crystal facet for ORR in 0.1 M HClO4 solution [100], the alloy nanocubes with 
more than 50% Pd had lower electrocatalytic activity towards O2 reduction. The 
reason for this observation might be that there are more Pd(110) or Pd(111) 
sites, which are less electrocatalytically active for ORR than Pd(100), available 
on the surfaces of Pd54Pt46 and Pd72Pt28 nanocubes as Fig. 45 suggests. Similar 
results were found also by Zhang et al., who demonstrated that Pd-Pt bimetallic 
nanocrystals had lower O2 reduction activity than commercial Pt/C catalyst 
[152]. 
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Figure 48. (a) RDE voltammetry curves for oxygen reduction on Pd54Pt46 alloy 
nanocubes in O2-saturated 0.1 M HClO4 (ν = 10 mV s−1), (b) K–L plots for ORR in 
0.1 M HClO4 (inset shows the potential dependence of n). (c) Comparison of the RDE 
results for O2 reduction on PdPt, Pd and Pt nanocubes in O2-saturated 0.1 M HClO4 
(ν = 10 mV s−1, ω = 1900 rpm). (d) Tafel plots for ORR in 0.1 M HClO4 (ω = 1900 rpm). 
Current densities are normalised to the geometric area of GC. 
 
It has been reported that the addition of defects leads to a remarkable 
diminution of the electrocatalytic activity for ORR on Pt(111) surfaces [13, 
209], but there is still lack of knowledge about the role of defects on Pt(100) 
facets [14]. Quan et al. have observed that the specific activity towards the O2 
reduction reaction on (720)-bounded Pt concave nanocubes was greater than 
that of low-indexed Pt nanocubes with similar size [293]. Ma et al. studied the 
ORR on Pt multicubes and Pt multipods [294]. They found that Pt multicubes 
are surrounded largely by (100) facets, in contrast to the Pt multipods, which 
have high-index facets, but still exhibit an increased E1/2 value (0.955 and 
0.957 V for Pt multicubes and Pt multipods, respectively) and high specific 
activities (0.729 mA cm–2 for multicubes and 0.924 mA cm–2 for multipods). In 
case of Pd concave nanocubes with (730) high-index facets, it has been found 
that these exhibit enhanced electrocatalytic activity for formic acid oxidation 
compared to that of conventional Pd nanocubes enclosed by (100) low-index 
facets [295]. It is still not clear how the high-index facets affect the ORR 
activity of Pd single crystal basal planes. 
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Tafel plots were derived from the RDE data of O2 reduction (shown in Fig. 
48c) and two Tafel regions with different slope value were observed (Fig. 48d). 
In the potential region of low current densities the Tafel slope is close to –
60 mV dec–1 and in the region of higher current densities the slope values 
increase over –120 mV dec–1. These Tafel slopes are characteristic to both of 
the noble metal electrocatalysts studied, Pd and Pt, and the change in the slope 
is associated with the potential-dependent coverage of oxygen-containing 
species that inhibit the adsorption of O2 [96]. For ORR the main barrier for the 
rate-determining step was identified as the structure-sensitive adsorption of OH 
species and its inhibiting effect on O2 adsorption [296]. For pure Pt electro-
catalysts Pt–OH is easily formed on the surface of platinum, thus lowering the 
ORR activity [175]. In comparison with that of pure Pt, the addition of 
palladium into the Pd-Pt catalysts showed that the degree of Pt–OH appeared on 
the surface of Pd@Pt is decreased and therefore enhances the activity of O2 
reduction. Similar observation of low OHad coverage on the surface of Pt-on-Pd 
has been made by Peng and Yang [297]. The electrocatalytic ORR activity of 
the hetero-nanostructures increased nearly two times. 

The specific activities for O2 reduction were also calculated in 0.1 M HClO4 
solution. The SA values were determined using Eq. (11) and are added to 
Table 13. In perchloric acid, the specific activities at 0.9 V vs. RHE were lower 
as compared to those in alkaline solution and the order of the SA values for 
PdPt alloy nanocubes in 0.1 M HClO4 is adverse to that in 0.1 M KOH. In 
perchloric acid Pd36Pt64 nanocubes demonstrated the highest SA value 
(0.408 mA cm–2) from the alloyed catalysts and it was comparable to that of 
pure Pt nanocubes (0.416 mA cm–2). This nanoalloy with highest Pt content 
exhibited good ORR activity also in sulphuric acid. 
 
Table 13. Kinetic parameters for oxygen reduction on PdPt-nanocubes, cubic Pd and 
cubic Pt in O2-saturated 0.1 M HClO4, ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 
E1/2 (V) 

Tafel slope 
(V) 

I region* 

Tafel slope 
(V) 

II region* 

SA at 0.9 V 
(mA cm–2) 

Pd36Pt64 0.61 –0.062 –0.128 0.88 0.408 

Pd54Pt46 0.59 –0.059 –0.126 0.83 0.241 

Pd72Pt28 0.65 –0.060 –0.128 0.84 0.216 

Cubic Pd 0.41 –0.059 –0.121 0.84 0.249 

Cubic Pt 0.73 –0.063 –0.124 0.89 0.416 

* Region I corresponds to low current densities and Region II to high current densities. 
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The O2 reduction reaction on cubic PdPt nanoalloys was also explored in  
O2-saturated 0.1 M KOH solution using the RDE technique. Fig. 49a presents 
characteristic current density-potential curves for the Pd54Pt46-catalyst. Single-
wave ORR polarisation curves with well-developed diffusion-limited current 
plateaus were noticed for all the PdPt electrocatalysts studied. 

The Koutecky-Levich analysis results for Pd54Pt46 alloy nanocube-modified 
electrode in alkaline media are presented in Fig. 49b. Linear K-L plots were 
acquired from the RDE data. The n value was found from the slope of the K-L 
lines and it was close to four for all the electrodes studied (inset to Fig. 49b). 
The 4-electron O2 reduction pathway on Pd and Pt catalysts in alkaline media 
has been also obtained in previous studies [II, V, 47, 117, 162, 172, 207], 
however, it has been suggested that on Pt-group metals the ORR proceeds partly 
via 2-electron pathway [106]. Lee et al. suggested that the ORR kinetic 
properties on Pt-coated Pd nanocubes are better than on Pt nanoparticles and as 
a result the production of HO2

– is lower [172]. 
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Figure 49. (a) RDE voltammetry curves for oxygen reduction on Pd54Pt46 alloy 
nanocubes in O2-saturated 0.1 M KOH (ν = 10 mV s−1), (b) K–L plots for ORR in 
0.1 M KOH (inset shows the potential dependence of n). (c) Comparison of the RDE 
results for O2 reduction on PdPt, Pd and Pt nanocubes in O2-saturated 0.1 M KOH 
(ν = 10 mV s−1, ω = 1900 rpm) and (d) Tafel plots for ORR in 0.1 M KOH 
(ω = 1900 rpm). Current densities are normalised to the geometric area of GC. 
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A direct comparison of the RDE results of O2 reduction recorded at 1900 rpm is 
presented in Fig. 49c. It can be seen that all the cubic-shaped nanocatalysts 
show similar electrochemical ORR behaviour displaying two distinct regions of 
mass-transfer (below 0.7 V) and mixed kinetic-diffusion control in the potential 
range between 0.7 and 1.0 V. The half-wave potential values for all the catalysts 
are listed in Table 14. Pd36Pt64 and pure Pt nanocubes had slightly lower E1/2 for 
O2 reduction than the other catalysts in this study. Lower electrocatalytic 
activity could be explained by higher Pt(100) content, which is the least active 
facet for ORR in alkaline media [8]. 

Tafel plots (Fig. 49d) were constructed using the RDE data (shown in 
Fig. 49c) of O2 reduction at 1900 rpm. Two characteristic regions in Tafel plots 
with distinct slope values were found. At low current densities the slope value 
was approximately –60 mV and at higher current densities the slope increased 
to –120 mV. Similar Tafel behaviour for O2 reduction has been reported in 
earlier works [II, 102]. 
 
Table 14. Kinetic parameters for oxygen reduction on PdPt nanocubes, cubic Pd and 
cubic Pt in O2-saturated 0.1 M KOH, ω = 1900 rpm. 

Electrode 
Ar 

(cm2) 
E1/2 (V) 

Tafel slope 
(V) 

I region* 

Tafel slope 
(V) 

II region* 

SA at 0.9 V 
(mA cm–2) 

Pd36Pt64 0.44 –0.059 –0.119 0.86 0.375 

Pd54Pt46 0.49 –0.059 –0.114 0.89 0.622 

Pd72Pt28 0.32 –0.060 –0.126 0.89 1.249 

Cubic Pd 0.52 –0.056 –0.122 0.89 0.607 

Cubic Pt 0.31 –0.061 –0.121 0.87 0.544 

* Region I corresponds to low current densities and Region II to high current densities. 
 
The SA values calculated at 0.9 V are reported in Table 14. Specific activity for 
PdPt alloy nanocubes increased with increasing Pd content. Interestingly, the 
SA values for Pd72Pt28 and Pd54Pt46 alloys are 1.249 and 0.622 mA cm–2, 
respectively. Thus, the SA for Pd72Pt28 is about 2-times higher than that 
obtained with pure Pd and Pt nanocubes (about 0.55–0.6 mA cm–2) indicating a 
bimetallic synergetic effect between Pd and Pt at this particular composition. In 
this regard, it has been found that an insignificant amount of Pt on top of the Pd 
nanotubes improves the ORR activity in alkaline media [298]. The enhancement 
of the specific and mass activities for ORR was attributed to electronic effects 
and higher surface area utilisation. 

It has been reported that Pd-Pt concave nanocubes exhibited high electro-
catalytic activity for O2 electroreduction [153]. Enhanced ORR activity was 
interpreted by higher Pt concentration on the surface of the Pd nanoparticles and 
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thus being precisely affected in the reaction and also the electronic synergy 
between Pt and Pd could lead to an increased ORR activity. It has been found 
for Pd-Pt core-shell systems that the Pd/Pt ratio has a major effect on the 
activity of O2 reduction reaction [175]. Compared to pure palladium, Pt is more 
active. With the increase of the Pt/Pd molar ratio, more Pt nanoclusters were 
formed on the surface of Pd nanocubes, resulting in the enhanced electro-
catalytic activity. Liu et al. studied the ORR electrocatalytic activity of conven-
tional PdPt alloy nanoparticles and compared their specific activity with that of 
Pd(core)-Pt(shell) and Pt/C catalysts [166]. It was found that in 0.1 M HClO4 
solution the SA for PdPt nanoalloys increased with the increased Pt/Pd ratio. 
The SA values for O2 reduction of PdPt alloy nanocrystals were even higher 
with those of Pd-Pt core-shell catalysts. The electrocatalytic trends observed in 
the present work in HClO4 are in good agreement with those reported for 
conventional PdPt alloy nanoparticles by Liu et al. [166]. These observations 
suggest that alloy formation between Pd and Pt may have a large role for the 
specific activities observed in the present work. 
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7. SUMMARY 

The electroreduction of oxygen on platinum and palladium based nanocom-
posites was studied in acidic and alkaline media employing the rotating disk 
electrode technique. For the preparation of nanostructured platinum and pal-
ladium catalysts chemical and physical methods were used. For anchoring Pt 
and Pd nanoparticles to MWCNT surface magnetron sputtering was employed. 
Metal nanoparticles were supported on nitrogen-doped graphene by chemical 
reduction of metal salt using either sodium borohydride or ethylene glycol as 
reducing agents. Shape-controlled Pt nanoparticles were synthesised in the 
presence of oleylamine/oleic acid and then supported on Vulcan carbon. PdPt 
nanocubes were prepared in the presence of polyvinylpyrrolidone. 

The oxygen reduction studies on magnetron-sputtered PtNP supported on 
MWCNT with three different Pt layer thicknesses were carried out in 0.5 M H2SO4 
and 0.1 M KOH solutions [I]. The PtNP/MWCNT electrodes exhibited a higher 
electrocatalytic activity for the four-electron reduction of oxygen than bulk Pt 
electrodes. Tafel analysis revealed that the mechanism of the ORR is the same 
for the prepared nanocomposites and bulk materials. 

In the next part, Pt-TiO2/MWCNT nanocomposites were employed as electro-
catalysts for ORR [II]. Incorporating TiO2 into the structure of fuel cell catalyst 
supports could improve the electrocatalytic activity of Pt nanoparticles towards 
the ORR. The specific activity of Pt–TiO2/MWCNT catalysts for oxygen 
reduction was slightly higher than that of commercial Pt/C in acid media. The 
prepared composite materials showed also a substantial electrocatalytic activity 
for ORR in alkaline solution. 

The reduction of oxygen was also studied on Pt/NG nanomaterials and their 
ORR kinetics were compared to that of commercial Pt/C catalyst [III]. In acidic 
solution, 20 wt% Pt/NG catalyst prepared by borohydride reduction showed the 
highest specific activity for O2 reduction from all the Pt/NG materials studied. 
Pt/NG nanomaterials exhibited excellent electrocatalytic activity in alkaline 
media and their half-wave potentials were similar to that of commercial Pt/C 
catalyst. 

Loading effect of carbon-supported Pt nanocubes on oxygen electro-
reduction was explored in acidic and alkaline media [IV]. Cyclic voltammetry 
experiments showed characteristic hydrogen adsorption/desorption peaks of 
Pt(100) facets in all three electrolytes studied. The RDE measurements showed 
increased overall ORR electrocatalytic activity with increasing Pt content in the 
catalyst. The specific and mass activities were found to be constant for all the Pt 
loadings studied, indicating that these are independent of the amount of Pt 
dispersed on the carbon support. 

The electrochemical reduction of oxygen on Pd nanoparticle/multi-walled 
carbon nanotube composites prepared by magnetron sputtering has been studied 
in acid and alkaline solution [V]. In 0.5 M H2SO4 solution the specific activity 
of PdNP/MWCNT catalysts was slightly lower than that of bulk Pd, it is due to 
different surface morphology and size of Pd nanoparticles. In 0.1 M KOH 
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solution the specific activities were comparable. Magnetron-sputtered catalysts 
heat-treated at three different temperatures (300–500 °C) [VI] showed similar 
electrocatalytic behaviour to bulk Pd. The PdNP/MWCNT composite annealed 
at 500 °C is the most active catalyst for the four-electron reduction of O2. 

The ORR kinetics was evaluated for Pd/NG electrocatalysts [VII]. The TEM 
images showed the uniform distribution of Pd nanoparticles over the N-doped 
graphene nanosheets. The RDE results indicated that Pd/NG catalysts possess a 
high electrocatalytic activity towards the ORR. The prepared materials catalyse 
a 4-electron reduction of oxygen. The Tafel behaviour of O2 reduction on 
Pd/NG catalysts was similar to that of bare Pd. The Pd/NG composite showed 
excellent ORR performance in alkaline media and is a promising material to be 
used as a cathode catalyst for alkaline membrane fuel cells. 

The electrochemical kinetic behaviour of the ORR on PdPt alloy nanocubes 
of various compositions was investigated in 0.5 M H2SO4, 0.1 M HClO4 and 
0.1 M KOH solutions [VIII, IX]. All the alloyed catalysts showed enhanced 
electrocatalytic activity for ORR as compared to the monometallic cubic Pd 
nanoparticles. In sulphuric acid, half-wave potential values for PdPt catalysts 
were comparable with that of Pt nanocubes. In acid media, Pd36Pt64 showed the 
highest specific activity for ORR from the alloyed catalysts studied, but this 
activity was similar to that found with Pt and Pd nanocubes. However, in 
alkaline solution, the SA value for Pd72Pt28 was about two times higher than that 
of Pd and Pt nanocubes. 

In summary, all the catalyst materials studied exhibited enhanced oxygen 
reduction activity and good stability. The reduction of oxygen on all the 
platinum and palladium based nanocomposites proceeds via 4-electron pathway. 
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9. SUMMARY IN ESTONIAN 

Hapniku elektrokeemiline redutseerumine plaatina- ja 
pallaadiumipõhistel katalüsaatoritel 

Doktoritöö eesmärk oli uurida hapniku elektrokeemilist redutseerumist plaatina- 
ja pallaadiumipõhistel komposiitmaterjalidel nii happelises kui ka leeliselises 
keskkonnas, kasutades pöörleva ketaselektroodi meetodit. 

Nanostruktuursete plaatina- ja pallaadiumkatalüsaatorite valmistamiseks 
kasutati nii keemilisi kui ka füüsikalisi meetodeid. Pt ja Pd nanoosakeste 
mitmeseinalistele süsiniknanotorudele kandmiseks kasutati magnetrontolmusta-
mise meetodit. Metalli nanoosakesed seoti lämmastikuga dopeeritud grafeeni 
nanoliistakutele metallisoola keemilisel redutseerimisel, kasutades redutseeri-
jatena kas naatrium tetrahüdridoboraati või etüleenglükooli. Etteantud kujuga Pt 
nanoosakesed sünteesiti oleüülamiini/oleiinhappe ning PdPt sulami nanokuubid 
polüvinüülpürrolidooni juuresolekul. 

Hapniku redutseerumisreaktsiooni uuriti magnetrontolmustamisel valmistatud 
erinevate nominaalse Pt-kihi paksustega PtNP/MWCNT katalüsaatormater-
jalidel 0,5 M H2SO4 ja 0,1 M KOH-i lahustes [I]. PtNP/MWCNT elektroodid 
näitasid kõrgemat elektrokatalüütilist aktiivsust 4-elektroniliseks hapniku 
redutseerumiseks kui kompaktne Pt-elektrood. Tafeli analüüs näitas, et hapniku 
redutseerumise mehhanism nii PtNP/MWCNT komposiitidel kui ka kompaktsel 
Pt-elektroodil oli sama. 

Järgnevalt testiti Pt-TiO2/MWCNT nanomaterjale kui O2 redutseerumise 
elektrokatalüsaatoreid [II]. Pt-TiO2/MWCNT materjalide eriaktiivsus oli 
happelises keskkonnas veidi kõrgem kui kommertsiaalsel Pt/C materjalil. Ka 
leeliselises lahuses näitasid valmistatud nanokomposiidid oluliselt kõrgemat 
aktiivsust O2 redutseerumisel. 

Hapniku elektrokeemilist redutseerumist uuriti ka plaatina nanoosakestest ja 
lämmastikuga-dopeeritud grafeeni nanoliistakutest koosnevatel komposiitidel 
ning nende kineetilisi parameetreid võrreldi kommertsiaalse Pt/C katalüsaa-
toriga [III]. 0,5 M H2SO4 lahuses näitas kõige kõrgemat hapniku redutseerumise 
eriaktiivsust 20% Pt/NG materjal, mis oli valmistatud NaBH4-ga redutseeru-
misel. Pt/NG nanokomposiitidel oli suurepärane elektrokatalüütiline aktiivsus 
ka leeliselises lahuses ning nende poollainepotentsiaalid olid sarnased Pt/C 
katalüsaatoriga. 

Plaatina sisalduse mõju hapniku redutseerumisele analüüsiti suurepinnalisele 
süsinikkandjale seondatud plaatina nanokuupidel [IV]. Tsüklilise voltampero-
meetria eksperimendid kinnitasid Pt(100) tahkude olemasolu ning kõigis kolmes 
uuritud lahuses olid nähtavad Pt(100) iseloomulikud vesiniku adsorptsiooni/ 
desorptsiooni piigid. Pöörleva ketaselektroodi mõõtmistest selgus, et Pt-sisal-
duse kasvuga kasvab ka üleüldine hapniku redutseerumise aktiivsus. Eriaktiiv-
sused ning massaktiivsused olid konstantsed kõigi Pt-sisalduste korral, seega ei 
ole eriaktiivsus ega massaktiivsus sõltuvad Pt kogusest Pt/C katalüsaatoris. 



119 

Hapniku redutseerumisest uuriti magnetrontolmustamisel valmistatud pallaa-
diumi nanoosakestest ning mitmeseinalistest süsiniknanotorudest koosnevatel 
nanomaterjalidel 0,5 M H2SO4 ja 0,1 M KOH-i lahustes [V]. Happelises kesk-
konnas jäi PdNP/MWCNT elektroodide eriaktiivsus madalamaks kui kompaktsel 
Pd-elektroodil, mis võib olla põhjustatud erinevast Pd osakeste pinna morfo-
loogiast ning suurusest. 0,1 M KOH-i lahuses oli uuritud komposiitmaterjalide 
aktiivsus võrreldav kompaktse Pd omaga. PdNP/MWCNT materjalide kuum-
töötlemisel kasutati kolme eri temperatuuri (300–500 °C) [VI]. Need elekt-
roodid käitusid sarnaselt kompaktse Pd-elektroodiga. Kõrgeimat elektrokata-
lüütilist aktiivsust näitas 500 °C juures töödeldud PdNP/MWCNT materjal. 

O2 redutseerumise kineetilised parameetrid määrati ka Pd nanoosakestest 
ning N-dopeeritud grafeenist koosnevatele katalüsaatoritele [VII]. Läbistus-
elektronmikroskoobiga saadud kujutistelt oli näha Pt nanoosakeste ühtlane 
jaotumine süsinikmaterjalile. Pöörleva ketaselektroodi tulemused näitasid, et 
Pd/NG katalüsaatoritel on kõrge elektrokatalüütiline aktiivsus ning hapniku 
redutseerumine toimub nelja-elektronilise protsessina. Tafeli analüüsist selgus, 
et O2 redutseerumisreaktsiooni mehhanism Pd/NG katalüsaatoritel ja kompaktsel 
Pd-elektroodil on sama. Pd/NG materjal näitas kõrget elektrokatalüütilist aktiiv-
sust leeliselises lahuses ning võib olla potentsiaalne katoodimaterjal anioon-
vahetusmembraaniga kütuseelemendis. 

Töö viimases osas uuriti erineva koostisega PdPt sulami nanokuupide O2 
elektroredutseerumise kineetilisi omadusi 0,5 M H2SO4, 0,1 M HClO4 ja 0,1 M 
KOH-i lahustes [VIII, IX]. Valmistatud sulamite elektrokatalüütiline aktiivsus 
oli kõrgem kui monometallilistel Pd nanokuupidel. Väävelhappe lahuses olid 
PdPt nanokuupide poollainepotentsiaalid võrreldavad kuubikujuliste Pt nano-
osakeste omaga. Happelises keskkonnas oli sulamil Pd36Pt64 kõrgeim eriak-
tiivsus, mis oli sarnane Pd ja Pt nanokuupidel saadud hapniku redutseerumise 
eriaktiivsusega. Kuid leeliselises keskkonnas oli Pd72Pt28 eriaktiivsus kaks korda 
suurem kui monometallilistel Pd ja Pt nanokuupidel. 

Kokkuvõtteks näitasid kõik uuritud materjalid O2 redutseerumisel kõrget 
elektrokatalüütilist aktiivsust ning stabiilsust. Hapniku redutseerumine toimus 
kõigil elektroodidel neljaelektronilise protsessina. 
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