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Abstract 

Research on the degradation of platinum (Pt) and nickel (Ni) materials is of high importance to 

the fuel cell and electrolyser technologies, because their degradation translates into irreversible 

materials loss and deterioration of these energy systems’ performance.  Polycrystalline platinum 

(Pt(poly)) serves as a model system, and experimental studies using Pt(poly) create important 

background knowledge that will facilitate the identification and quantification of phenomena 

unique to the nanoscopic Pt-based electrocatalysts.  In the thesis, I present original results on the 

preparation, characterization, catalytic activity and corrosion behaviour of bulk Pt and 

nanoscopic Pt, PtNi, PtCo and Ni(OH)2 materials.  I studied the electrochemical and corrosion 

behaviour of Pt(poly) in acidic media saturated with N2(g), O2(g) or H2(g).  I analyzed the 

influence of the potential scan rate (s) (1.00–50.0 mV s
−1

 range) on the cyclic-voltammetry (CV) 

behaviour of Pt(poly).  The results indicated that the Pt surface oxide reveals catalytic duality 

and acts both as an inhibitor and a catalyst in the oxygen reduction and hydrogen oxidation 

reactions (ORR and HOR).  I also analyzed the influence of the value of s (0.10–1.00 mV s
−1

 

range) on the polarization behaviour of Pt(poly) in anodic and cathodic directions.  The results 

demonstrated that the corrosion data obtained at s = 0.10 mV s
−1

 are the most representative of 

the corrosion of Pt(poly).  I employed a similar methodology to study the electrochemical and 

corrosion behaviour of the Pt-base nanocatalysts.  Nanocatalysts were synthesized using the 

“water-in-oil” microemulsion method.  X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) were employed to examine their average size, shape, and size distribution; 

they were determined to be spherical with a fine average size and a narrow size distribution.  

Thermo-gravimetric analysis (TGA) measurements were carried out to evaluate the metal 

loading, which was very close to the predetermined target values.  Surface oxide formation and 
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reduction were examined using in-situ confocal Raman spectroscopy.  A comparison of the 

corrosion data (obtained by performing polarization experiments) demonstrated that 

nanocatalysts do not corrode in the presence of H2(g), corrode slightly in the presence of N2(g), 

and corrode severely in the presence of O2(g). 
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Chapter 1 

Introduction 

 

1.1 General introduction to electrocatalysis   

Electrochemistry is a branch of physical chemistry that focuses on the chemical reactions 

involving transfer of electrons at the interface of an electrode and an electrolyte.  Thus, 

electrochemistry deals with spontaneously occurring chemical reactions that release 

(consume) electrons, the so-called galvanic cells, and non-spontaneous chemical 

reactions that are driven (stimulated) through an external supply (consumption) of 

electrons, the so-called electrolytic cells.  Thus, one can think of electrochemical systems 

as systems that convert chemical energy into electrical energy or vice versa.  There are 

two types of electrochemical reactions taking place at the interface between an electrode 

and an electrolyte: namely, anodic and cathodic processes.  An anodic process refers to a 

process in which the electrode or the species within the electrolyte undergo oxidation 

through the loss of electrons; conversely in a cathodic one, reduction takes place through 

the gain of electrons.  The kinetics of these electrochemical reactions can be increased by 

using an electrocatalyst, which is a substance (generally used as a solid electrode) that 

increases the rate of an electrochemical reaction without being consumed during the 

process.  This generally takes place by increasing the rate constant of the reaction, which 

brings about an increase in its faradaic current
1-5

.  An electrode is considered as a good 

electrocatalyst for a reaction if it shows a good electrocatalytic activity towards that 

reaction with a high selectivity towards a desired reaction product and a good tolerance to 
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the presence of side species.  This is achieved when the electrocatalyst facilitates the 

reaction with a high exchange current density and a small Tafel slope.  The performance 

of a poor electrocatalysts is just the opposite behaviour.  The electrochemical behaviours 

of a good and a poor electrocatalyst are illustrated in Figure 1.1
6
.  

 

Figure 1.1 Visual representation of Tafel polarization plots (overpotential (η) vs. log of 

current density (log (|j|)) for an anodic electrochemical process.  The dark red dashed-line 

corresponds to a poor electrocatalyst, and the dark blue dashed-line corresponds to a good 

electrocatalyst
6
.  

 

Platinum-group metals (PGMs) have received a tremendous amount of interest as 

electrocatalysts in developing clean and sustainable electrochemical energy systems, such 

as fuel cells and water electrolysers, due to their high catalytic activity.  Among PGMs, 

platinum (Pt) provides the highest activity towards both the hydrogen evolution and 

oxidation reactions (HER, HOR) as well as the oxygen evolution and reduction reactions 

(OER, ORR).  A comparison of electrocatalytic activity of different materials towards the 
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HER and ORR is achieved through the analysis of volcano plots.  The volcano plot is a 

plot of a logarithm of the exchange current density of a material towards a given reaction 

(log (|jo|)) versus the surface bond energy of the metal–species bond (EM–S, where S is H 

or O) or versus the standard Gibbs energy of the adsorption of the species (adsG(S)).  

Figures 1.2 and 1.3 present volcano plots for the HER and ORR, respectively.  These two 

plots reveal that the PGMs have the highest activity towards these reactions; thus, they 

are the best electrocatalysts for fuel cells and water electrolysers.  Moreover, PGMs have 

great mechanical stability and high corrosion resistance in various electrolytes over a 

wide range of pH and potential values
7-15

. 

 

 

 

Figure 1.2 Volcano plot of exchange current density (log (j0)) for the hydrogen evolution 

reaction as a function of DFT-calculated Gibbs free energy (∆GH*) for adsorbed atomic 

hydrogen on pure metals
16

.   
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Figure 1.3 Trends in oxygen reduction reaction activity as a function of the oxygen 

binding energy
17

.   

 

1.2 Development of nano-electrocatalysts and water-in-oil microemulsion method  

The continual increase in research and development in the field of nano-

electrocatlysts is due to their remarkable behaviour, which arises from their nanoscopic 

sizes and the associated large specific surface area.  Several methods have been 

developed to prepare nanomaterials, such as the gas-evaporation sputtering, hydrothermal 

method, sol-gel method, colloidal methods, etc
18-19

.  Among these, the water-in-oil 

microemulsion method presents the advantages of its simplicity and applicability to 

different metallic materials.  Water-in-oil microemulsions are composed of an aqueous 

phase dispersed in a continuous oil (n-heptane) phase.  The aqueous phase acts as a 

micro-reactor, in which the formation of nanoparticles takes place through reduction of 

metallic cations present in this phase.  Sodium borohydride (NaBH4) and hydrazine 

(N2H4) are the most common reducing agents that are used to reduce the metallic cations 

to metallic nanoparticles.  Typically, the reduction occurs in each micro-reactor with 
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inter-micellar exchanges involved; thus, the size of the micro-reactor and the amount of 

the metallic cations therein determine the resultant nanoparticles size.  Surfactants are 

added to stabilize the dispersion of the aqueous phase in the oil phase and to lower the 

energy at the water/oil interface.  Poly(ethylene glycol) dodecyl ethers, such as Brij
®
30, 

are common surfactants that are employed in this synthesis method.  It is important to 

emphasize that without using suitable surfactants, the dispersion of the aqueous phase in 

the continuous oil phase would not be stable.  Surfactants also minimize agglomeration 

(adhesion of particles through weak physical interactions) after the reduction process by 

forming a stable colloid, and any further aggregation (sintering of several agglomerated 

nanoparticles into a larger particle) during the thermal treatment in the cleaning step.  

Thus, the application of suitable surfactants facilitates the production of nanoparticles 

having a small size
18-21

.  

 

1.3 Platinum-based nanocatalysts applicable to fuel cell technology  

A fuel cell operates similarly to a galvanic cell except that the reactants are supplied 

continuously from the outside and are not stored within the cell, as in the case of regular 

rechargeable batteries.  Hydrogen gas is supplied to the anode compartment, where 

protons and electrons are produced as a result of the oxidation of H2.  The polymeric 

electrolyte (a proton exchange membrane, typically Nafion) transports the protons to the 

cathode compartment.  The produced electrons are transported through an external circuit 

and are used to produce electrical (non-expansion) work.  Oxygen gas is supplied to the 

cathode compartment.  The protons and electrons participate in the oxygen reduction 
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reaction that produces water and heat (thermal energy).  The anodic and cathodic half-cell 

reactions of hydrogen fuel cells are presented in equations 1.1 and 1.2
22-23

. 

   

The hydrogen oxidation reaction at the anode 

H2  g →2H+ aq +2e-                                                                                    1.1 

The oxygen reduction reaction at the cathode 

O2 g +4H+ aq +4e-→2H2O(l)                                                                     1.2 

The overall cell reaction is presented in equation 1.3.  

2H2 g +O2 g →2H2O(l)                                                                              1.3 

 

This overall process is exergonic and exothermic, which means that the Gibbs energy of 

the process is neagative (rG < 0) and the enthalpy is also negative (rH < 0)
22-23

. 

Carbon-supported platinum-based nanoparticles are generally employed as 

electrocatalysts in polymer electrolyte membrane fuel cells (PEMFCs).  Although they 

are very good electrode materials in terms of their activity towards the HOR and the 

ORR, their high-cost and low-abundance in nature hinder the commercial implementation 

of PEMFCs in electrical energy generation for transportation and other purposes.  There 

are a few different approaches that are employed to decrease the cost of these catalytic 

nanomaterials while maintaining their good performance.  One of these approaches is the 

reduction of Pt loading in the membrane electrode assemblies (MEAs) used in the 

cathode of PEMFCs.  This is generally accomplished through the use of alloys containing 

Pt and a non-noble transition metal.  Platinum-based alloys, which contain non-noble 

transition metals, such as Ni, Co, Fe, and Cu, have attracted substantial attention due to 
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lower starting costs and good catalytic activity.  Another challenge for the application of 

Pt-based nanocatalysts in PEMFCs technology is their slow, but unavoidable, corrosion, 

which translates into irreversible material losses and substantial deterioration of 

PEMFCs’ performance.  Hence, a study on the corrosion behaviour of Pt-based materials 

is of a high importance
21-27

. 

 

1.4 General introduction to corrosion  

Corrosion is the detrimental attack of chemical and/or electrochemical reactions on a 

material (usually metallic materials).  Some materials are more resistant to corrosion than 

others because in some cases corrosion is thermodynamically less favourable or is slow.  

Platinum is one of the metals that possesses excellent resistance against corrosion.  

However, Pt will still undergo corrosion when exposed to conditions that facilitate it.  

Corrosion of metals usually occurs through oxidation and/or dissolution processes.  

Corrosion may degrade the desired properties of materials, such as their mechanical 

strength, electronic properties through the formation of oxides, surface and near-surface 

region chemical composition, surface arrangement of atoms, appearance, just to mention 

a few.  Corrosion that forms cracks and voids can make metallic structures permeable to 

gases and liquids, which can have catastrophic consequences.  The understanding of 

corrosion of metallic materials is of high importance for many industries because 

corrosion causes plant shutdowns, failure of structures such as bridges, waste of valuable 

resources, loss or contamination of products, loss or decrease of efficiency, safety 

concerns, etc.  
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It is essential to understand the kinetics of the corrosion in order to evaluate the 

corrosion rate of metallic materials in the system under investigation.  The flux of 

electrons resulting from an electrochemical reaction can be measured as the reaction 

current density and represents the reaction rate.  According to the Butler-Volmer 

equation, anodic, cathodic and net current densities can be calculated.  Anodic and 

cathodic current densities are the current densities that flow as result of an anodic and a 

cathodic reaction, respectively.  The Butler-Volmer equation is presented in equation 

1.4
28-29

. 

 

𝑗 = 𝑗𝑜 𝑒
 1−𝛼 𝑓𝜂 − 𝑒−𝛼𝑓𝜂                                                                                1.4 

 

where, j is the net current density, jo is the exchange current density, α is the charge 

transfer coefficient, η is the overpotential (which is the deviation of the actual reaction 

potential (E’) from the potential at which j = 0 (E°); thus,  = E’ – E°), and f is a symbol 

used to simplify the Butler-Volmer equation that is defined in equation 1.5, 

 

𝑓 =
𝐹

𝑅𝑇
                                                                                                            1.5 

 

where F represents the Faraday constant (96,485 C mol
–1

), R is the universal gas constant 

(8.314 J mol
–1 

K
–1

), and T is the temperature in Kelvin.  At T = 298 K, f is equal to 38.92 

V
–1

.  According to the Butler-Volmer equation, the value of η determines the net current 

that flows at one electrode.  It is important to emphasize that according to the Butler-
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Volmer equation, the anodic and cathodic current densities can be calculated using 

equations 1.6 and 1.7, respectively. 

 

𝑗𝑎 = 𝑗𝑜  𝑒
 1−𝛼 𝑓𝜂                                                                                              1.6 

𝑗𝑐 = 𝑗𝑜  𝑒−𝛼𝑓𝜂                                                                                                  1.7 

 

When the value of η is small (less than 0.010 V), the Butler-Volmer equation can be 

simplified to equation 1.8. 

 

𝑗 = 𝑗𝑜𝑓𝜂 = 𝑗𝑜
𝐹𝜂

𝑅𝑇
                                                                                            1.8 

 

When the overpotential is positive, the current density is anodic (positive, according to 

convention) and when the overpotential is negative, the current density is cathodic 

(negative).  When the value of η is positive and large (> 0.120 V), then the anodic current 

density will be much greater than the cathodic current density; hence, the overall current 

density is expressed by equation 1.6 or 1.9; the latter is a logarithmic version of equation 

1.6.  When the value of η is negative and large (< –0.120 V), the cathodic process is 

dominant and the overall current density is expressed by equation 1.7 or 1.10, again, the 

latter is a logarithmic version of equation 1.7. 

 

ln 𝑗𝑎 = ln 𝑗𝑜 +  1 − 𝛼 𝑓𝜂                                                                              1.9 

ln −𝑗𝑐 = ln 𝑗𝑜 − 𝛼𝑓𝜂                                                                                   1.10 
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A plot of the current density versus overpotential is called a Tafel plot.  Due to their 

relative simplicity and ease of analysis, Tafel plots are used in the examination of 

electrochemical systems.  One application of Tafel plots is measurement of corrosion 

characteristics, such as the corrosion potential (Ecorr), and the corrosion current density 

(jcorr) that is a direct measure of the corrosion rate.  The Butler-Volmer equation can be 

employed to derive equation 1.11, which can be used to determine Icorr (the corrosion 

current) value.  In equation 1.11, jo is the exchange current density, E is the cell potential 

of the corrosion (redox) couple, 𝐴 is a mean of geometric surface areas of the anode and 

the cathode that have comparable surface areas, and it has been assumed that α = 0.50. 

 

𝐼𝑐𝑜𝑟𝑟 = 𝑗𝑜𝐴𝑒
𝑓𝐸

4                                                                                                1.11 

 

According to the Faraday law, there is a linear relationship between the corrosion rate 

and the corrosion current density, which is presented in equation 1.12.  In this equation, 

RM is the corrosion rate, generally expressed in cm s
–1

 (or mm year
–1

), M is the atomic 

weight of the corroded or dissolved metal, n is the number of exchanged electrons in the 

reaction, F is the Faraday constant, ρ is the density of the metal in g cm
–3

, and jcorr is the 

corrosion current density in A cm
–2

. 

 

𝑅𝑀 =
𝑀

𝑛𝐹𝜌
𝑗𝑐𝑜𝑟𝑟                                                                                                1.12 

 

Corrosion behaviour of the metallic electrodes can be experimentally examined using 

potentiodynamic polarization (PDP) measurements.  Potentiodynamic polarization at low 
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scan rates (s) generates polarization transients, which can be used to determine: (i) the 

corrosion potential (Ecorr) and corrosion current density (jcorr); (ii) cathodic and anodic 

activity potential ranges; (iii) Tafel slopes; (iv) active-passive transition (if applicable); 

and (v) the extent of passive region (if applicable).  Experimentally determined corrosion 

current densities can be converted into corrosion rates in a length unit per unit of time, as 

in equation 1.12.  Potentiodynamic polarization is a very useful experimental technique 

due to its relative simplicity, short response time, and straightforward analysis of results.  

Its combination with surface and materials characterization methods creates a powerful 

cross-disciplinary, multi-technique approach to study corrosion processes
28-32

.  

 

1.5 Platinum interactions with hydrogen and oxygen  

Under electrochemical conditions, Pt interacts with H and O, and the respective processes 

lead to H electro-adsorption and surface oxide formation.  Figure 1.4 shows a cyclic 

voltammetry (CV) profile for polycrystalline platinum (Pt (poly)) in the 0.05 V < E < 

1.40 V range obtained in 0.50 M aqueous H2SO4 solution at a potential scan rate of s = 50 

mV s
1

.  This CV profile reveals features due to the adsorption and desorption of the 

under-potential deposited H (HUPD) as well as the surface oxide formation and reduction.  

The respective half-cell reactions are demonstrated in equations 1.13 through 1.16
33-34

.  

The adsorption and desorption of HUPD occurs at potentials positive with respect to the 

standard potential of the H
+
/H2 redox couple (E(H

+
/H2)).  At negative potentials with 

respect to E(H
+
/H2), the adsorption of over-potential deposited H (HOPD) takes place 

(equation 1.14); the species acts as an intermediate in the HER.  
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at E > 0: Pt (s) + H3O
+
 (aq) + e

–
      Pt(s)–HUPD + H2O (l)                       1.13 

at E < 0: Pt (s) + H3O
+
 (aq) + e

–
      Pt(s)–HOPD + H2O (l)                       1.14 

at E < 0: Pt(s)–HOPD + H3O
+
 (aq) + e

–
      Pt(s) + H2 (g) + H2O (l)          1.15 

Pt(s) + H2O(l)      Pt(s)–O + 2H
+
(aq)                                                        1.16 

 

Figure 1.4 Cyclic voltammetry (CV) profile for polycrystalline platinum (Pt (poly)) in 

the 0.05 V < E < 1.40 V range, obtained in 0.50 M H2SO4 solution using the potential 

scan rate of s = 50 mV s
1

. 

 

Platinum is an excellent electrocatalyst for the electrochemical reactions taking place 

within PEMFCs.  However, some undesired electrochemical reactions also occur, such as 

degradation of the Pt nanoparticles.  The degradation of Pt involves either direct electro-

dissolution of Pt in the electrolyte or oxide formation in an anodic process.  Cathodic 

degradation is also thought to occur; however, its mechanism is not well-understood.  

Some of authors suggested that the cathodic electro-dissolution involves a Pt oxide.  The 

main Pt dissolution reactions are summarised below
8,26

.  
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Anodic electro-dissolution and oxidation of platinum  

 

Pt → Pt4+ + 4e−                                                                                            1.17 

 

Pt → Pt2+ + 2e−                                                                                            1.18 

 

Pt + 2H2O → PtO2 + 4H+ + 4e−                                                                  1.19 

 

Cathodic electro-dissolution and oxide reduction of platinum 

 

PtO2 + 4H+ + 2e− → Pt2+ + 2H2O                                                              1.20 

 

PtO2 + 4H+ + 4e− → Pt + 2H2O                                                                  1.21 

 

Chemical dissolution of platinum  

 

PtO2 + 4H+ → Pt4+ + 2H2O                                                                         1.22 

 

1.6 Non-precious metal electrocatalysts 

Among non-precious metal electrocatalysts, nickel electrode materials have received 

considerable attention and are applied in different industrial electrochemical processes 

and alkaline electrochemical technologies, such as alkaline water electrolyzers, alkaline 

fuel cells, electrosynthesis, electrodegradation, electroanalysis, etc.  Although Pt has a 

higher electrocatalytic activity towards the HER than Ni, Ni cathodes are often employed 

in alkaline industrial-scale water electrolysers due to their low cost.  Among Ni-based 

electrocatalysts, nickel hydroxide nanoparticles reveal a potential for application in 

electrochemical energy-storage devices, such as electrochemical supercapacitors and 

rechargeable alkaline batteries.  These possible applications are due to their properties, 

such as good stability in alkaline media, a large surface area, and a high-power capacity.  

They can be easily converted to nickel oxyhydroxide nanoparticles with good cyclability.  

They also exhibit promising electrocatalytic activity towards the oxidation of a range of 
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small organic compounds, especially methanol, ethanol, glycerol and glucose.  Thus, 

research on these materials is very essential and can advance electrochemical energy 

technologies
35-39

. 

1.5 Research objectives  

This PhD research project focuses on the stability and degradation of bulk and 

nanoscopic Pt electrocatalysts as well as nanoscopic Ni hydroxide nanoparticles 

(Ni(OH)2).  Because little is known about the corrosion behavior of Pt materials in 

aqueous acidic and alkaline media, the first part of the project deals with bulk 

polycrystalline Pt(poly) and the second part with Pt-based nanoparticles.  In this project, 

Pt(poly) serves as a model system because its stability and degradation does not depend 

on size and its surface comprises grains of different orientations plus grain boundaries.  

Thus, results obtained using Pt(poly) create essential background knowledge that will 

facilitate the identification and quantification of phenomena unique to the nanometric 

size and controlled shape of Pt-based electrocatalysts.  It is expected that the outcome of 

this research will help identify PEMFC operating conditions that mitigate Pt degradation; 

thus, it will result in an improvement of the long-term performance of PEMFCs.  There 

exists an opportunity for a scientific breakthrough of great importance to the rational 

design of active and stable Pt electrocatalysts for PEMFCs.  The research on the Ni(OH)2 

nanoparticles (Ni(OH)2-NPs) will help develop a new class of nanomaterials for possible 

applications in rechargeable alkaline batteries (e.g. nickel-metal hydride batteries) and 

electrochemical supercapacitors
37-38

.  

The thesis is based on five papers, one already published and four in the form of 

manuscripts submitted for publication; they are presented in the chapters two through six.  
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The chapter one serves as an introduction to electrochemistry and electrocatalysis of Pt 

and Ni materials.  

The chapter two reports results on the potentiodynamic behaviour of Pt(poly) in 0.5 M 

aqueous H2SO4 in the absence and presence of reactive gases (O2 and H2) at different 

potential scan rates in the s = 1.00–50.0 mV s
–1

 range.  This chapter also reports the 

catalytic duality of Pt(poly) surface oxides towards the ORR and HOR.  

The chapter three reports results on the corrosion behaviour of Pt(Poly) as examined 

employing the potentiodynamic polarization, with experiments conducted at very low 

potential scan rate values that are in the s = 0.10–1.00 mV s
–1

 range.   

The chapter four reports results on the synthesis and characterization of spherical 

platinum nanoparticles (Pt-NPs).  Their stability and corrosion behaviour is also 

discussed in detail.  

The chapter five reports results on the synthesis and characterization of spherical 

platinum-nickel and platinum-cobalt nanoparticles (PtNi- and PtCo-NPs).  The Pt-NPs 

are alloyed with transition metals (here Ni and Co) in order to improve their activity 

towards the ORR and HOR and to reduce their cost.  The stabilities and corrosion 

behaviours of PtNi- and PtCo-NPs are also discussed in details.  

The chapter six reports the results on the synthesis, characteriation, charge capacity and 

stability of -Ni(OH)2 nanoparticles in details.  

The chapter seven presents conclusions and proposes some future work.  
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Chapter 2 

Catalytic Duality of Platinum Surface Oxides in the Oxygen Reduction 

and Hydrogen Oxidation Reactions 

 

2.1 Introduction  

Polymer electrolyte membrane fuel cells (PEMFCs) are envisaged as an important part of 

the future hydrogen economy.  They are electrochemical systems that can generate 

electrical energy through the conversion of chemical energy without producing 

greenhouse gases.  Because personal vehicles are among the main producers of carbon 

dioxide and other gaseous pollutants (e.g. nitrogen oxides), PEMFCs are expected to be 

widely used for personal transportation.  Polymer electrolyte membrane fuel cells 

generate electrical energy by using hydrogen as a fuel and oxygen from air as an 

oxidant
1–5

.  They are environmentally friendly because the only reaction products other 

than electrical energy are water and heat.  In addition to being environmentally friendly 

and non-polluting, PEMFCs help reduce the societal dependence on limited petroleum 

supplies and fossil fuel resources.  They are energy-efficient and do not require 

recharging, as in the case of conventional batteries (e.g. lithium-ion batteries)
5–7

.  Most 

PEMFCs contain carbon-supported platinum nanoparticles (Pt-NPs) as electrocatalysts at 

which the hydrogen oxidation and oxygen reduction reactions (HOR and ORR, 

respectively) occur
8–19

.  Commercial PEMFCs employ either pure Pt-NPs or PtNi and 

PtCo nanoparticles due to their high electrocatalytic activity toward the HOR and ORR, 

high corrosion resistance in aqueous media over a broad range of pH and potential 
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values, and mechanical stability.  However, Pt-based materials are not completely 

inactive and can undergo chemical and electrochemical dissolution
20–29

.  

  Polycrystalline platinum (Pt(poly)) serves as a model system because its 

electrochemical behaviour does not depend on the electrode size and its surface 

comprises randomly oriented grains and grain boundaries.  Thus, results obtained using 

Pt(poly) electrodes create essential background knowledge that can then be employed to 

facilitate the identification and better understanding of phenomena unique to the 

nanometric size and controlled shape of nanoparticle electrocatalysts applied in fuel 

cells
29–33

.  The electrochemical behaviour of Pt-based electrocatalysts is frequently 

examined using cyclic-voltammetry (CV) because it allows one to: (i) examine the 

system’s cleanliness; (ii) determine the electrochemically active surface area (Aecsa); (iii) 

analyze the electrochemical adsorption of H (commonly referred to as the under-potential 

deposition of H, HUPD) as well as surface oxide formation and reduction; and (v) evaluate 

electrocatalytic activity toward the HOR and ORR.  Cyclic-voltammetry experiments are 

conducted at intermediate potential scan rates (s = 10–100 mV s
–1

) when using bulk Pt 

materials and when studying the adsorption of under-potential deposited H (HUPD) as well 

as surface oxide formation and reduction.  Low potential scan rates (s = 1.0–5.0 mV s
–1

) 

are typically employed when using Pt nanomaterials or when comparing the 

electrocatalytic activity of various Pt materials toward the HOR and ORR
19,33–37

.   

  The behaviour of Pt materials as examined using CV depends on the absence and 

presence of dissolved reactive gases, such as H2 and O2.  In the presence of a neutral gas 

such as N2 or Ar, CV profiles reveals well-defined features due to the adsorption and 

desorption of HUPD as well as surface oxide formation and reduction.  In the absence of 



 

22 

 

impurities the corresponding anodic and cathodic charge (Q) values agree, and the values 

of Q associated with the adsorption and desorption of HUPD are used to determine the 

electrode’s Aecsa.  However, trace amounts of O2 or H2 distort CV profiles making the 

determination of Aecsa difficult and in some cases almost impossible.  Other gases such as 

CO, strongly chemisorb effectively blocking surface adsorption sites that are normally 

occupied by HUPD.  The shape of CV profiles for Pt materials also depends on the initial 

potential and the scan direction.  For instance, if the initial potential is in the range of 

oxide formation, then the Pt surface is covered with an oxide layer and any simple 

organic compound that might be present on the electrode surface undergoes oxidative 

desorption.  On the other hand if the initial potential is in the region of HUPD adsorption-

desorption or double-layer charging, then the Pt surface can become blocked by 

uncontrollable impurities always present in ultra-trace amounts, even if electrolyte 

solutions are prepared using inorganic acids and water of the highest purity.  Thus, 

understanding of the CV behaviour of Pt materials requires control of the experimental 

conditions as well as good understanding of all the phenomena that can take place
38–39

.  

  In this contribution, we report new results on the CV behaviour of Pt(poly) in 

aqueous H2SO4 solution saturated with H2 or O2.  These reactive gases are selected in 

order to mimic some conditions encountered by Pt materials in operating PEMFCs.  The 

experimental work is conducted at different potential scan rate values and new CV 

features are analyzed in relation to the state (metallic or oxidized) of the electrode 

surface.  The results are compared to those obtained in aqueous H2SO4 solution outgassed 

using high-purity N2.  New and unexpected CV features arise due to synergetic effects 

observable in the potential range of Pt surface oxide formation and reduction.  It is 
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observed that Pt surface oxide gives rise to both inhibiting and catalytic effects, thus 

catalytic duality, in the oxygen reduction and hydrogen oxidation reactions.  

 

2.2 Experimental   

The experimental work was carried out in an all-glass, three-compartment 

electrochemical cell using well-established experimental procedures
40

.  The working 

electrode (WE) was in the form of Pt wire (0.50 mm dia., 99.95% in purity, Alfa Aesar) 

that was sealed in a pre-cleaned glass tube.  Its electrochemically active surface area 

(Aecsa) was determined by measuring the charge associate with the adsorption and 

desorption of HUPD; it was found to be Aecsa = 0.360 ± 0.005 cm
2
.
36

  The value of Aecsa 

was regularly verified and remained the same within the experimental uncertainty.  A 

platinum foil (0.10 mm in thickness, 99.99% in purity, Alfa Aesar) having a geometric 

surface area of Ageom = 6.66 cm
2
 served as a counter electrode (CE).  The reference 

electrode (RE) was a Pt/Pt black electrode placed in a separate compartment through 

which H2(g) (99.999% in purity, Praxair) at a pressure of 1.0 bar was purged.  It was 

immersed in the same electrolyte as that in the WE compartment and served as a 

reversible hydrogen electrode (RHE).  All potentials applied to the WE and reported here 

are reported with respect to the RHE.  The working electrode was placed within a few 

millimeters of the tip of a Luggin-Haber capillary that provided electrolytic contact 

between the WE and RE compartments.  Nitrogen gas (99.999% in purity, Praxair) was 

passed through the CE compartment to expel any gases that could be generated during 

experiments.  The same procedure was applied to the WE compartment prior to 

introducing O2 or H2, as required for specific measurements.  All solutions were prepared 
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using ultra-high purity water of 18.2 MΩ cm in resistivity (Millipore Gradient, 

Millipore).  Experiments were conducted in 0.50 M aqueous H2SO4 solution 

(concentration of H2SO4 > 95%, Fluka Analytical) at a temperature of 298  1 K.  A 

Princeton Applied Research VersaSTAT 4 potentiostat-galvanostat and Power CV/Power 

Sweep software were used to perform experiments and to collect and process results.  

The cleanliness of the experimental setup (electrodes, cell, electrolyte solutions, gases) 

was verified by acquiring CV profiles and comparing them to standard results 

characteristic of an impurity-free system.  All measurements were conducted according to 

the following procedure.  First, the electrolyte solution was outgassed by purging N2 

through it for at least 30 minutes.  Then, about twenty CV profiles were recorded at a 

potential scan rate of s = 50 mV s
−1

.  Subsequently, a CV profile at a pre-determined 

potential scan rate (s = 1.00, 2.00, 5.00, 10.0, 20.0, or 50.0 mV s
–1

) was acquired.  Prior 

to the introduction of a reactive gas (here O2 or H2), it was verified that the system 

remained impurity-free by acquiring a CV profile in the presence of N2.  Afterwards, the 

required reactive gas was purged through the WE compartment for ca. 15–30 minutes 

prior to the commencement of a new series of experiments.  A jacket of the reactive gas 

was sustained over the electrolyte during the measurement by maintaining a continuous 

gas flow; this approach ensured that the electrolyte remained saturated with the reactive 

gas.  Each experiment reported below was repeated at least three times to confirm 

reproducibility of data. 
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2.3 Results and Discussion  

Cyclic-Voltammetry Behaviour in the Presence of Nitrogen   

Figure 2.1A presents a series of CV profiles for Pt(poly) obtained in 0.50 M aqueous 

H2SO4 solution in the presence of N2(g) and at different potential scan rates, namely s = 

1.00, 2.00, 5.00, 10.0, 20.0 and 50.0 mV s
−1

.  The cathodic and anodic CV features in the 

0.05–0.40 V range correspond to the adsorption and desorption of the under-potential 

deposited H (HUPD), respectively.  The anodic feature in the 0.80–1.40 V range 

corresponds to the formation of Pt surface oxide and the cathodic one in the 0.60–1.20 V 

range due to the Pt surface oxide reduction.  The other features having small current (I) 

values are due to the double-layer charging.  The current of all CV features is 

proportional to the potential scan rate (I ~ s) indicating that these are surface 

electrochemical processes and that there is no contribution from concurrently occurring 

Faradaic reactions.  In addition, these CV profiles demonstrate that the entire system is 

impurity free.  Figure 2.1B presents capacitance (C, where C = I / s) versus E profiles 

prepared using the CV profiles shown in Figure 2.1A.  As the potential scan rate is 

reduced, the shape of the CV profiles gradually changes and reveals the following 

characteristics: (i) a slight decrease of the features assigned to HUPD adsorption and 

desorption observed only in the case of s = 1.00 and 2.00 mV s
–1

 due to unavoidable 

adsorption of impurities present in trace amounts; (ii) a gradually increasing cathodic 

feature due to the hydrogen evolution reaction (HER) observed mainly in the case of s = 

1.00 and 2.00 mV s
–1

; (iii) a gradually increasing anodic feature due to the surface oxide 

formation and oxidative desorption of impurities; (iv) an increasing cathodic peak due to 

the surface oxide reduction; and (v) an increase of the potential of the cathodic peak 
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associated with the surface oxide reduction.  The growth of surface oxides on Pt(poly) 

electrodes under potentiostatic conditions (at a constant polarization potential, Ep) was 

examined and it was observed that for a given Ep, the amount of oxide increased as the 

polarization time (tp) was extended.  It was also observed that as the amount of oxide 

increased, the oxide reduction peak shifted towards lower potential values.  The 

observation (v) is a new characteristic because in the case of potentiodynamic oxide 

growth the oxide thickness increases as s is reduced (the electrode spends a longer period 

of time in the oxide formation region) but the oxide reduction peak shifts towards higher 

potential values.
41

  Thus, the surface oxide formed under potentiodynamic conditions is 

thermodynamically less stable and, consequently, easier to reduce than a surface oxide of 

a similar thickness formed under potentiostatic conditions.  

 

Figure 2.1A Cyclic-voltammetry profiles for Pt(poly) in 0.50 M aqueous H2SO4 

outgassed with N2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 

20.0, 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V.  
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Figure 2.1B Capacitance graphs for Pt(poly) in 0.50 M aqueous H2SO4 outgassed with 

N2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 20.0, 50.0 mV 

s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V. 

 

The oxide reduction peak potential (Epeak) and peak current (Ipeak) values in relation to s 

are listed in Table 2.1 and are used to prepare plots of Ipeak versus s and Ipeak versus s 

(Figure 2.2).  As expected, the results reveal a linear relationship between Ipeak and s 

(R
2
=0.9983) indicating that this CV feature is due to a surface process without any 

additional contribution from any Faradaic processes.   
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Figure 2.2 Plots of oxide reduction peak current (Ipeak) versus the potential scan rate, s 

(the black symbols) and square root of the potential scan rate, s (the red symbols) for 

Pt(poly) in 0.50 M aqueous H2SO4 outgassed with N2(g); T = 298 K.  

 

Table 2.1 The oxide reduction peak potential (Epeak) and peak current (Ipeak) values as a 

function of the potential scan rate (s).   

s  [mV s
−1

]   Epeak  [V]  Ipeak  [μA]  

1.00 0.822 −4.53 

2.00 0.821 −8.41 

5.00 0.820 −20.1 

10.0 0.810 −39.0 

20.0 0.801 −72.5 

50.0 0.790 −165 

 

Cyclic-Voltammetry Behaviour in the Presence of Oxygen   

In a separate series of experiments we examined the influence of dissolved O2 in 0.50 M 

aqueous H2SO4 on the CV behaviour of Pt(poly).  The experiments were performed by 
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employing the same potential scan rates as in the case of the H2SO4 solution outgassed 

using N2, thus at s = 1.00, 2.00, 5.00, 10.0, 20.0 and 50.0 mV s
−1

.  Figures 2.3A and 2.3B 

present CV and capacitance profiles.  The CV profiles reveal the usual features associated 

with HUPD adsorption and desorption as well as Pt surface oxide formation and reduction.  

However, the pseudo-capacitive currents (I) associated with these surface processes are 

superimposed on a significantly larger current due to the ORR (IORR).  The CV feature 

due to the surface oxide formation is always above the zero current line (I = 0) but the 

CV features due to the surface oxide reduction as well as HUPD adsorption and desorption 

are below this line.  The relative size of the features associated with the Pt surface oxide 

formation as well as HUPD adsorption and desorption is comparable but the feature due to 

the Pt surface oxide reduction is much larger (this is discussed in more detail below).  

The anodic (positive-going) and cathodic (negative-going) CV transients cross over each 

other but this behaviour is observed only in the case of s = 1.00, 2.00, 5.00 and 10.0 mV 

s
−1

; the crossover potential and current values are reported in Table 2.2.  The capacitance 

plots (Figure 2.3B) reveal that the value of total capacitance increases towards more-

negative values as the potential scan rate is reduced.  In addition, the size of the feature 

associate with the Pt surface oxide reduction also increases as the potential scan rate is 

reduced.  We determined an average capacitance (Cave) at E = 0.40 V using the respective 

values for the anodic and cathodic transients for each value of s, and plotted it as a 

function of s
–1

 obtaining a linear relationship (the inset in Figure 2.3B).   
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Figure 2.3A Cyclic-voltammetry profiles for Pt(poly) in 0.50 M aqueous H2SO4 

saturated with O2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 

20.0, 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V. 

 

Figure 2.3B Capacitance graphs for Pt(poly) in 0.50 M aqueous H2SO4 saturated with 

O2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 20.0, 50.0 mV 

s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V.  The inset presents a plot of 

the average capacitance (Cave) at E = 0.40 V as a function of the reciprocal of the 

potential scan rate (s
–1

).  
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Table 2.2 Potential (E) and current (I) values of the first and second cross-over point 

as a function of the potential scan rate (s) observed in the anodic-going and 

cathodic-going CV transients acquired in 0.50 M aqueous H2SO4 saturated with O2.   

s  [mV s
−1

] E1st cross-over point  [V] I1st cross-over point  [μA] 

1.00 0.850 −76.0 

2.00 0.850 −73.0 

5.00 0.850 −71.0 

10.0 0.850 −67.0 

20.0 − − 

50.0 − − 

 

s  [mV s
−1

] E2nd cross-over point  [V] I2nd cross-over point  [μA] 

1.00 1.00 −0.552 

2.00 0.970 −2.00 

5.00 0.942 −5.52 

10.0 0.920 −14.5 

20.0 − − 

 

In order to better understand this behaviour, we analyze the CV profile acquired at s = 

1.00 mV s
–1

 (Figure 2.4A).  It commences at an initial potential in the double-layer region 

(Ei = 0.50 V); then, the applied potential is decreased to the first vertex potential (the 

lower limit, E1 = 0.05 V) and subsequently increased to the second vertex potential (the 

upper limit, E2 = 1.40 V); afterward, it is reduced back to 0.50 V forming a complete 

cycle.  Several CV transients were obtained applying this potential program yielding 

similar results, thus confirming reproducibility of our experimental results.  This CV 

profile is divided into two separate transients: an anodic one covering the 0.05–1.40 V 

range (Figure 2.4B) and a cathodic one covering the 1.40–0.05 V range (Figure 2.4C).  In 
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the case of the anodic transient (Figure 2.4B), the total current (Itotal) is a sum of the 

current due to the ORR (IORR) and the pseudo-capacitive current (I) due to HUPD 

desorption, double-layer charging, or the Pt surface oxide formation.  At high 

overpotential values of ORR (ORR), Itotal is dominated by IORR, thus Itotal  IORR, and the 

maximum (limiting) current value of Ilim = –96 A at E1 = 0.05 V is the limiting current 

due to O2 diffusion.  We observe that Itotal commences to decrease as soon as the Pt 

surface oxide starts forming indicating that the oxide inhibits the ORR.  In the case of the 

cathodic transient (Figure 2.4C), again Itotal is a sum of IORR and I due to HUPD 

adsorption, double-layer charging, or the Pt surface oxide reduction.  At E2 = 1.40 V, the 

Pt(poly) surface is covered with an oxide layer which inhibits the ORR.  As the Pt surface 

oxide reduction starts, Itotal (Itotal  IORR) commences a steep increase and reaches a 

maximum value of Imax = –168 A at E = 0.80 V; then, it decreases to Ilim = –96 A as in 

the case of the anodic transient.  An analysis of Figure 2.4C leads to the following two 

important observations: (i) Itotal increases beyond the Ilim value in the potential range 

corresponding to the Pt surface oxide reduction, and (ii) the magnitude of Itotal decreases 

to Ilim once the Pt surface oxide has been completely reduced.  This ca. 65% increase in 

the magnitude of Itotal could be attributed either to an increase of Aecsa as the surface oxide 

is reduced and the Pt surface undergoes a restructuring process, or to a synergetic effect 

arising from changes in the surface electronic structure during the oxide reduction.  It is 

also possible that these two processes are inter-related.  Thus, the total current in this 

potential region can be given by equation (2.1), 

 

sy nORRtotal IIII            (2.1)   
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where Isyn refers to the above-described synergetic effect.  

 

Figure 2.4A Cyclic-voltammetry profile for Pt(poly) in 0.50 M aqueous H2SO4 saturated 

with O2(g) recorded at a potential scan rate of s = 1.00 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 

= 0.05 V, and E2 = 1.40 V.  The anodic-going and cathodic-going transients are indicated 

with green and red arrows, respectively.  

 

Figure 2.4B Anodic-going transient covering the E1 = 0.05 V to E2 = 1.40 V range for 

Pt(poly) in 0.50 M aqueous H2SO4 saturated with O2(g) recorded at a potential scan rate 

of s = 1.00 mV s
−1

; T = 298 K.  
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Figure 2.4C Cathodic-going transient covering the E2 = 1.40 V to E1 = 0.05 V range for 

Pt(poly) in 0.50 M aqueous H2SO4 saturated with O2(g) recorded at a potential scan rate 

of s = 1.00 mV s
−1

; T = 298 K.  

 

Cyclic-Voltammetry Behaviour in the Presence of Hydrogen   

In a separate series of experiments we examined the influence of dissolved H2 in 0.50 M 

aqueous H2SO4 on the CV behaviour of Pt(poly).  Again, the experiments were 

performed by employing the same potential scan rates as in the case of the H2SO4 

solution outgassed using N2 or saturated with O2, thus at s = 1.00, 2.00, 5.00, 10.0, 20.0 

and 50.0 mV s
−1

.  The respective CV and capacitance profiles are shown in Figures 2.5A 

and 2.5B.  The CV profiles reveal the usual features associated with HUPD adsorption and 

desorption but the characteristics due to the Pt surface oxide formation and reduction are 

significantly different.  As compared to analogous profiles acquired in the presence of N2, 

the CV transients are shifted upward (toward positive values of I) due to the concurrently 

occurring HOR.  As in the case of the electrolyte saturated with O2, the pseudo-capacitive 
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currents (I) associated with surface processes are superimposed on a significantly larger 

current due to the HOR (IHOR).  The anodic (positive-going) and cathodic (negative-

going) CV transients cross over each and this behaviour is observed for all potential scan 

rate values; the crossover potential and current values are reported in Table 2.3.  The 

current in the region of Pt surface oxide formation decreases as the applied potential 

approaches the second vertex potential (the upper limit, E2 = 1.40 V).  Upon reversal of 

the potential scan direction, the current significantly decreases and approaches almost 

zero.  Then, it increases as the applied potential reaches the 1.00–1.10 V range.  The 

cathodic (negative-going) transients reveal a minimum that is attributed to the Pt surface 

oxide reduction.  However, this feature is much smaller than the feature assigned due to 

HUPD adsorption (it is expected to be ca. twice larger) indicating that the Pt surface oxide 

reduction occurs already at higher potential values.  This behaviour is assigned to a 

synergetic effect arising from the presence of dissolved H2 that gives rise to partial 

reduction of the Pt surface oxide at higher potential values as compared to the same 

electrolyte outgassed with N2.  The plots in Figure 2.5B demonstrate that the value of 

total capacitance increases toward more-positive values as the potential scan rate is 

reduced.  In all instances, the features due to HUPD adsorption and desorption are clearly 

visible.  However, the feature assigned to the Pt surface oxide formation is not visible 

because IHOR significantly decreases while I due to the oxide formation increases, thus 

their sum does not form an easily discernable wave.  A small feature that can be 

attributed to the Pt surface oxide reduction is observed only in the case of s = 10, 20 and 

50 mV s
–1

.  We determined an average capacitance (Cave) at the cross-over point in the 

double-layer region (it is always in the 0.34–0.51 V range) using the respective values for 
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the anodic and cathodic transients for each value of s, and plotted it as a function of s
–1

 

obtaining a linear relationship (the inset in Figure 2.5B).  This trend is similar to the one 

observed for the electrolyte saturated with O2.   

 

Figure 2.5A Cyclic-voltammetry profiles for Pt(poly) in 0.50 M aqueous H2SO4 

saturated with H2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 

20.0, 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V.  

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-200

-150

-100

-50

0

50

100

150

200

 s = 1.00 mV s
-1

 s = 2.00 mV s
-1

 s = 5.00 mV s
-1

 s = 10.0 mV s
-1

 s = 20.0 mV s
-1

 s = 50.0 mV s
-1

I 
 [


A
]

E  [V,  RHE]



 

37 

 

 

Figure 2.5B Capacitance graphs for Pt(poly) in 0.50 M aqueous H2SO4 saturated with 

H2(g) recorded at different potential scan rates, s = 1.00, 2.00, 5.00, 10.0, 20.0, 50.0 mV 

s
−1

; T = 298 K; Ei = 0.50 V, E1 = 0.05 V, and E2 = 1.40 V.  The inset presents a plot of 

the overlap capacitance (Coverlap) as a function of the reciprocal of the potential scan rate 

(s
–1

). 

Table 2.3 Potential (E), current (I), and capacitance (C) values as a function of the 

potential scan rate (s) of the features observed in the anodic-going and cathodic-

going CV transients acquired in 0.50 M aqueous H2SO4 saturated with H2.  

s = 1.00  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.340 63.4 63.4 

Cross-over point 0.812 65.1 65.1 

Cross-over point 0.902 65.1 65.1 

Maximum 0.874 73.6 73.6 

Minimum 0.801 64.4 64.4 

 

s = 2.00  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.360 63.6 31.8 

Cross-over point 0.916 63.8 31.9 
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Maximum 0.871 87.4 43.7 

Minimum 0.804 71.6 35.8 

 

s = 5.00  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.406 68.0 13.6 

Cross-over point 0.926 71.5 14.3 

Maximum 0.874 94.5 18.9 

Minimum 0.789 74.0 14.8 

 

s = 10.0  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.438 68.0 6.80 

Cross-over point 0.754 66.0 6.60 

Cross-over point 0.822 67.0 6.70 

Cross-over point 0.896 74.0 7.40 

Maximum 0.867 83.0 8.30 

Minimum 0.794 60.0 6.00 

 

s = 20.0  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.370 89.2 4.46 

Cross-over point 0.718 89.4 4.47 

Cross-over point 0.842 94.0 4.70 

Cross-over point 0.889 100 5.00 

Maximum 0.876 103 5.14 

Minimum 0.789 68.2 3.41 

 

s = 50.0  [mV s
−1

] E  [V] I  [μA] C  [μF] 

Overlap point 0.511 113 2.26 

Cross-over point 0.644 112 2.25 

Maximum 0.871 105 2.10 

Minimum 0.777 40.5 0.810 
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In order to better understand this behaviour, we analyze the CV profile acquired at 

s = 1.00 mV s
–1

 (Figure 2.6A).  As in the case of the electrolyte saturated with O2, it 

commences at an initial potential in the double-layer region (Ei = 0.50 V); then, the 

applied potential is decreased to the first vertex potential of E1 = 0.05 V and subsequently 

increased to the second vertex potential of E2 = 1.40 V; afterward, it is reduced back to 

0.50 V forming a complete cycle.  Again, several CV profiles were acquired using this 

potential program that yielded very similar and reproducible results.  This CV transient is 

divided into two separate transients: an anodic one covering the 0.05–1.40 V range 

(Figure 2.6B) and a cathodic one covering the 1.40–0.05 V range (Figure 2.6C).  In the 

case of the anodic transient (Figure 2.6B), the total current (Itotal) is a sum of the current 

due to the HOR (IHOR) and the pseudo-capacitive current (I) due to HUPD desorption, 

double-layer charging, or the Pt surface oxide formation.  Already at low overpotential 

values of HOR (HOR), the current due to the HOR reaches its limiting value that 

dominates Itotal; thus Itotal  IHOR, although we observe small features due to the desorption 

of HUPD.  The average maximum (limiting) current value is Ilim = 63 A.  We also 

observe that Itotal commences to decrease as soon as the Pt surface oxide starts forming 

indicating that the oxide inhibits the HOR.  In the case of the cathodic transient (Figure 

2.6C), again Itotal is a sum of IHOR and I due to HUPD adsorption, double-layer charging, 

or the Pt surface oxide reduction.  At E2 = 1.40 V, the Pt(poly) electrode is covered with 

a surface oxide layer which inhibits the HOR and, consequently Itotal is very small.  As 

the Pt surface oxide reduction commences, Itotal begins a steep increase in the 1.00–1.10 

V range and reaches a maximum value of Imax = 74 A at E = 0.87 V (Itotal  IHOR); this 

maximum is in the potential range of the Pt surface oxide reduction and coincides with 
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the oxide reduction peak observed in the case of the electrolyte saturated with N2 and 

acquired at s = 1.00 mV s
–1

 (Figure 2.1A).  Once the reduction of Pt surface oxide has 

been completed, Itotal decreases to a limiting value of Ilim = 63 A.  An analysis of Figure 

2.6C leads to the following two important observations: (i) Itotal increases beyond the Ilim 

value over a narrow potential range that coincides with the Pt surface oxide reduction, 

and (ii) the value of Ilim is only slightly (ca. 15%) greater than that of Itotal.   

 

 

Figure 2.6A Cyclic-voltammetry profile for Pt(poly) in 0.50 M aqueous H2SO4 saturated 

with H2(g) recorded at a potential scan rate of s = 1.00 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 

= 0.05 V, and E2 = 1.40 V.  The anodic-going and cathodic-going transients are indicated 

with green and red arrows, respectively. 
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Figure 2.6B Anodic-going transient covering the E1 = 0.05 V to E2 = 1.40 V range for 

Pt(poly) in 0.50 M aqueous H2SO4 saturated with H2(g) recorded at a potential scan rate 

of s = 1.00 mV s
−1

; T = 298 K.  

 

 

Figure 2.6C Cathodic-going transient covering the E2 = 1.40 V to E1 = 0.05 V range for 

Pt(poly) in 0.50 M aqueous H2SO4 saturated with H2(g) recorded at a potential scan rate 

of s = 1.00 mV s
−1

; T = 298 K. 
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2.4 Conclusions   

Potentiodynamic behaviour of Pt(poly) in 0.5 M aqueous H2SO4 in the absence and 

presence of reactive gases (O2 and H2) was examined at different potential scan rates in 

the s = 1.00–50.0 mV s
–1

 range.  The cyclic-voltammetry profiles obtained in the 

presence of H2 or O2 are characteristic of an impurity-free system, although their features 

differs from those obtained in electrolyte outgassed using N2.  In the case of the 

electrolyte with N2, the current associated with all CV features is proportional to the 

potential scan rate (I ~ s) confirming that they correspond to surface electrochemical 

processes and that there is no concurrently occurring Faradaic reactions.  The amount of 

adsorbed and desorbed HUPD does not depend on the potential scan rate confirming that 

the process is limited to a maximum coverage that does not exceed one monolayer.  On 

the other hand the amount of oxide formed slightly depends on the potential scan rate and 

increases with a decrease in the value of s; thus, the process is not limited to some 

arbitrary surface coverage of O.  For a fixed upper potential limit (here 1.40 V), a 

decrease in the potential scan rate translates into a longer oxidation time leading to a 

thicker surface oxide.  However, the increase in oxide thickness is small because the 

oxide growth is a very slow process.  It is observed that as the oxide thickness increases, 

the oxide reduction peak shifts toward higher potential values.  In the case of 

potentiostatic oxide growth, as the oxide thickness increases the reduction peak shifts 

toward lower potential values.  The behaviour observed in the case of potentiodynamic 

oxide growth differs from that in the case of potentiostatic oxide formation.  The CV 

profiles acquired in the presence of O2 reveal the usual features associated with the 

adsorption and desorption of HUPD as well as Pt surface oxide formation and reduction in 
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addition to a large current due to the ORR.  The development of Pt surface oxide 

significantly reduces the ORR current indicating that it inhibits the reaction through 

modification of interfacial properties, such as the surface electronic properties and the 

adsorption behaviour of reaction intermediates and products.  The reduction of Pt surface 

oxide in the presence of dissolved O2 generates a CV feature that is significantly larger 

than that expected for Pt surface oxide reduction.  This unusual behaviour is attributed 

either to a short-lived increase in the electrochemically active surface area or to a 

synergetic effect arising from changes in the surface electronic structure.  The CV 

profiles acquired in the presence of H2 reveal all the features due to HUPD adsorption and 

desorption.  However, the feature associated with the Pt surface oxide formation and 

reduction are different and are not easily distinguishable.  The results reveal that the Pt 

surface oxide significantly inhibits the HOR most likely by modifying surface electronic 

properties.  Upon reduction of Pt surface oxide, the electrode recovers its original activity 

toward the HOR.  These new results demonstrate that the Pt surface oxide gives rise to 

selective inhibiting and catalytic effects, thus to catalytic duality, in the oxygen reduction 

and hydrogen oxidation reactions.   
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Chapter 3 

Corrosion Behaviour of Platinum in Aqueous H2SO4 Solution. Part 1: 

Influence of the Potential Scan Rate and the Dissolved Gas  

3.1 Introduction  

Proton exchange membrane fuel cells, also known as polymer electrolyte membrane fuel 

cells (PEMFCs) are mainly developed for the following applications: (i) portable power 

generation, (ii) stationary power generation, and (iii) power generation for personal, 

public and freight transportation.  PEMFCs possess the following characteristics that 

make them promising energy system: low operating temperature, sustained operation at 

high current density, low weight, compactness, fast start-ups, suitability to discontinuous 

operation, etc.  In PEMFCs, electrical and thermal energy are generated through 

“electrochemical combustion” of hydrogen gas (H2(g)) that is continuously supplied.  

Because this electrochemical process neither generates green-house gases nor requires 

carbon-based fuels, PEMFCs are considered renewable energy systems that address the 

issues of rising global temperatures and atmospheric pollution.  In PEMFCs, electrical 

energy is generated through two concurrently occurring electrochemical reactions, 

namely the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction 

(ORR).  These two processes take place at the surface of Pt-based electrocatalysts, 

typically Pt nanoparticles.  The Pt-based electrocatalysts are key components of 

PEMFCs, and their energy output (efficiency) and lifespan greatly depend on the activity, 

durability and stability of the Pt-based electrocatalysts
1-11

.  At the present time, mainly Pt 

nanoparticles (Pt-NPs) are used in PEMFCs due to their excellent electrocatalytic activity 
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towards the HOR and ORR, excellent mechanical stability, and high corrosion resistance 

in acidic electrolytes over a wide range of pH and potential values.  However, bimetallic, 

Pt-containing catalysts, such as PtNi and PtCo nanoparticles are also being considered.  

  The catalysts employed in PEMFCs are carbon-supported Pt-NPs; they possess a 

large electrochemically surface area (Aecsa) that translates into a relatively low Pt loading.  

Though Pt is a noble metal and is considered to be inert, it still undergoes very slow but 

unavoidable electro-oxidation and corrosion. In the case of Pt-NPs used in PEMFCs, their 

slow degradation translates into irreversible materials loss and significant deterioration of 

the PEMFCs’ performance.  Therefore, research on the stability and corrosion 

characteristics of Pt and Pt-based materials is of enormous importance to the emerging 

hydrogen economy, which envisages water electrolysers as hydrogen-generating and fuel 

cells as electrical energy-generating devices
12-19

.   

  Potentiodynamic polarization (PDP) measurements performed at low potential 

scan rates (s) generate polarization curves, which can be employed to determine different 

corrosion characteristics of metallic materials, such as the corrosion potential (Ecorr) and 

corrosion current density (jcorr), cathodic and anodic activity potential range, Tafel slopes, 

active-passive transition, and the extent of passive region.  Experimentally determined 

jcorr values can be converted into corrosion rates expressed as a length (thickness) of the 

material undergoing corrosion per unit of time.  PDP is a very useful and practically 

important technique in aqueous corrosion research due to its simplicity, short response 

time, and straightforward analysis of results.  Although this technique has been widely 

used to study the corrosion behaviour of different construction metallic materials, this 

method has never been employed to systematically study the corrosion of Pt-based 
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materials in aqueous acidic or alkaline media, especially for a wide range of potential.  

This is very surprising bearing in mind the importance of this metallic element and the 

relative simplicity of this experimental technique.  As regards the degradation of Pt-based 

material, it is very important to study the corrosion behaviour of polycrystalline platinum 

(Pt(poly)), which contains randomly oriented grains and grain boundaries, prior to 

conducting similar research using Pt-based nanomaterials, because Pt(poly) could serve 

as a model system prior to conducting similar research employing Pt nanomaterials
12-24

.  

  In this contribution, we report new results on the corrosion characteristics of 

Pt(poly) in 0.50 M aqueous H2SO4 solution.  In order to advance our understanding of 

degradation behaviour of Pt(poly) material, PDP technique is employed as a function of 

several parameters, such as the potential scan rate and the scan direction, as well as the 

nature of the dissolved gas (inert or reactive) in the electrolyte.  The results obtained 

using Pt(poly) electrodes create essential and much needed background knowledge that 

can then be employed to facilitate the identification and understanding of phenomena 

unique to the nanoscopic parameters on Pt nanoparticles.  

 

3.2 Experimental   

The experimental work was carried out in an all-glass, three-compartment 

electrochemical cell using well-established experimental procedures
25

.  The working 

electrode (WE) was in the form of Pt wire (0.50 mm in diameter, 99.95% in purity, Alfa 

Aesar) that was sealed in a pre-cleaned glass tube.  Its electrochemically active surface 

area (Aecsa) was determined by measuring the charge associate with the adsorption and 

desorption of the under-potential deposited H (HUPD); it was found to be Aecsa = 0.360 ± 
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0.005 cm
2
.  The value of Aecsa was regularly verified and was observed to remain the 

same within the experimental uncertainty.  A platinum foil (0.10 mm in thickness, 

99.99% in purity, Alfa Aesar) having a geometric surface area of Ageom = 6.66 cm
2
 served 

as a counter electrode (CE).  The reference electrode (RE) was a Pt/Pt black electrode 

placed in a separate compartment through which H2(g) (99.999% in purity, Praxair) at a 

pressure of 1.00 bar was purged.  It was immersed in the same electrolyte as that in the 

WE compartment and served as a reversible hydrogen electrode (RHE).  All potentials 

applied to the WE and referred to in this contribution are reported with respect to the 

RHE.  The working electrode was placed within a few millimeters of the tip of a Luggin-

Haber capillary that provided electrolytic contact between the WE and RE compartments.  

Nitrogen gas (99.999% in purity, Praxair) was passed through the CE compartment to 

expel any gases that could be generated during measurements.  The same procedure was 

applied to the WE compartment prior to introducing O2(g) or H2(g), as required for 

specific experiments and specified in the Results and Discussion section.  All solutions 

were prepared using ultra-high purity water of 18.2 MΩ cm in resistivity (Millipore 

Gradient, Millipore).  Experiments were conducted in 0.50 M aqueous H2SO4 solution 

(analytical grade H2SO4 > 95% in concentration, Fluka Analytical) at a temperature of 

298 ± 1 K.  A BioLogic SAS SP-50 potentiostat and proprietary EC-Lab software were 

used to perform electrochemical experiments and to collect and process data.  The 

cleanliness of the experimental setup (i.e., electrodes, cell, electrolyte solutions, gases) 

was verified by acquiring CV profiles and comparing them to standard results 

characteristic of an impurity-free system.  All measurements in the presence of a neutral 

gas, here N2(g), were conducted according to the following procedure.  First, N2(g) was 
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purged through the electrolyte in the WE compartment for at least 30 minutes to outgas 

it; then, twenty CV transients were performed at a potential scan rate of s = 50.0 mV s
−1

.  

Afterwards, an anodic/cathodic PDP transient was acquired in the −0.100 V ≤ E ≤ 2.00 V 

range at pre-determined potential scan rate value.  Four separate experiments at s = 0.10, 

0.20, 0.50, and 1.00 mV s
–1

 were conducted and in each case the above-described 

procedure was employed.  The following procedure was employed to acquire 

anodic/cathodic PDP transients in 0.50 M aqueous H2SO4 saturated with H2(g) or O2(g), 

as required.  All measurements in the presence of a reactive gas, O2(g) or H2(g), were 

conducted according to the following procedure.  First, twenty CV transients in 0.50 M 

aqueous H2SO4 outgassed with N2(g) were performed to examine the system’s 

cleanliness.  Then, a reactive gas (H2(g) or O2(g)) was purged through the WE 

compartment for ca. 30 minutes (it sufficed to reach saturation) and twenty CV profiles 

were acquired (0.05  E  1.40 V, s = 50.0 mV s
−1

).  Afterwards, an anodic/cathodic PDP 

transient was acquired in the −0.100 V ≤ E ≤ 2.00 V range at pre-determined potential 

scan rate value.  Four separate experiments at s = 0.10, 0.20, 0.50, and 1.00 mV s
–1

 were 

conducted and in each case the above-described procedure was employed.  It is important 

to emphasize that each anodic PDP measurement refers to a potential scan from EL = –

0.10 V to EU = 2.00 V, and a cathodic one to a potential scan from EU = 2.00 V to EL = –

0.10 V.  The data acquired through these measurements were used to plot polarization 

curves.  In polarization curves presented in this report, the x-axis is the applied potential 

(E) and the y-axis is a logarithm of the absolute value of the current density (logj).  

Each experiment reported in this contribution was repeated at least three times to confirm 

reproducibility of data.  
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3.3 Results and Discussion  

Corrosion and Electrochemical Characteristics of Pt(poly) in the Presence of N2(g)   

Figure 3.1 presents a CV transient for Pt(poly) acquired in 0.50 M aqueous H2SO4 

solution saturated (outgassed) with N2(g) in the 0.05 V ≤ E ≤ 1.40 V range and at a 

potential scan rate of s = 50.0 mV s
−1

 and a temperature of T = 298 K.  This CV transient 

demonstrates that the experimental setup is impurity-free.  The cathodic and anodic CV 

features observed in the 0.05 V ≤ E ≤ 0.40 V range correspond to the adsorption and 

desorption of the under-potential deposited H (HUPD), respectively.  The anodic feature in 

the 0.85 V ≤ E ≤ 1.40 V range is attributed to the formation of Pt surface oxide, and the 

cathodic one in the 0.60 V ≤ E ≤ 1.20 V is associated with the reduction of Pt surface 

oxide.  The other features having small current (I) values are due to the double-layer 

charging.   

 

Figure 3.1 Cyclic-voltammetry profile for Pt(poly) in 0.50 M aqueous H2SO4 saturated 

with N2(g) recorded at a potential scan rate of s = 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 

= 0.05 V, and E2 = 1.40 V.   
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Figure 3.2 presents polarization curves for Pt(poly) in 0.50 M aqueous H2SO4 solution 

saturated with N2(g) acquired at s = 0.10, 0.20, 0.50, and 1.00 mV s
–1

 and T = 298 K.  In 

the case of the anodic (positive-going) polarization transient (Figure 3.2A), significant 

value of current density (j) is observed in the – 0.10 V ≤ E ≤ 0.00 V range that is due to 

the hydrogen evolution reaction (HER).  The experimentally observed value of j are 

practically the same for the four values of s and decreases as the applied potential 

approaches the standard potential of the H
+
/H2 redox couple (E = 0.00 V).  Thus, the first 

minimum is attributed to the onset of the HER and is clearly observable for all values of 

s.  A second well-defined minimum is observed in the case of the anodic transients 

acquired at s = 0.10, 0.20, and 0.50 mV s
–1

 (it is not observed in the case of s = 1.00 mV 

s
–1

), the position of which depends on the applied potential scan rate.  The potential at 

which these minima are observed for the respective values of s are E = 0.10, 0.20, and 

0.50 V.  These results demonstrate that the potential of this local minimum is directly 

related to the value of s.  The origin of this reproducible minimum remains unknown and 

is a subject of our on-going research.  A third well-defined minimum is detected in the 

case of anodic transients acquired at s = 0.10, 0.20, and 0.50 mV s
–1

, which is attributed 

to the corrosion potential (Ecorr).  The values of Ecorr for the respective values of s are 

0.81, 0.84, and 0.80 V; they are close to each other within the experimental uncertainty.  

The respective corrosion current density (jcorr) values are 63, 125, and 500 nA cm
–2

.  

These results indicate that the applied potential scan rate does not have any significant 

impact on the value of Ecorr but has a substantial impact on the values of jcorr.  Because the 

PDP measurements are designed to mimic steady-state conditions, the most 

representative data of the corrosion of Pt(poly) are those acquired at the lowest potential 
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scan rate.  Therefore, we conclude that in the case of anodic polarization transients for 

Pt(poly) in 0.50 M aqueous H2SO4 the corrosion parameters are Ecorr = 0.81 V and jcorr = 

63 nA cm
–2

.  The latter value was converted to a corrosion rate expressed as a mass loss 

per unit of time using equation 3.1
27

 and corresponds to ca. 9.37×10
–4

 mm yr
–1

, 

 

𝑅M =  
𝑀

𝑛𝐹𝜌
 𝑗corr                         (3.1)  

 

where RM is the corrosion rate, M is the molar mass of Pt, n is the numbers of transferred 

electrons in the process (here n = 2; see the below explanation),  is the density of the 

metal, and jcorr is the exchanged current density.  Elsewhere, we reported that Pt 

dissolution can generate both Pt
2+

 and Pt
4+

 species, with at least 80% of the dissolved 

(corroded) platinum being in the Pt
2+

 state
28

.  On the basis of these results we assume that 

the number electrons transferred in the process is n = 2.  The results presented in Figure 

3.2A also reveal that in the case of s = 1.00 mV s
–1

 there is not well-defined corrosion 

minimum indicating that this potential scan rate is too high for dedicated corrosion 

analysis of Pt materials (these results are presented in Table 3.1).  Figure 3.2A also show 

features associated with the OER; although the process commences at 1.23 V, an 

appreciable value of j is observed for of E > 1.5 V.  The shape of this feature is very 

similar for the four values of s, but the actual value of j slightly depends on the 

potential scan rate.  It is important to add that the OER is accompanied by the formation 

of PtO2, but the majority of the current density is due to the OER because the growth of 

PtO2 is very slow.  In the case of the cathodic (negative-going) polarization transient 

(Figure 3.2B), the application of a high positive potential (i.e., EU = 2.00 V) gives rise to 
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the formation of Pt surface oxide (comprising both PtO and PtO2) and the OER.  The 

value of j decreases steeply as the applied potential is reduced to 1.60 V for all four 

values of s.  The PDP transients acquired using different potential scan rates (s = 0.10, 

0.20, 0.50, and 1.00 mV s
–1

) reveal a well-defined corrosion minimum at Ecorr = 1.48, 

1.49, 1.51, and 1.52 V, respectively.  These data indicate that the value of Ecorr increases 

slightly with rising s.  The respective values of jcorr are 13, 16, 32, and 63 nA cm
–2

; they 

demonstrate a significant dependence on the potential scan rate.  However, as in the case 

of the anodic PDP transients, the value of jcorr = 13 nA cm
–2

 for s = 0.10 mV s
–1

 is 

accepted at the true corrosion rate.  Through the application of equation 3.1, this value is 

converted to a corrosion rate expressed as a mass loss per unit of time and its value is RM 

= 1.92×10
–4

 mm yr
–1

.  It is interesting to observe that in the case of the cathodic PDP 

transients, the values of Ecorr are ca. 0.67 V higher and the values of jcorr are ca. one order 

of magnitude lower than in the case of the anodic PDP transients.  This difference is 

attributed to the passivated state of the Pt electrode (these results are presented in Table 

3.1).  The cathodic PDP transient shows a local maximum at ca. E = 0.80 V that is 

attributed to the reduction of Pt surface oxide.  At negative applied potentials, the 

significant j is attributed to the HER and its value increases as the magnitude of the 

applied negative overpotential increases. 
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Figure 3.2 (A) Anodic and (B) cathodic polarization curves for Pt(poly) in 0.50 M 

aqueous H2SO4 saturated with N2(g) recorded at potential scan rate values of s = 0.10, 

0.20, 0.50, and 1.00 mV s
−1

; T = 298 K. 
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Table 3.1 Values of the corrosion potential (Ecorr), corrosion current density (jcorr) 

and corrosion rate (RM) for Pt(poly) in 0.50 M H2SO4 solution saturated with N2(g). 

Anodic PDP measurement, in presence of N2(g) 

s (mV s
−1

) Ecorr (V) jcorr (nA cm
−2

) Corrosion rate, RM (mm yr
−1

) 

0.10 0.81±0.005 63±6 9.37×10
–4

±9.00×10
–5

 

0.20 0.84±0.005 125±12 1.86×10
–3

±2.00×10
–4

 

0.50 0.80±0.005 500±50 7.44×10
–4

±7.00×10
–5

 

1.00 Not Observable Not Observable Not Observable 

Cathodic PDP measurement, in the presence of N2(g) 

0.10 1.48±0.005 13±1 1.92×10
–4

±2.00×10
–5

 

0.20 1.49±0.005 16±2 2.37×10
–4

±2.00×10
–5

 

0.50 1.51±0.005 32±3 4.76×10
–4

±5.00×10
–5

 

1.00 1.52±0.005 63±6 9.37×10
–4

±9.00×10
–5

 

 

Corrosion and Electrochemical Characteristics of Pt(poly) in the Presence of O2(g)   

Figure 3.3 presents a CV transient for Pt(poly) acquired in 0.50 M aqueous H2SO4 

solution saturated with O2(g) in the 0.05 V ≤ E ≤ 1.40 V range and acquired at s = 50.0 

mV s
−1

 and T = 298 K.  The CV transient reveals the usual features associated with the 

adsorption and desorption of HUPD as well as the Pt surface oxide formation and 

reduction.  However, the pseudo-capacitive currents associated with these surface 

processes are superimposed on a significantly larger current due to the ORR, as discussed 

elsewhere
28

.  The CV feature due to the surface oxide formation is always above the zero 

current line (I = 0), but the CV features due to the surface oxide reduction as well as the 

adsorption and desorption of HUPD are below this line.   
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Figure 3.3 Cyclic-voltammetry profile for Pt(poly) in 0.50 M aqueous H2SO4 saturated 

with O2(g) recorded at a potential scan rate of s = 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 

= 0.05 V, and E2 = 1.40 V.   

 

Figure 3.4 presents polarization curves for Pt(poly) in 0.50 M aqueous H2SO4 solution 

saturated with O2(g) acquired at s = 0.10, 0.20, 0.50, and 1.00 mV s
–1

 and T = 298 K.  In 

the case of the anodic (positive-going) polarization transient (Figure 3.4A) similar 

behaviour is observed for different values of s, which are as follow: the significant value 

of j is observed at negative potentials that is attributed to the concurrently occurring 

HER and ORR.  The value of j decreases slightly as the applied potential approaches E 
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compared to metallic Pt.  The current density of the ORR also decreases because its 

overpotential is progressively smaller.  The PDP transients acquired at s = 0.10, 0.20, 

0.50, and 1.00 mV s
–1

 reveal a well-defined minimum that is attributed to Pt(poly) 

corrosion with Ecorr = 0.98 V for despite of s value and the respective values of jcorr are 

found to be jcorr = 2500, 3160, 3980, and 5000 nA cm
–2

 (These data are presented in 

Table 3.2).  A comparison of these values indicate that the rate of corrosion of Pt(poly) 

increases by increasing s during anodic polarization measurements when the electrolyte is 

saturated with O2(g).  As it was explained above, because the PDP measurements are 

designed to mimic steady-state conditions, the most representative data of the corrosion 

of Pt(poly) are those acquired at the lowest potential scan rate.  Therefore, in the case of 

anodic polarization transients for Pt(poly) in 0.50 M aqueous H2SO4 saturated with O2(g), 

the corrosion parameters are Ecorr = 0.98 V and jcorr = 2500 nA cm
–2

.  By applying Eq. 1, 

the later value is converted to a corrosion rate expressed as mass loss that is RM = 

3.72×10
–2

 mm yr
–1

.  As the applied potential increases, the formation of PtO begins 

giving rise to a small current density.  The value of j remains very small and almost 

constant (logjlim = –2.5) in the 1.00 V ≤ E ≤ 1.50 V range and is attributed mainly to 

the Pt surface oxide growth (if it were to due to the oxide growth and the ORR, then there 

should be an observable change in the value of logj at potentials lower than 1.23 V).  

As expected, the OER commences at E = 1.23 V but, as in the case of the electrolyte 

saturated with N2(g), a noticeable current density is observed only at higher 

overpotentials (E > 1.5 V).  At high anodic potentials, the OER is accompanied by the 

formation of PtO2.  
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  In the case of the cathodic (negative-going) polarization transients (Figure 4B), 

the application of a high positive potential (i.e., EU = 2.00 V) gives rise to the formation 

of Pt surface oxide (comprising both PtO and PtO2) and the OER.  The value of j 

decreases steeply as the applied potential is reduced to 1.60 V for all four values of s.  In 

the case of s = 0.10, 0.20, and 0.50 mV s
–1

, the value of j remains almost constant in 

the 1.20 V ≤ E ≤ 1.50 V range and is attributed mainly to the Pt surface oxide growth (the 

average values of logjlim vary between–3.3 and–3.0).  The behaviour is different in this 

potential range and s = 1.00 mV s
–1

, because no plateau is observed and a corrosion 

minimum develops.  The cathodic PDP transients reveal a well-defined corrosion 

potential, which is Ecorr = 0.91, 0.93, 0.97, and 1.15 V, for s = 0.10, 0.20, 0.50, and 1.00 

mV s
–1

, respectively; the corresponding values of jcorr are 32, 50, 126, and 80 nA cm
–2

.  

As in the case of the anodic PDP transients, the value of jcorr = 32 nA cm
–2

 for s = 0.10 

mV s
–1

 is accepted at the true corrosion rate.  Through the application of equation 3.1, 

this value is converted to a corrosion rate expressed as a mass loss per unit of time that is 

RM = 4.76×10
–4

 mm yr
–1

.  These results also reveal that Pt(poly) undergoes more severe 

corrosion during the anodic polarization measurements than during the cathodic ones 

(with the electrolyte saturated with O2(g)).  At negative applied potentials, the significant 

j is attributed to the HER and its value increases as the magnitude of the applied 

negative overpotential increases.  It is important to mention that the HER and ORR occur 

simultaneously but, again, the rates of the individual processes cannot be determined. 
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Figure 3.4 (A) Anodic and (B) cathodic polarization curves for Pt(poly) in 0.50 M 

aqueous H2SO4 saturated with O2(g) recorded at potential scan rate values of s = 0.10, 

0.20, 0.50, and 1.00 mV s
−1

; T = 298 K. 
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Table 3.2 Values of the corrosion potential (Ecorr), corrosion current density (jcorr) 

and corrosion rate (RM) for Pt(poly) in 0.50 M H2SO4 solution saturated with O2(g). 

Anodic PDP measurement, in the presence of O2(g) 

s (mV s
−1

) Ecorr (V) jcorr (nA cm
−2

) 

Corrosion rate, RM (mm 

yr
−1

) 

0.10 0.98±0.005 2500±250 3.72×10
–2

±4.00×10
–3

 

0.20 0.98±0.005 3160±300 4.70×10
–2

±5.00×10
–3

 

0.50 0.98±0.005 3980±400 5.90×10
–2

±6.00×10
–3

 

1.00 0.98±0.005 5000±500 7.44×10
–2

±7.00×10
–3

 

Cathodic PDP measurement, in the presence of O2(g) 

0.10 0.91±0.005 32±3 4.76×10
–4

±5.00×10
–5

 

0.20 0.93±0.005 50±5 7.44×10
–4

±7.00×10
–5

 

0.50 0.97±0.005 126±12 1.87×10
–3

±2.00×10
–4

 

1.00 1.15±0.005 80±8 1.19×10
–3

±1.00×10
–4

 

 

Corrosion and Electrochemical Characteristics of Pt(poly) in the Presence of H2(g)   

Figure 3.5 presents a CV transient for Pt(poly) acquired in 0.50 M aqueous H2SO4 

solution saturated with H2(g) in the 0.05 V ≤ E ≤ 1.40 V range and at s = 50.0 mV s
−1

 and 

T = 298 K.  The CV transient reveals the usual features associated with the adsorption 

and desorption of HUPD, but the characteristics due to the Pt surface oxide formation and 

reduction are significantly different. As compared to the CV profile acquired in the 

presence of N2 (Figure 3.1), the CV transient is shifted upward (toward positive values 

of I) due to the concurrently occurring HOR. As in the case of the electrolyte saturated 
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with O2, the pseudo-capacitive currents associated with concurrently occurring surface 

processes are superimposed on a significantly larger current due to the HOR.  The 

anodic-going and cathodic-going CV transients cross over each other.  The current in the 

region of Pt surface oxide formation decreases as the applied potential approaches the 

second vertex potential (the upper limit, E2 = 1.40 V). Upon reversal of the potential scan 

direction, the current significantly decreases and approaches almost zero. Then, it 

increases as the applied potential reaches the 1.00–1.10 V range. The cathodic-going 

transients reveal a minimum that is attributed to the Pt surface oxide reduction. However, 

this feature is much smaller than the feature assigned due to the adsorption of HUPD
28

.   

 

Figure 3.5 Cyclic-voltammetry profile for Pt(poly) in 0.50 M aqueous H2SO4 saturated 

with H2(g) recorded at a potential scan rate of s = 50.0 mV s
−1

; T = 298 K; Ei = 0.50 V, E1 

= 0.05 V, and E2 = 1.40 V.   

 

Figure 3.6 presents polarization curves for Pt(poly) in 0.50 M aqueous H2SO4 solution 

saturated with H2(g) acquired at s = 0.10, 0.20, 0.50, and 1.00 mV s
–1

 and T = 298 K.  In 
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the case of the anodic (positive-going) polarization transient (Figure 3.6A) the significant 

value of j at negative potentials is due to the HER; the magnitude of j decreases as 

the applied potential approaches E = 0.00 V.  At positive potentials, the current density is 

due to the HOR; it remains practically unchanged up to E = 0.80 V at which the surface 

oxide formation commences.  Because the Pt surface oxide is less catalytically active 

towards the HOR than metallic Pt, the value of j decreases as the thickness of the Pt 

surface oxide increases.  The limiting current density value (logjHOR,lim) on Pt(poly) 

having the metallic state is found to be –0.45, while this value on Pt(poly) covered by 

surface oxide drops to logjHOR,lim = –2.50, –2.35, –2.30, and –2.25 for s = 0.10, 0.20, 

0.50, and 1.00 mV s
–1

, respectively and a local minimum is observed, indicating that 

Pt(poly) with a surface oxide is less active towards the HOR.  The PDP transients does 

not reveal a minimum characteristic of metallic corrosion indicating that in the case of the 

H2SO4 saturated with H2(g) Pt(poly) does not undergo corrosion.  The increase in j at E 

> 1.7 V is due to the OER, which is accompanied by the HOR the rate of which is 

unknown but is expected to be small.  In the case of the cathodic (negative-going) 

polarization transient (Figure 3.6B) the application of a high positive potential gives rise 

to the OER again accompanied by the HOR.  The observed j decreases and reaches to 

practically a constant value of logj that is found to be equal –3.15, –3.05, –2.90, and –

2.70 for CV transients acquired at s = 0.10, 0.20, 0.50, and 1.00 mV s
–1

, respectively.  

This current density is mainly due to the HOR taking place at Pt(poly) surface oxide.  By 

further decrease of applied potential, the value of observed j increases due to the 

surface oxide reduction and the face that Pt(poly) is more active towards the HOR when 

it has its metallic state.  The observed j then reaches a plateau region associated with 
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logjHOR,lim and its average value is equal to –0.34 for all applied s values.  As the 

applied potential approaches 0.00 V, the magnitude of j decreases; it increases only 

once the applied potential is lower than 0.00 V and the HER commences. 

 

 

Figure 3.6 (A) Anodic and (B) cathodic polarization curves for Pt(poly) in 0.50 M 

aqueous H2SO4 saturated with H2(g) recorded at potential scan rate values of s = 0.10, 

0.20, 0.50, and 1.00 mV s
−1

; T = 298 K. 
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In order to facilitate a comparison of the results obtained in the presence of different 

gases, we combine the anodic and cathodic PDP transients acquired at s = 0.10 mV s
–1

, 

and present them in Figures 3.7A and 3.7B.  The results clearly demonstrate that the 

nature of the dissolved gas has a profound impact on the anodic and cathodic polarization 

behaviour of Pt(poly) and on their corrosion.  Platinum does not undergo corrosion in the 

H2SO4 solution saturated with H2(g) but undergoes corrosion in the same electrolyte 

saturated with N2(g) or O2(g).  In the case of the electrolyte saturated with O2(g), the 

values of Ecorr for the anodic and cathodic PDP transients are 0.98 V and 0.91 V, 

respectively.  However, the values of jcorr are 2500 and 32 nA cm
–2

, respectively, and this 

difference is attributed to the chemical state of the electrode, namely to the passivated 

state of the Pt(poly) that reduces the corrosion rate.  In the case of the electrolyte 

saturated with N2(g), the values of Ecorr for the anodic and cathodic PDP transients are 

0.81 V and 1.48 V, respectively.  This difference is due to passivated nature of the 

Pt(poly) in the case of the cathodic PDP transient; the values of jcorr are 63 nA cm
–2

 and 

13 nA cm
–2

, respectively.  It is also interesting to observe that the two types of PDP 

transients are very similar in the very narrow potential regions within the vicinity of the 

lower and upper limits (EU and EL).  The comparison of these results also reveal that 

Pt(poly) undergoes more corrosion when the electrolyte is saturated with O2(g) and this 

behaviour is even more pronounced during the anodic polarization measurements.   
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Figure 3.7 (A) Anodic and (B) cathodic polarization curves for Pt(poly) in 0.50 M 

aqueous H2SO4 recorded at a potential scan rate of s = 0.10 mV s
−1

; T = 298 K. 
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PDP experiments.  The CV transients obtained in the presence of H2(g) or O2(g) were 

characteristic of an impurity-free system, although their features differed from those 

observed in electrolyte saturated (purged) with N2(g).  The PDP measurements were 

performed in the anodic (positive-going) and cathodic (negative-going) directions at 

different potential scan rate values, namely s = 0.10, 0.20, 0.5, and 1.00 mV s
−1

.  The CV 

and PDP results revealed that the nature of the dissolved gas had a profound impact on 

the electrochemical and corrosion characteristics of Pt(poly) in 0.50 M aqueous H2SO4 

solution.  In the case of the electrolyte solution outgassed with N2(g), the CV profiles 

demonstrated all the usual features associated with the adsorption and desorption of HUPD 

as well as the Pt surface oxide formation and reduction.  The anodic and cathodic PDP 

transients revealed that their direction affected the observed values of Ecorr and jcorr.  The 

corrosion data also indicated that Pt(poly) undergoes a slight corrosion in the electrolyte 

saturated with N2(g); the corrosion was found to be more pronounced in the case of the 

anodic polarization than the cathodic one.  The respective corrosion rates were jcorr = 63 

nA cm
–2

 and RM = 9.37×10
–4

 mm yr
–1

 for the anodic transients, and jcorr = 13 nA cm
–2

 and 

RM = 1.92×10
–4

 mm yr
–1

 for the cathodic one.  In the case of the electrolyte solution 

saturated with O2(g), the CV profile revealed all the usual features associated with the 

adsorption and desorption of HUPD as well as the Pt surface oxide formation and reduction 

in addition to a large current due to the ORR.  It was also observed that the development 

of Pt surface oxide significantly reduces the ORR current density indicating that it 

inhibits the reaction.  The anodic and cathodic PDP transients revealed that their direction 

had a significant impact on the values of Ecorr and jcorr.  The corrosion data also showed 

that Pt(poly) undergoes a substantial corrosion in the electrolyte saturated with O2(g); it 
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undergoes faster corrosion in the case of the anodic polarization than the cathodic one.  

The respective corrosion rates were jcorr = 2500 nA cm
–2

 and RM = 3.72×10
–2

 mm yr
–1

 for 

the anodic transients, and jcorr = 32 nA cm
–2

 and RM = 4.76×10
–4

 mm yr
–1

 for the cathodic 

one.  In the case of the electrolyte solution saturated with H2(g), the CV profile showed 

all the features due to HUPD adsorption and desorption.  However, the features associated 

with the Pt surface oxide formation and reduction are different and are not easily 

distinguishable.  The results demonstrated that the Pt surface oxide significantly inhibits 

the HOR.  The PDP experiments conducted in the anodic and cathodic directions 

indicated that Pt does not undergo corrosion, when the electrolyte is saturated with H2(g).  

The results of fundamental research reported in this contribution, represent an important 

contribution to the fuel cell science and technology.  
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Chapter 4 

Characterization and Electrochemical Stability of Spherical Pt 

Nanoparticles Applicable to Fuel Cells  

 

4.1 Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) as electrochemical systems can 

generate electrical and thermal energy through electrochemical oxidation (“combustion”) 

of hydrogen.  This process proceeds without generating greenhouse gases with two 

concurrently occurring electrochemical reactions, namely the hydrogen oxidation 

reaction (HOR) at the anode and the oxygen reduction reaction (ORR) at the cathode.  

Both reactions take place at the surface of electrocatalysts, which are Pt nanoparticles (Pt-

NPs) dispersed on carbon nano-structured (typically ca. 50 nm in diameter) support.  

Carbon supported Pt-NPs possess an excellent electrocatalytic activity towards the HOR 

and ORR; hence, the synthesis and characterization of Pt-NPs received a tremendous 

amount of interest.
1-8

  Numerous methods of preparing Pt-NPs were developed but wet 

chemistry approaches attract considerable attention because they are simple and versatile, 

and facilitate direct deposition of dispersed Pt-NPs on carbon support.  Among the wet 

chemistry approaches, the so called “waterinoil” microemulsion method offers an easy 

and convenient procedure for synthesizing NPs of transition metals (e.g. Pt, Au, Pd, Ru, 

Ni, Fe) with controlled shape, size and size distribution.
9-12

  In the case of the synthesis of 

Pt-NPs using the “waterinoil” microemulsion method, H2PtCl6 is dissolved in an 

aqueous phase that contains meso-droplets of water stabilized by a surfactant.  These 

meso-droplets of aqueous phase act as tiny reactors in which individual Pt-NPs are 
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formed (a single nanoparticle can contain several crystallites and be polycrystalline in 

nature).  The formation of Pt-NPs occurs through the reduction of a Pt
4+

–containing salt, 

with hydrazine (N2H4) or sodium borohydride (NaBH4) being used as a reducing agent.  

Due to the simplicity of using NaBH4 as compared to N2H4, the former is our preferred 

reducing agent.  The suggested reduction reaction of H2PtCl6 by NaBH4 is presented in 

equation 4.1.
9-10

   

 

  
(g)H2(aq)Cl6(aq)H4(aq)BOH(s)Pt

O(l)H3(aq)BH(aq)PtCl

232

0

24

2

6









    (4.1)  

 

Although Pt is a noble metal and is considered to be inert, it still undergoes very slow 

chemical or electrochemical degradation.  The relationship between the electrocatalytic 

activity of Pt-NPs and their degradation through corrosive phenomena is complex.  

Existing data indicate that smaller Pt-NPs (in the 2–4 nm range) possess the highest 

electrocatalytic activity towards the HOR and ORR, but at the same time the rate of their 

corrosive degradation increases as their size decreases.
13-21

  In the case of Pt-NPs that are 

part of PEMFCs that operate for several years (a fuel cell stack is expected to operate for 

at least 5 years prior to being reconditioned), their slow degradation translates into 

irreversible materials losses and, therefore, into significant deterioration of PEMFCs’ 

performance.  Successful improvement of long-term operation of PEMFCs will result in 

their implementation as a practicable mean of electrical energy production for personal 

transportation as well as for other applications (e.g. stationary electrical energy 

generation in remote areas).  Consequently, research on the stability and degradation of 
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nanostructured Pt materials is of high importance to the emerging hydrogen economy, 

which envisages water electrolyzers as hydrogen-generating devices and fuel cells as 

electrical energy-generating devices.
22-27

   

  Potentiodynamic polarization (PDP) at low potential scan rates (s) generates 

polarization transients that can be used to determine: (i) the corrosion potential (Ecorr) and 

corrosion current density (jcorr); (ii) the activity towards anodic and cathodic faradaic 

reactions (such as hydrogen evolution reaction known as HER, oxygen evolution reaction 

known as OER, HOR and ORR); (iii) the exchange current densities and Tafel slopes for 

these reactions; and (iv) the potential ranges of the active and passive regions as well as 

the active-passive transition (if applicable).  Experimentally determined corrosion current 

density values can be converted into corrosion rates expresses as mass loss per unit 

surface area and per unit of time or as thickness loss per unit of time.  Potentiodynamic 

polarization is a very useful technique due to its experimental simplicity, short response 

time, and straightforward analysis of results.  Interestingly, while polarization transients 

are available for a broad range of non-noble transition metals and metallic alloys used in 

the construction of metallic structures, they are unavailable for Pt materials; existing 

transients are limited to the potential ranges of faradaic reactions (ORR, HOR, etc.).
28-33

  

  In this contribution, we report results on the synthesis at room temperature of 

small and spherical Pt nanoparticles (Pt-NPs, ca. 4.0 nm) using the “water-in-oil” 

microemulsion method.  The shape, size and size distribution of the spherical Pt-NPs 

were examined using X-ray diffraction (XRD) and transmission electron microscopy 

(TEM).  In the case of carbon-supported Pt-NPs, thermo-gravimetric analysis (TGA) was 

used to evaluate the metal loading.  Cyclic voltammetry was employed to characterize 
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their electrochemically active surface area and their electrochemical behaviour in 

aqueous H2SO4 solution.  In-situ confocal Raman microscopy was also employed to 

further complete the electrochemical characterization of the Pt-NPs by monitoring the 

formation and reduction of surface oxides.  Potentiodynamic polarization measurements 

were conducted in both anodic (positive-going) and cathodic (negative-going) scan 

directions in order to advance our understanding of Pt-NPs degradation as well as any 

electrochemical degradation of the carbon support through electrooxidation 

(C(s) → CO2(g)) that could result in physical detachment of Pt-NPs from the support.
34

  

We also report new results on the polarization behaviour of carbon supported Pt-NPs in 

aqueous H2SO4 solution saturated with reactive gases, such as H2 or O2.  These gaseous 

environments are selected in order to mimic some conditions encountered by Pt materials 

in operating PEMFCs.  The polarization transients obtained in the presence of H2 or O2 

are compared to those obtained in aqueous H2SO4 solution outgassed using N2.  

 

4.2 Experimental  

Preparation of Carbon-Supported Pt-NPs 

Platinum nanoparticles were synthesized using the “waterinoil” microemulsion 

method.
9, 12

  The oil phase was prepared by mixing 37.0 g of n-heptane (Sigma Aldrich, 

HPLC grade) and 16.1 g of polyethylene glycol dodecyl ether (Brij
®
 L4, Sigma Aldrich) 

under continuous stirring conditions until a homogeneous solution was obtained.  The 

aqueous phase was prepared by dissolving hexachloroplatinic acid hexahydrate (99.95 %, 

Alfa Aesar) in ultra-high purity water (Milli Q
®
, Millipore 18.2 MΩ cm in resistivity) to 

obtain an aqueous H2PtCl6 solution having a concentration of 0.10 mol L
−1

.  A 1.6 mL 
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aliquot of the aqueous phase was added to the oil phase containing the Brij L4 surfactant 

under continuous stirring conditions until a translucent and stable microemulsion was 

obtained.  Solid sodium borohydride (NaBH4, 99 % purity, Sigma Aldrich) was added in 

large excess (ca. 100 mg) to the mixture to reduce Pt
4+

 to Pt
0
 (see eq 1).  In the case of 

unsupported Pt-NPs, the cleaning was carried out by repetitive soaking of Pt-NPs with 

acetone (technical grade, 5 times), ethanol (HPLC grade, 5 times), and ultra-high purity 

(UHP) water (5 times).  Then, the Pt-NPs were separated from the solution by allowing 

them to settle at the bottom of glass bottle and by removing the solvent.  An ink was 

prepared by dispersion of the Pt-NPs in ultra-high purity water using an ultrasonic bath.  

In the case of carbon-supported Pt-NPs, carbon (Vulcan XC72, CABOT) pre-treated 

under N2 at 400°C for 4 hours was directly added to the colloidal solution in order to 

reach 40 wt% metal loading; the dispersion of Pt-NPs was facilitated by ultrasonication 

for 15 minutes (using a Clifton stainless steel SW1H model ultrasonic bath with 30 W 

power).  Finally, the mixture containing the carbon-supported nanocatalysts was filtered 

using a hydrophilic polyvinylidene difluoride (PVDF) membrane with a 0.22 μm pore 

diameter (Millipore).  Then, the carbon-supported Pt-NPs were washed several times (at 

least five times) with acetone and UHP water, respectively.  Afterwards, the 

nanocatalysts were dried overnight in an oven (in air) at 60 °C.  Such prepared catalytic 

powder was then thermally treated for 2 hours at 200 °C under air condition to remove 

any remaining surfactant through oxidation (combustion).  
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X-Ray Diffraction (XRD) Analysis   

XRD patterns were acquired using PANalytical Empyrean X-ray diffractometer.  

Measurements were performed from 2θ = 20 ° to 2θ = 140 ° in a step mode, with a step 

interval of 0.06 ° and a fixed acquisition time of 10 s per step.  

 

Transmission Electron Microscopy (TEM) Characterization   

TEM analysis was performed using a JEOL JEM 2100 (UHR) microscope with a 

resolution of 0.19 nm.  The mean size and size distribution of the Pt-NPs were 

determined using the Feret’s diameter and by counting 500 isolated NPs using the ImageJ 

free software.
35

  

 

Thermo-Gravimetric Analysis (TGA)  

TGA measurements were carried out to determine the Pt loading using a TA Instrument 

model SDT Q 600 instrument.  The measurements involved gradually heating the sample 

from 25 to 900 °C with a heating rate of 10 °C min
−1

 under an air-flow of 100 mL min
−1

.  

 

In-situ Confocal Raman Microscopy Characterization  

Raman spectra were acquired using a HORIBA iHR320 confocal Raman spectrometer 

and microscope.  In-situ Raman spectra were acquired during anodic-going (0.050 V  

1.45 V) and cathodic-going (1.45 V  0.050 V) potential transients, respectively; the 

potential scan rate was s = 0.20 mV s
–1

.  The Raman spectra were acquired at a 50.0 mV 

interval with each measurement lasting 200 s.  Each Raman spectrum is attributed to an 

average value of the lowest and highest potentials of the range in which Raman spectra 
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were acquired (i.e. the spectrum recorded from 0.800 V to 0.840 V is assigned to the 

potential of 0.820 V).  

 

Electrochemical Characterization   

Electrochemical measurements were conducted in a conventional, three-electrode, two-

compartment electrochemical cell at room temperature.  A reversible hydrogen electrode 

(RHE) was used as a reference electrode (RE) and all potential values are reported on the 

RHE scale.  A glassy carbon plate having a geometric surface area of ca. 3 cm
2
 was used 

as a counter electrode (CE); its surface area was significantly greater (at least ten times) 

than the surface area of the working electrode (WE).  The WE was prepared by 

dispensing 3.00 μL of a catalytic ink onto a glassy carbon disk polished to a mirror-like 

finish and having a geometric surface area of 0.0707 cm
2
.  The catalytic ink was prepared 

as follows: first, 17.7 mg of Pt/C of the catalytic powder were added to 2.646 mL of UHP 

water and were homogenized using an ultrasonic bath for ca. 15 minutes; then, 354 μL of 

commercial solution of Nafion dissolved in aliphatic alcohols (5 wt%, Sigma Aldrich) 

were added to the above-described suspension; such prepared Nafion-containing 

suspension was homogenized in an ultrasonic bath for ca. 30 seconds; the final volume of 

the ink was 3.00 mL.  Dispensing of a volume of 3.00 L of the ink on 0.0707 cm
2
 of the 

glassy carbon substrate resulted in 100 μgPt cm
−2

 loading.  Electrochemical experiments 

were conducted in 0.50 M aqueous H2SO4 (96 %, Suprapur Merck) solution at a 

temperature of 298 K.  All aqueous solutions were prepared using UHP water.  Prior to 

conducting experiments, the electrolyte solution was outgassed by purging N2(g) 

(99.999% in purity, Praxair) through it for at least 30 minutes.  Cyclic voltammetry (CV) 
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experiments were conducted using an EG&G Princeton Applied Research Model 362 

potentiostat.  Cyclic voltammetry profiles were acquired at a pre-determined potential 

scan rate, namely s = 1.00, 2.00, 5.00, 10.0, 20.0 and 50.0 mV s
–1

.  Degradation and 

corrosion behaviour of the carbon-supported Pt-NPs were examined by recording 

polarization transients using a Princeton Applied Research VersaSTAT 4 potentiostat-

galvanostat.  All measurements were conducted according to the following procedure: 

first, N2(g) was purged through the electrolyte for at least 30 minutes to outgas it; then, 

ten CV profiles were recorded at a potential scan rate of s = 50.0 mV s
−1

 and, 

subsequently, an anodic/cathodic polarization transient was acquired in the −0.100 V ≤ E 

≤ 2.00 V range at a potential scan rate of s = 0.10 mV s
–1

.  The following procedure was 

employed to acquire anodic/cathodic polarization transients in 0.50 M aqueous H2SO4 

saturated with H2 or O2.  First, we recorded ten CV profiles in 0.50 M aqueous H2SO4 

outgassed with N2(g) to examine the system’s cleanliness.  Then, a reactive gas (H2(g) or 

O2(g)) was purged through the WE compartment for ca. 30 minutes and ten CV profiles 

were acquired (0.05  E  1.45 V, s = 50.0 mV s
−1

).  Afterwards, an anodic/cathodic 

potentiodynamic polarization measurement was performed followed by ten CV profiles 

(also in the presence of H2(g) or O2(g); 0.05  E  1.45 V, s = 50.0 mV s
−1

).  Each 

experiment reported in this contribution was repeated at least three times to confirm 

reproducibility of data.  The stability of the Pt-containing catalysts was examined by 

acquiring 500 CV profiles in the 0.05  E  1.45 V range at a potential scan rate of s = 

50.0 mV s
−1

 and examining changes in their electrochemically active surface area.  The 

electrochemically active surface area was determined using a well-establish procedure 



 

81 

 

that involves evaluation of the charge associated with the adsorption and desorption of 

the under-potential deposited H (HUPD).
36

  

 

4.3 Results and Discussion 

Thermo-Gravimetric Analysis (TGA)   

The mass variation profile, the green solid transient in Figure 4.1, shows the mass 

variation with respect to the initial mass in percentage (m/mi  100%, where mi is the 

initial sample mass and m is the sample mass at a specific temperature) as a function of 

temperature (T) for the carbon-supported Pt-NPs.  The gray solid transient in Figure 4.1 

shows the derivative of the mass variation profile (dm/dT) as a function of temperature.  

The two plots reveal that the first mass transition occurs in the 293–400 K range, which 

corresponds to desorption of physisorbed water.  The second mass transition occurs in the 

600–800 K range and is attributed to the combustion of the carbon support.  The 

remaining material is pure Pt and its mass of 2.691 mg is used to determine the Pt loading 

(wPt in wt%) using equation 4.2:  

 

  %100
CPt

Pt
Pt 




mm

m
w         (4.2)   

 

where mPt is the mass of Pt-NPs and mC is the mass of the carbon support (both 

determined on the basis of TGA measurements).  The value of wPt is found to be 36.3 

wt% and is very close to the target value of ca. 40 wt%.  
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Figure 4.1 Mass variation with respect to the initial mass and derivative of the mass loss 

as function temperature from TGA measurements on carbon-supported Pt-NPs.  

 

X-Ray Diffraction (XRD) Characterization    

Figure 4.2 presents an XRD pattern for the carbon-supported Pt-NPs powder (the black 

points) in the 20  ≤ 2 ≤ 140  range.  It was analyzed using the Levenberg-Marquardt 

method and deconvoluted using a pseudo-Voigt fitting by means of a computer 

refinement program (Fityk free software).
37

  All the diffraction peaks were indexed to the 

face centered cubic (FCC) structure of Pt and their position was found to be consistent 

with the JCPDS 04-0802 card except for that located at 23.1 , which is attributed to the 

{002} plane of turbostratic graphite.
38-39

  The peak assignments according to the JCPDS 

04-0802 card are presented as the solid, vertical blue lines.  The fitted curve in Figure 4.2 

(the green profile that consists of several individual peaks shown as solid gray) closely 

agrees with the experimental data thus validating the deconvolution procedure.  The 
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average crystallite size (the Scherrer length, Lv) of the Pt-NPs was determined to be 4.1 ± 

0.3 nm.  

 

 

Figure 4.2 XRD pattern (the black dots), deconvolution peaks (the grey lines) and a 

fitting curve (the green line). 

 

Transmission Electron Microscopy (TEM) Characterization   

Transmission electron microscopy images were acquired in order to evaluate the 

particles’ shape, size and size distribution.  Figure 4.3a and 4.3b present TEM images for 

the carbon-supported Pt-NPs and the unsupported Pt-NPs, respectively.  These images 

reveal that the nanoparticles are distinguishable from the carbon support and have a well-

defined spherical shape (nanospherical shape).  Figure 4.3c presents a histogram of the 

particle size distribution prepared on the basis of the analysis of TEM images acquired 

for the carbon-supported Pt-NPs using several TEM images.  The average size of these 

spherical Pt-NPs was determined to be 4.0 ± 0.5 nm.  According to these results, the 
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“water-in-oil” microemulsion method is very convenient for the synthesis of small 

nanospheres with a narrow size distribution.  It is interesting to observe that the average 

particle size of the Pt-NPs determined by TEM is consistent with the average crystallite 

size (4.1 ± 0.3 nm) determined by XRD indicating that each nanoparticle is a single 

crystallite.  

 

 

Figure 4.3 (a) TEM image for spherical carbon-supported Pt-NPs, (b) TEM image for 

spherical unsupported Pt-NPs, and (c) histogram of the size distribution of carbon-

supported Pt-NPs.  

 

Electrochemical and In-situ Raman Spectroscopy Characterization    

Figure 4.4a presents a series of CV profiles for the carbon-supported Pt-NPs in the 0.05 

V  E  1.45 V obtained in 0.50 M aqueous H2SO4 solution outgassed with N2(g) at 

different potential scan rate values, namely s = 1.00, 2.00, 5.00, 10.0, 20.0 and 50.0 mV 

s
−1

.  The cathodic and anodic CV features in the 0.05 V ≤ E ≤ 0.40 V range correspond to 

the adsorption and desorption of the under-potential deposited H (HUPD), respectively.  

The anodic feature observed in the 0.80 V ≤ E ≤ 1.45 V range corresponds to the 

formation of Pt surface oxide and the cathodic feature in the 0.60 V ≤ E ≤ 1.10 V range to 

the Pt surface oxide reduction.  The very small anodic feature observed in the 0.40 V ≤ E 
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≤ 0.70 V range corresponds to the oxidation of hydroquinone groups on the surface of the 

carbon support.
40

  The expected feature due to the reduction of quinone groups overlaps 

the main cathodic feature in the 0.50 V ≤ E ≤ 1.20 V range, which is due to the Pt surface 

oxide reduction and is indistinguishable due to its tiny size.
41-42

  The other featureless 

characteristics of the CV profiles with small current (I) values are due to the double-layer 

charging.  Figure 4.4b presents capacitance (C, where C = I / s) versus E profiles 

prepared using the CV profiles presented in Figure 4.4a.  An analysis of the capacitance 

profiles leads to the following observations: (i) the transients are almost perfectly 

superimposable in the HUPD adsorption and desorption regions indicating that same 

number of surface Pt atoms is involved with reactions independently of the potential scan 

rate values; (ii) the size of the anodic feature due to the Pt surface oxide formation and 

the cathodic one due to the Pt surface oxide reduction decreases with an increase in the 

potential scan rate value; this behaviour is expected because the oxidation time increases 

as the potential scan rate decreases and, consequently, the oxide layer increases its 

thickness; and (iii) the oxide reduction peak shifts towards higher potential values with a 

decrease in the potential scan rate value.  

 

 



 

86 

 

 

Figure 4.4a CV profiles for carbon-supported spherical Pt-NPs; electrolyte: 0.50 M 

aqueous H2SO4; T = 298 K; s = 1.00, 2.00, 5.00, 10.0, 20.0, and 50.0 mV s
–1

. 

 

 

Figure 4.4b Capacitance graphs for carbon-supported spherical Pt-NPs; electrolyte: 0.50 

M aqueous H2SO4; T = 298 K; s = 1.00, 2.00, 5.00, 10.0, 20.0, and 50.0 mV s
–1

. 
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Figures 4.5a and 4.5b presents Raman spectra for the unsupported Pt-NPs deposited on 

the glassy carbon substrate.  These spectra are recorded during anodic (Figure 4.5a) and 

cathodic (Figure 4.5b) potential transients scans at s = 0.20 mV s
–1

.  They were acquired 

using an in-situ confocal Raman microscope/spectrometer coupled to a potentiostat; the 

experimental setup facilitates simultaneous spectroscopic and electrochemical 

measurements.  The electrochemical and confocal Raman spectroscopy measurements 

were conducted in the 0.05 V  E  1.45 V range; a Raman spectrum was acquired at E = 

0.40 V (in the double layer region) and served as a reference spectrum.  The Raman 

spectra acquired during the anodic transient (Figure 4.5a) reveal features associated with 

the formation of Pt surface oxide at potential values greater than 0.90 V; its intensity 

increases with a rise in the electrode potential.  At E = 0.90 V, the Raman shift at 455 cm
–

1
 is attributed to an early stage of the Pt surface oxide formation and when the potential 

reaches a value of E = 1.050 V the spectral feature undergoes a blue shift towards 525 

cm
–1

 and remains at this Raman shift value even when the applied potential is further 

increased.  This behaviour is attributed to an increase in the crystallinity of the Pt oxide 

layer brought about by an increase in its thickness (an increase in the applied potential).
42-

43
  Upon reversal of the scan direction, the peak attributed to Pt surface oxide is still 

observed when the applied potential is in the 0.80 V  E  1.45 V range.  Its intensity 

commences to decrease when the potential of E = 0.90 V is reached and is practically 

invisible in the case of E = 0.80 V.  This decrease in peak intensity is accompanied by a 

red-shift down to 510 cm
–1

. 
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Figure 4.5 Raman spectra acquired during (a) an anodic potential transient showing the 

oxide formation and (b) a cathodic potential transient showing the oxide reduction; 

electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 0.20 mV s
–1

.  

 

At this stage of the discussion it is important to relate the electrochemical results 

presented in Figure 4.4 to the spectroscopic results shown in Figure 4.5.  In the case of 

the anodic scan, the Raman feature attributed to surface oxide on Pt-NPs appears only 

when the potential of 0.90-0.95 V has been reached, while in the CV measurements at 

low potential scan rate the onset of surface oxidation is observed already at ca. 0.80 V 

(Figure 4.4b).  In the case of the cathodic scan, the Raman feature attributed to the 

surface oxide is clearly visible in the 0.90 V ≤ E ≤ 1.45 V range and disappears when the 

potential of 0.85-0.80 V has been reached, while in the CV measurements complete 

reduction of the surface oxide is achieved when the applied potential reaches 0.50 V.  

Elsewhere, it was explained that in the case of bulk polycrystalline Pt, the formation of 

surface oxide commences at ca. 0.85 V and as the applied potential and/or oxidation time 
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increases its thickness also increases.  It was also explained that the surface oxide 

reduction occurs in the 0.50 V ≤ E ≤ 1.10 V range.
41-43

  In the case of Pt-NPs, the surface 

oxide formation commences at a lower potential value giving rise to a CV feature but 

without generating a distinguishable peak in Raman spectra.  Therefore, it may be 

concluded that an oxide layer of a specific thickness and certain degree of crystallinity 

needs to develop in order to be measurable using confocal Raman spectroscopy.  The 

confocal Raman spectroscopy measurements reveal an original and intriguing behaviour.  

Specifically, the spectral feature due to the Pt surface oxide disappears when the potential 

of 0.85-0.90 V has been reached but according to the CV measurements only ca. 18% of 

the surface oxide is reduced (ca. 82% of the surface oxide remains).  At this stage of the 

discussion, this behaviour is attributed is a loss of crystallinity but clearly more research 

on the system is still required.  A similar qualitative behaviour is also observed in the 

anodic transient but it is less pronounced because a feature in the Raman spectra is 

observed when the potential of 0.90-0.95 V has been reached, while the surface oxide 

formation commences at 0.80 V.  In other words, once a sub-monolayer of Pt oxide (ca. 

12% of the maximum charge in the case of our research) has developed, it already gives 

rise to a peak in Raman spectra. 

The stability of the carbon-supported Pt-NPs placed on a glassy carbon substrate 

was examined by recording 500 CV profiles in 0.50 M aqueous H2SO4 solution in the 

0.05 V  E  1.45 V range at s = 50.0 mV s
−1

 and T = 298 K.  The CV transients were 

used to determine the electrochemically active surface area (Aecsa) that was subsequently 

converted to the specific surface area (As in m
2
 gPt

-1
).  Figure 4.6 presents CV profiles for 

a gradually increasing number of transients and the inset in Figure 4.6 shows the 
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evolution of the value of As versus the cycle number.  It is interesting to observe that the 

value of As decreases linearly with the number of potential transients.  After 500 cycles, 

the values of As equals ca. 60 % of the initial value.  It is also worthwhile mentioning that 

the value of the current in the double layer region does not change as the repetitive 

potential cycling progresses.  Because the carbon support has a significantly greater 

specific surface area (250 m
2
 g

–1
) than the Pt nanocatalysts, the majority of the current in 

this region is attributed to the carbon-electrolyte interactions.  Since its value remains 

practically the same, it may be concluded that the corrosion rate of the carbon support is 

very slow as compared to the degradation of the Pt-NPs.  In order to advance our 

understanding of the degradation behaviour of the carbon-supported Pt-NPs, we 

performed potentiodynamic polarization transient measurements at a very low potential 

scan rate and in the presence and absence of reactive gases. 

 

Figure 4.6 CV profiles for a gradually increasing number of transients; the inset shows 

the evolution of the value of As versus the cycle number; s = 50.0 mV s
–1

; electrolyte: 

0.50 M aqueous H2SO4; T = 298 K. 
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Corrosion Behaviour of Carbon-Supported Pt Nanoparticles Examined Using 

Potentiodynamic Polarization  

The corrosion behaviour of carbon-supported Pt-NPs was investigated by recording 

potentiodynamic polarization (PDP) transient in 0.50 M aqueous H2SO4 between a lower 

potential limit of EL = –0.10 V and an upper one of EU = 2.00 V at s = 0.10 mV s
–1

 and T 

= 298 K.  An anodic direction refers to a scan from EL to EU, and a cathodic direction to a 

scan from EU to EL.  These experiments were performed using 0.50 M aqueous H2SO4 

solution saturated with different gases (i.e., N2(g), O2(g), or H2(g)) to establish whether 

the nature of gaseous atmosphere has any impact on the corrosion behaviour of Pt-NPs 

and to assess the magnitude of any such effect.  Figure 4.7 shows two sets of anodic and 

cathodic PDP transients; they are color-coded with the gray, blue, and red transients 

referring to the electrolyte solution saturated with N2(g), O2(g), and H2(g), respectively.  

In these graphs, the x-axis is the applied potential (E) and the y-axis is a logarithm of the 

absolute value of the current density (logj).   
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Figure 4.7 Anodic and cathodic PDP transients; the gray, blue, and red transients refer to 

the electrolyte solution saturated with N2(g), O2(g), and H2(g), respectively.  Electrolyte: 

0.50 M aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 

 

In the case of the anodic (positive-going) polarization transient acquired in the electrolyte 

saturated with N2(g) the significant value of j at negative potentials is due to the HER; 

as expected, the value of j decreases as the applied potential approaches the standard 

potential of the H
+
/H2 redox couple (E = 0.00 V).  The well-defined minimum at 0.50 V 

is the corrosion potential (Ecorr) and the corrosion current density equals jcorr = 100 nA 

cm
–2

.  The minor feature at 0.55-0.60 V is attributed to the oxidation of hydroquinone 

groups on the surface of the carbon support to quinone ones.  As the applied potential 

increases, the Pt surface becomes passivated through the formation of PtO.  The OER 

commences at E = 1.23 V but a noticeable current density value is observed only at 
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higher overpotentials due to very low kinetics (a high activation overpotential) of the 

process; the value of j gradually rises in the case of E > 1.5 V.  It is important to 

mention that the process is accompanied by the formation of PtO2.  The PDP transient 

reveals a local maximum at 1.80 V followed by a decrease in the value of j with a local 

minimum at 1.90 V and a subsequent increase in j up to the upper potential limit (EU = 

2.00 V) of the measurement.  The existence of the local maximum at E = 1.80 V is 

attributed to carbon corrosion and loss of physical contact (electrical contact) between the 

substrate and the Pt-NPs.  In the case of the cathodic (negative-going) polarization 

transient, the application of a high positive potential gives rise to the formation of Pt 

surface oxide (comprising both PtO and PtO2) and the OER.  The value of j decreases 

steeply and linearly in the 1.97 V – 2.00 V range; it decreases even further and also 

linearly as the applied potential is reduced down to 1.60 V.  The PDP transient shows a 

well-defined corrosion minimum with Ecorr = 1.55 V and jcorr = 25 nA cm
–2

.  In the case 

of the cathodic PDP transient, the dramatically higher value of Ecorr (by 1.05 V) and the 

significantly lower value of jcorr (by a factor of four) than in the case of the anodic PDP 

transient is attributed to the passivated state of the Pt-NPs.  The PDP transient shows a 

local maximum at E = 0.50 V that is attributed to the reduction of Pt surface oxide and 

the reduction of surface quinone groups.  At the potential of E = 0.00 V, the HER 

commences and the value of j increases as the magnitude of the applied negative 

overpotential increases.  

  In the case of the anodic (positive-going) polarization transient acquired in the 

electrolyte saturated with O2(g), the significant value of j at negative potentials is due 

to the concurrently occurring HER and ORR.  The value of j decreases slightly as the 
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applied potential approaches E = 0.00 V but the value of j is higher than in the case of 

the electrolyte saturated with N2(g) due to the ORR.  The value of j remains almost 

constant in the 0.00 V – 0.70 V range and is attributed to the ORR.  As the surface oxide 

formation commences, the value of j decreases because the Pt surface oxide inhibits 

the rate of the ORR as compared to metallic Pt.  The current density of the ORR also 

decreases because its overpotential is progressively smaller.  The PDP transient reveals a 

well-defined minimum that is attributed to platinum corrosion with Ecorr = 1.02 V and jcorr 

= 250 nA cm
–2

.  As the applied potential increases, the formation of PtO begins giving 

rise to a small current density.  As expected, the OER commences at E = 1.23 V but, as in 

the case of the electrolyte saturated with N2(g), a noticeable current density is observed 

only at higher potentials (E > 1.5 V).  At high anodic potentials, the OER is accompanied 

by the formation of PtO2.  Again, the PDP transient reveals a local maximum at 1.70 V 

followed by a decrease in the value of j with a local minimum at 1.85 V and a 

subsequent increase in j up to the upper potential limit (EU = 2.00 V) of the 

measurement.  Similarly to the behaviour of the nanocatalysts in the electrolyte solution 

saturated with N2(g), this feature is assigned to carbon corrosion.  In the case of the 

cathodic (negative-going) polarization transient, the behaviour between EU and Ecorr is 

very similar to that observed in the case of the electrolyte solution saturated with N2(g), 

but the value of Ecorr is 1.05 V (lower by ca. 0.50 V), while jcorr = 50 nA cm
–2

 (twice 

higher).  The lower value of Ecorr and the higher value of jcorr in the electrolyte saturated 

with O2(g) as compared to the electrolyte saturated with N2(g) is assigned to higher 

degree of passivation of the Pt-NPs.  As the applied potential decreases from Ecorr down 

to 0.00 V, the observed current density is mainly due to the ORR.  However, the value of 
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j is small and increases only once the Pt surface oxide has been reduced (its complete 

reduction is achieved at 0.40 V).  At the potential of E = 0.00 V, the HER commences 

and the value of j increases as the magnitude of the applied negative overpotential 

increases.  It is important to mention that the HER and ORR occur simultaneously but the 

rates of individual processes cannot be determined.  In the case of the electrolyte 

saturated with O2(g), we do not observe any feature in the PDP transients that could be 

attributed to the oxidation of hydroquinone groups or the reduction of quinone groups 

because the current density associated with these processes is much smaller than that due 

to the ORR.  

  In the case of the anodic (positive-going) polarization transient acquired in the 

electrolyte saturated with H2(g), the significant value of j at negative potentials is due 

to the HER; the magnitude of j decreases as the applied potential approaches E = 0.00 

V.  At positive potentials, the current density is due to the HOR; it remains practically 

unchanged up to E = 0.90 V at which the surface oxide formation commences.  Because 

the Pt surface oxide is less catalytically active towards the HOR than metallic Pt, the 

value of j decreases as the thickness of the Pt surface oxide increases.  The PDP 

transients does not reveal a minimum characteristic of metallic corrosion indicating that 

in the case of the H2SO4 saturated with H2(g) there is no corrosion of Pt-NPs.  The 

increase in j at E > 1.6 V is due to the OER, which is accompanied by the HOR the rate 

of which is unknown but is expected to be small.  In the case of the cathodic (negative-

going) polarization transient, the application of a high positive potential gives rise to the 

OER again accompanied by the HOR.  It is important to observe that in the case of 

carbon-supported Pt-NPs there is no formation of Pt surface oxide when the electrolyte 
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saturated with H2(g).  If a surface oxide were formed, then we would observe a feature at 

lower potential values due to its reduction.  The value of j remains practically the same 

over a very broad potential range and is due to the HOR.  As the applied potential 

approaches 0.00 V, the magnitude of j decreases; it increases only once the applied 

potential is lower than 0.00 V and the HER commences.  

 

Figure 4.8 (a) Anodic and (b) cathodic PDP transients; the gray, blue, and red transients 

refer to the electrolyte solution saturated with N2(g), O2(g), and H2(g), respectively.  

Electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 

 

In order to facilitate a comparison of the results obtained in the presence of different 

gases, we combine the anodic and cathodic PDP transients and present them in Figures 

4.8a and 4.8b; we employ the same set of colors as those in Figure 4.7.  The results 

clearly demonstrate that the nature of the dissolved gas has a profound impact on the 

anodic and cathodic polarization behaviour of the carbon-supported Pt-NPs and on their 

corrosion.  The nanocatalysts do not undergo corrosion in the H2SO4 solution saturated 
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In the case of the electrolyte saturated with O2(g), the values of Ecorr for the anodic and 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
-10

-9

-8

-7

-6

-5

-4

-3

-2

lo
g

 (
|j
|)

E  (V vs. RHE)

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
-10

-9

-8

-7

-6

-5

-4

-3

-2

lo
g

 (
|j
|)

E  (V vs. RHE)



 

97 

 

cathodic PDP transients are 1.02 V and 1.05 V, respectively.  However, the values of jcorr 

are 250 and 50 nA cm
–2

, respectively, and this difference is attributed to the chemical 

state of the electrode, namely to the passivated state of the Pt-NPs that reduces the 

corrosion rate.  In the case of the electrolyte saturated with N2(g), the values of Ecorr for 

the anodic and cathodic PDP transients are 0.50 V and 1.55 V, respectively.  This large 

difference is due to passivated nature of the Pt-NPs in the case of the cathodic PDP 

transient; the values of jcorr are 100 nA cm
–2

 and 25 nA cm
–2

, respectively.  It is also 

interesting to observe that the two types of PDP transients are very similar in the very 

narrow potential regions within the vicinity of the lower and upper limits (EU and EL).  

In order to examine the influence of PDP on any changes to Aecsa of the carbon-

supported Pt-NPs, we recorded cyclic voltammetry (CV) profiles prior to (solid lines in 

Figure 4.9) and after (dashed lines in Figure 4.9) the anodic (the left-hand column) and 

cathodic (the right-hand column) measurements.  For consistency of the presentation, the 

profiles are color-coded with the grey, blue, and red transients referring to the electrolyte 

solution saturated with N2(g), O2(g), and H2(g), respectively. 
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Figure 4.9 CV profiles prior to (solid lines) and after (dashed lines) anodic (the left-hand 

column) and cathodic (the right-hand column) PDP measurements.  The gray, blue, and 

red transients refer to the electrolyte solution saturated with N2(g), O2(g), and H2(g), 

respectively.  Electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 50.0 mV s
−1

. 

 

In the case of the electrolyte saturated with N2(g) or H2(g), the current associated with the 

double-layer charging is greater after the polarization measurements than prior to it.  This 

change can be explained by an increase in the surface area of the carbon support due to 

the development of porosity as a result of its moderate corrosion.
44

  In all CV profiles, the 

pseudo-capacitive current associated with the adsorption and desorption of HUPD and the 

surface oxide formation and reduction is smaller after acquiring PDP transients than prior 

to these measurements (the difference is the greatest in the case of the electrolyte 

saturated with O2(g)).  This behaviour is attributed to a loss of Aecsa of the Pt-NPs as a 
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consequence of their dissolution.  The decrease of the features corresponding to the HUPD 

and Pt oxide formation and reduction is due to a decrease of the value of Aecsa of Pt-NPs 

as a consequence of their dissolution.
45

  Above, we explain that the CV profiles for 

nanocatalysts acquired after PDP experiments differ from those recorded prior to these 

measurements.  It is important to add that this difference is the most pronounced in the 

case of the electrolyte saturated with O2(g).  In fact, in the case of the anodic polarization 

(in the presence of O2(g)) the usual features due to HUPD adsorption and desorption as 

well as the surface oxide formation and reduction are hardly visible.  These results point 

to significant dissolution of the Pt-NPs and corrosion of the carbon support.  In the case 

of the cathodic polarization (in the presence of O2(g)), there is little corrosion of the 

carbon support because the double-layer charging current remains almost the same.  The 

more significant degradation of the Pt-NPs during the anodic polarization than during the 

cathodic one is supported by the jcorr values reported in Table 4.1.  As regards the 

corrosion of the carbon support, its degradation is more severe in the case of the anodic 

PDP measurements than in the case of the cathodic ones.  The CV profiles presented in 

Figure 4.9 create a basis for the determination of Aecsa of the Pt-NPs, which is then 

converted to a specific surface area (As).  A comparison of the values of As prior to and 

after PDP experiments gives the loss of As in percentage with respect to its original value 

(Table 4.1).  An analysis of the data shown in Table 4.1 clearly indicated that the 

degradation of Pt-NPs is the most significant in the electrolyte solution saturated with 

O2(g) and in the case of the anodic (positive-going) potentiodynamic polarization 

experiments.  Finally, it is important to add that the loss of As data correlates with the jcorr 

values.  
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Table 4.1 Values of the corrosion potential (Ecorr), corrosion current density (jcorr) 

and loss of the specific surface area (As) after anodic and cathodic potentiodynamic 

polarization.  

Anodic Potentiodynamic Polarization 

Gaseous Environment Ecorr (V) jcorr (nA cm
−2

) As loss after anodic PDP (%) 

N2 0.50±0.005 100±10 37 

O2 1.02±0.005 250±25 90 

H2   ≈ 2 

Cathodic Potentiodynamic Polarization 

Gaseous Environment Ecorr (V) jcorr (nA cm
−2

) As loss after cathodic PDP (%) 

N2 1.55±0.005 25±3 25 

O2 1.05±0.005 50±5 61 

H2   ≈ 2 

 

4.4 Conclusions  

Spherical platinum nanoparticles (Pt-NPs) were successfully synthesized using the water-

in-oil microemulsion method and characterized using physical and electrochemical 

techniques.  The TGA measurements determined the Pt loading in the carbon-supported 

catalyst; it was found to be very close to the target value of 40 wt%.  The XRD pattern 

was typical of the fcc structure of Pt and the XRD and TEM results revealed that the NPs 

have the average particle size of ca. 4 nm and are individual crystals in nature.  Cyclic 

voltammetry profiles were acquired in 0.50 M aqueous H2SO4 solution using different 

potential scan rates in the 1.00 – 50.0 mV s
–1

 range; they showed a dependence of oxide 

growth and reduction on the potential scan rate.  The Pt oxide formation and reduction 

were successfully investigated using in-situ confocal Raman spectroscopy.  A clearly 

distinguishable band assigned to Pt oxide was observed for potential E > 0.90 V; it was 

also observed that it underwent a progressive blue shift with increasing potential, which 
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is attributed to an increase in the crystallinity of the oxide layer.  The Pt oxide band is 

also clearly visible in the cathodic CV transient but it is practically invisible when E = 

0.80 V is reached, although the entire oxide layer is not completely reduced yet, as 

revealed by the CV profile.  This behaviour is attributed to the loss of crystallinity of the 

oxide layer.  These observations indicate that the confocal Raman spectroscopy is a 

powerful technique capable of monitoring surface oxide formation and reduction in the 

monolayer range.  The evaluation of behaviour of Pt-NPs during 500 CV transients 

revealed they are very stable.  A corrosion study was carried out under neutral (N2) and 

reactive (H2 and O2) environments using anodic and cathodic polarization measurements 

at low potential scan rates.  The results demonstrated that the environment has a profound 

influence on corrosion behaviour of Pt-NPs and the main observations are as follows: (i) 

in the case of measurements carried out in the electrolyte saturated with H2(g), no 

platinum corrosion was observed but the carbon support became more porous; (ii) in the 

case of measurements carried out in the electrolyte saturated with N2(g), the Pt-NPs 

underwent a slight degradation and the carbon support underwent slight corrosion; and 

(iii) in the case of measurements carried out in the electrolyte saturated with O2(g), the 

Pt-NPs underwent significant corrosion, especially in the case of the anodic PDP 

transient; the carbon support also underwent corrosion that was also more pronounced in 

the case of the anodic PDP transient.  The chemical state of the Pt-NPs and their 

corrosion behaviour are very important from the point of view of the application as 

catalysts in fuel cells.  The new and original results presented in this contribution make 

an important contribution to our understanding of their corrosion in aqueous acidic media 

in the presence of different gaseous environments.   
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Chapter 5 

Characterization and Corrosion behaviour of Spherical PtNi and PtCo 

Nanoparticles Applicable to Fuel Cells 

 

5.1 Introduction 

Reduction of platinum (Pt) loading in the catalysts used in the cathode of polymer 

electrolyte membrane fuel cells (PEMFCs) is generally accomplished through the use of 

alloys containing Pt and a non-noble transition metal
1-5

.  Platinum has received a 

tremendous amount of interest as an electrocatalyst for PEMFC applications due to its 

properties, such as (i) excellent electrocatalytic activity towards the hydrogen oxidation 

reaction (HOR) and the oxygen reduction reaction (ORR); (ii) great mechanical stability; 

and (iii) high corrosion resistance in aqueous electrolytes over a wide range of pH and 

potential
6-12

.  However, Pt-based catalysts still undergo slow but unavoidable degradation 

(especially at high anodic potential values), which translates into irreversible materials 

losses and decrease of PEMFCs’ performance.  Consequently, the high costs and low 

durability of Pt-based cathode materials are the two main challenges that hinder 

commercial implementation of PEMFCs in electrical energy generation for transportation 

and other purposes
13-16

.  Because of these limitations, there exists an urgent need for the 

development of new electrode materials that would offer excellent catalytic activity, 

while having a lower Pt loading, thus a reduced cost.  Platinum-based alloys, which 

contain non-noble transition metals, such as Ni, Co, Fe, and Cu, have attracted significant 

attention due to a lower starting cost and good catalytic activity.  Because the pure Pt 

catalysts employed in PEMFCs are in the form of nanoparticles, it is important to 
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synthesize, characterize and test Pt-containing catalysts that are also nanoscopic in 

nature.  The small size of PEMFC catalysts gives rise to a large specific surface area and 

effective utilization of the material.  Platinum-nickel (PtNi) and platinum-cobalt (PtCo) 

nanoparticles (NPs) have attracted a lot of interest as PEMFC catalysts due to their high 

activity.  Because the alloying element (Ni or Co) is unstable in aqueous acidic media, it 

is important to understand the corrosion behaviour of PtNi and PtCo nanomaterials
17-20

.  

  Polarization curves are widely used to study the aqueous corrosion of metallic 

materials.  However, this approach has never been employed to investigate the corrosive 

degradation of Pt-based nanomaterials used as electrocatalysts.  Polarization curves are 

acquired at very low potential scan rates (s < 1 mV s
–1

 and ideally at s = 0.1 mV s
–1

) to 

simulate steady-state conditions and over a broad potential range, covering also the 

region of the hydrogen evolution and oxygen evolution reactions (HER, OER).  In the 

case of materials undergoing aqueous corrosion, they facilitate the determination of the 

corrosion potential (Ecorr) and corrosion current density (jcorr), identification of the regions 

of cathodic and anodic activity, the existence of active-passive transition, and the extent 

of passive region (if applicable)
21-26

.  

  In this contribution, we report on the corrosion behaviour of PtNi-NPs and PtCo-

NPs prepared using the “water-in-oil” microemulsion method.  These NPs were 

characterized using transmission electron microscopy (TEM) and X-ray diffraction 

(XRD).  In the case of carbon-supported PtNi-NPs and PtCo-NPs, the Pt loading was 

evaluated by thermo-gravimetric analysis (TGA); the Pt/Ni and Pt/Co ratios were 

determined by employing atomic absorption spectroscopy (AAS).  Cyclic voltammetry 

(CV) measurements were performed to characterize their specific surface area (As) and its 
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change due to corroision.  Potentiodynamic polarization (PDP) and CV were jointly used 

to examine their electrochemical and corrosion behaviour in aqueous H2SO4 solution.  

Potentiodynamic polarization experiments were conducted in both the anodic (positive 

going) and cathodic (negative going) directions, and in electrolytes saturated with N2, H2, 

or O2.  In-situ confocal Raman spectroscopy was employed to characterize the PtNi-NPs 

and PtCo-NPs in the potential region of surface oxide formation and reduction.  The new 

results reported here represent an original contribution to platinum electrochemistry and 

electrocatalysis, and will be of importance to the PEMFC science and technology.  

 

5.2 Experimental   

Preparation of Unsupported PtNi and PtCo Nanoparticles   

PtNi-NPs and PtCo-NPs were synthesized using the “water-in-oil” microemulsion 

method.  The oil phase was prepared by mixing 37.0 g of n-heptane (Sigma Aldrich, 

HPLC grade) and 16.1 g of polyethylene glycol dodecyl ether (Brij
®
 L4, Sigma Aldrich) 

as a surfactant under continuous stirring condition until a homogeneous solution was 

obtained.  To prepare the aqueous phase containing Pt
4+

 and Ni
2+

, first dihydrogen 

hexachloro palatinate (IV) hexahydrate (99.95 %, Alfa Aesar) was dissolved in ultra-high 

purity water (Milli Q
®
, Millipore 18.2 MΩ cm in resistivity) to obtain an aqueous 

H2PtCl6 solution having a molar concentration of 0.10 mol L
−1

 (the solution No. 1).  

Then, nickel (II) chloride hexahydrate (99.999 %, Sigma Aldrich) was dissolved in ultra-

high purity water to obtain a solution having a molar concentration of 0.10 mol L
−1

 (the 

solution No. 2).  These two solutions were mixed together at pre-determined proportions 

to obtain an aqueous phase containing Pt
4+

 and Ni
2+

 with a Pt
4+

/Ni
2+

 atomic ratio of 7/3.  
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Preparation of an aqueous phase containing Pt
4+

 and Co
2+

 with a Pt
4+

/Co
2+

 atomic ratio of 

7/3 was accomplished using the same procedure as described above but using cobalt 

sulfate heptahydrate (99–102%, Fluka) for the solution No. 2.  A 1.6 mL aliquot of the 

aqueous phase solution was added to the oil phase under continuous-stirring condition 

until a translucent and stable microemulsion was obtained.  Solid sodium borohydride 

(NaBH4, 99 % purity, Sigma Aldrich) was added in a large excess (ca. 100 mg) to the 

mixture to reduce Pt
4+

 and Ni
2+

/Co
2+

.  After completion of the reduction of metallic 

cations, cleaning of the NPs was carried out by repetitive soaking in acetone, ethanol, and 

then ultra-high purity water (at least 5 times in each solvent).  After each individual 

soaking step, the NPs were separated from the solvent by allowing them to settle at the 

bottom of a glass bottle and removing the solvent.  After the last soaking step, the 

concentrated dispersion of NPs in water was used as an ink.  Prior to applying it, the ink 

was sonicated using an ultrasonic bath to ensure uniform dispersion of the NPs.  

 

Preparation of Carbon-Supported PtNi-NPs and PtCo-NPs    

In order to prepare carbon-supported NPs, the “water-in-oil” microemulsion method was 

applied until the end of the reduction step (see the above description).  Following the 

reduction step, carbon (Vulcan XC72, CABOT) pre-treated under N2 at 400°C for 4 hrs 

was added to the colloidal solution in a pre-determined amount in order to reach 40 wt% 

metal loading; the entire colloidal solution was sonicated for 15 min using a Clifton 

stainless steel SW1H model ultrasonic bath with 30 W power.  Finally, the mixture 

containing the carbon-supported nanocatalysts was filtered using a hydrophilic PVDF 

membrane with 0.22 μm pore diameter (Millipore).  Afterwards, the nanocatalysts were 
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washed several times (at least 5 times) with acetone and ultra-high purity water.  Then, 

the nanocatalysts were dried in an oven at 60 °C overnight.  In the final step, the catalytic 

powder was thermally treated in an oven at 200 °C for 2 hrs under air condition to 

remove any possible remaining surfactant through combustion.  

 

X-Ray Diffraction (XRD) Analysis   

XRD patterns were acquired using a PANalytical Empyrean X-ray diffractometer.  

Measurements were performed from 2θ = 20 ° to 2θ = 110 ° in a step mode, with each 

step being 0.06 ° and using a fixed acquisition time of 10 s per step.  

 

Transmission Electron Microscopy (TEM) Characterization    

TEM analysis was performed using a JEOL JEM 2100 (UHR) microscope with a 

resolution of 0.19 nm.  The size distribution of the PtNi-NPs and PtCo-NPs as well as 

their average size were determined using the Feret’s diameter and by counting 500 

isolated NPs applying the ImageJ free software
27

.  

 

Thermo-Gravimetric Analysis (TGA)   

In the case of carbon-supported NPs, TGA measurements were carried out to accurately 

determine the metal loading using a TA instrument model SDT Q 600.  The 

measurements involved gradual heating of the sample from 25 to 900 °C with a heating 

rate of 10 °C min
−1

 in air, with its flow rate being 100 mL min
−1

.  
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Atomic Absorption Spectroscopy (AAS)   

AAS analyses were carried out using a Perkin Elmer AA200 atomic absorption 

spectrometer.  They were conducted to accurately evaluate the Pt/Ni and Pt/Co atomic 

ratios and to determine whether the final composition of the NPs agreed with the target 

value.  These measurements were performed on the PtNi and PtCo nanocatalysts after 

their complete dissolution in an acidic solution comprising concentrated HNO3 (4 ml), 

HF (1 ml), and HCl (3 ml).  The dissolution of three different concentrations of NPs was 

achieved under microwave irradiation conditions and in a sealed Teflon reactor, and the 

process took 1 hr.   

 

In-situ Confocal Raman Microscopy Characterization   

Raman spectra were acquired using a HORIBA iHR320 spectroscopic confocal Raman 

microscope.  In-situ Raman spectra were acquired during anodic-going (0.05 V  1.45 

V) and cathodic-going (1.45 V  0.05 V) potential transients, respectively; the potential 

scan rate was s = 0.20 mV s
–1

.  The Raman spectra were acquired at a potential interval of 

50.0 mV with each measurement lasting 200 s.  Because during a 200 s time interval the 

applied potential changes from one potential (E1) to another (E2), it is assigned to a 

potential, which is an average of these two (i.e., the spectrum recorded from 0.60 V to 

0.64 V is assigned to the potential of 0.62 V).  

 

Electrochemical Characterization   

Electrochemical measurements were conducted in conventional, three-electrode and two-

compartment electrochemical cells at room temperature.  A reversible hydrogen electrode 
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(RHE) was used as a reference electrode (RE) and all potential values are reported on the 

RHE scale.  A glassy carbon plate with a geometric surface area of ca. 3 cm
2
 was used as 

a counter electrode (CE).  Its surface area was significantly greater than the surface area 

of the working electrode (WE).  The WE was prepared by dispensing 3.00 μL of a 

catalytic ink onto a glassy carbon disk (0.300 cm in diameter) polished to a mirror-like 

finish and having a geometric surface area of 0.0707 cm
2
.  A catalytic ink was prepared 

as follows.  First, 17.7 mg of PtNi/C or PtCo/C catalytic powder was added to 2.646 mL 

of ultra-high purity water and was homogenized in an ultrasonic bath for ca. 15 min.  

Then, 354 μL of commercial suspension of Nafion in aliphatic alcohols (5 wt%, Sigma 

Aldrich) was added to the above-described suspension and was homogenized in an 

ultrasonic bath for ca. 30 s; the final volume of the ink was 3.00 mL.  The placement of 

3.00 L of the ink on 0.0707 cm
2
 of the glassy carbon substrate resulted in 100 μg cm

−2
 

of metal loading.  Electrochemical experiments were conducted in 0.50 M aqueous 

H2SO4 (96 %, Suprapur Merck) solution at a temperature of 298 K.  All solutions were 

prepared using ultra-high purity water (Milli Q
®
, Millipore 18.2 MΩ cm in resistivity).  

  Prior to conducting electrochemical experiments, the electrolyte solution was 

outgassed by purging N2(g) (99.999% in purity, Praxair) for at least 30 min.  Cyclic 

voltammetry experiments were conducted using an Radiometer Voltalab PGZ 402 

potentiostat and CV profiles were acquired using two potential scan rates, namely s = 5.0 

and 50.0 mV s
–1

.  Degradation and corrosion behaviour of the carbon-supported PtNi-

NPs and PtCo-NPs were examined by recording polarization curves using a Princeton 

Applied Research VersaSTAT 4 potentiostat-galvanostat.  All measurements were 

conducted according to the following procedure.  First, N2(g) was purged through the 
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electrolyte for at least 30 min to remove any dissolved gases.  Then, ten CV profiles were 

recorded in the 0.05 V ≤ E ≤ 1.45 V range at s = 50.0 mV s
−1

.  Subsequently, anodic or 

cathodic polarization curve was acquired in the −0.10 V ≤ E ≤ 2.00 V range at s = 0.10 

mV s
–1

.  Prior to introducing a reactive gas (here O2(g) or H2(g)), the cleanliness of the 

experimental setup (the cell, electrodes, electrolyte) was verified by acquiring a CV 

profile in the presence of N2(g).  Afterwards, the required reactive gas was purged 

through the WE compartment for ca. 30 min prior to acquiring a polarization curve.  Each 

experiment was repeated at least three times to validate the reproducibility of results.  

Stability of the PtNi and PtCo nanocatalysts was examined by recording 500 CV 

transients in the 0.05 V ≤ E ≤ 1.45 V range in 0.50 M aqueous H2SO4 solution outgassed 

using N2(g) at s = 50.0 mV s
−1

.  

 

5.3 Results and Discussion 

Physical and Chemical Characterization of the PtNi and PtCo Nanoparticles   

Thermogravimetric analysis (TGA) was employed to accurately determine the metal 

loading of the nanocatalysts, which was found to be 38.1 wt% and 40.8 wt% for PtNi-

NPs and PtCo-NPs, respectively.  These values are very close to the target values of 40 

wt%.  Atomic absorption spectroscopy (AAS) was used to analyze the Pt/Ni and Pt/Co 

atomic ratios for the carbon supported PtNi-NPs and PtCo-NPs.  In the case of the PtNi-

NPs, the weight percentage of Pt and Ni were found to be 29.07 wt% and 3.57 wt%, 

respectively, which corresponds to a Pt/Ni atomic ratio of 2.44.  This value is very close 

to the target value of 2.33 for the Pt7Ni3 composition.  In the case of the PtCo-NPs, the 

weight percentage of Pt and Co were found to be 22.84 wt% and 3.61 wt%, respectively, 
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which corresponds to a Pt/Co atomic ratio of 2.00.  This atomic ratio value indicates that 

the PtCo-NPs have the Pt6.7Co3.3 composition, which again is close to the target value of 

2.33 (in the case of PtCo NPs it is difficult to reach exactly the target composition due to 

their different crystallographic structures).  

  Figures 5.1A and 5.1B show XRD patterns for the carbon-supported PtNi-NPs 

and PtCo-NPs, respectively, for 20 ≤ 2 ≤ 110 (the black points).  These patterns were 

deconvoluted using a pseudo-Voigt fitting by means of a computer refinement program 

(Fityk free software)
28

.  All the diffraction peaks were indexed to the face centered cubic 

(FCC) structure of Pt and their position was consistent with the JCPDS 04-0802 card, 

except for the peak at 25, which was attributed to the {002} plane of the turbostratic 

graphite
29

.  The peak assignments according to the JCPDS 04-0802 card are presented as 

vertical, blue lines in Figure 5.1.  The fitted curves for the PtNi-NPs and PtCo-NPs are 

presented as the green and pink profiles, respectively, and are observed to closely follow 

the experimental data thus corroborating the deconvolution procedure.  The average 

crystallite size (the Scherrer length, Lv) of the NPs was calculated using the mean 

diameter value obtained for different planes employing the Scherrer equation; it was 

found to be 2.3 nm for both the PtNi-NPs and PtCo-NPs.  
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Figure 5.1 XRD pattern (the black dots), deconvolution peaks (the grey lines) and a 

fitting curve (the green line) for: (A) Pt7Ni3/C; (B) Pt7Co3/C. 

 

Transmission electron microscopy images were acquired in order to evaluate the 

particles’ shape, size and size distribution.  Figures 5.2A and 5.2B present TEM images 

for the carbon-supported PtNi-NPs and unsupported PtNi-NPs, respectively, and Figures 

5.3A and 5.3B show analogous TEM images for the PtCo-NPs.  These images 
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demonstrate that both the PtNi-NPs and PtCo-NPs have a well-defined spherical shape.  

Figures 5.2C and 5.3C present histograms of the particle size distribution prepared on the 

basis of the TEM analyses.  These results indicate that the average size of the PtNi-NPs 

and PtCo-NPs is 3.3 nm and 3.2 nm, respectively.  These values are significantly higher 

than the average crystallite size determined using XRD (2.3 nm) indicating that the PtNi-

NPs and PtCo-NPs consist of more than one crystallite and are polycrystalline in nature. 

 

Figure 5.2 (A) TEM image for spherical carbon-supported Pt7Ni3-NPs, (B) TEM image 

for spherical unsupported Pt7Ni3-NPs and (C) histogram of the size distribution of 

carbon-supported Pt7Ni3-NPs.   

 

Figure 5.3 (A) TEM image for spherical carbon-supported Pt7Co3-NPs, (B) TEM image 

for spherical unsupported Pt7Co3 and (C) histogram of the size distribution of carbon-

supported Pt7Co3 -NPs.   
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Electrochemical and In-situ Raman Spectroscopy Characterization   

Figures 5.4A and 5.4B present CV profiles for the carbon-supported PtNi-NPs acquired 

in 0.50 M aqueous H2SO4 solution outgassed with N2(g) and at T = 298 K and at two 

different potential scan rates, namely 5.00 and 50.0 mV s
−1

, respectively; Figures 5.5A 

and 5.5B show analogous results for the carbon-supported PtCo-NPs. 

 

 

Figure 5.4 (A) and (B) CV profiles for carbon-supported spherical Pt7Ni3 NPs; 

electrolyte: 0.50 M aqueous H2SO4; T = 293 K; s = 5.0 mV s
–1 

and s = 50.0 mV s
–1

; (C) 

Capacitance graphs for carbon−supported spherical Pt7Ni3 NPs. 
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Figure 5.5 (A) and (B) CV profiles for carbon-supported spherical Pt7Co3 NPs; 

Electrolyte: 0.50 M aq. H2SO4; T = 293 K; s = 5.00 mV s
–1 

and s = 50.0 mV s
–1

; (C) 

Capacitance graphs for carbon−supported spherical Pt7Co3 NPs. 
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reduction; and (iv) the anodic feature observed in the 0.40 V ≤ E ≤ 0.70 V range is 

attributed to the oxidation of hydroquinone groups to quinone ones on the carbon 

surface
30

; the reduction of these groups takes place in the 0.40 V ≤ E ≤ 0.70 V range but 

they are not discernable because they overlap the much larger CV feature attributed to the 

Pt oxide reduction
31-32

.  It is very important to emphasize that all the features observed in 

the CV profiles are typical for carbon-supported Pt-NPs and there are no characteristics 

that can be assigned to Ni or Co, respectively.  This observation suggests that these two 

metallic elements are not present in the surface region of the NPs.  Figures 5.4C and 5.5C 

show capacitance (C, where C = I / s) versus E profiles prepared using the CV profiles 

shown in Figures 5.4A, 5.4B, 5.5A and 5.5B.  The respective capacitance transients 

overlap in the potential region of HUPD adsorption and desorption indicating that the 

experimental set-up (the cell, electrolyte, and electrodes) is impurity-free.  There is a 

small difference in the features attributed to the Pt surface oxide formation and reduction, 

which is expected because the oxide layer is thicker in the case of the lower potential 

scan rate (the NPs experience a longer oxidation time).
32

 

Figures 5.6 and 5.7 present Raman spectra for the unsupported PtNi-NPs and 

PtCo-NPs deposited on a glassy carbon substrate, respectively.  The Raman spectra were 

acquired during anodic (Figures 5.6A and 5.7A) and cathodic (Figures 5.6B and 5.7B) 

potential transients at a very low potential scan rate of s = 0.20 mV s
–1

.  Such a low 

potential scan rate was required for the system to be close to steady-state conditions and 

to facilitate the acquisition of Raman spectra (the acquisition of each Raman spectrum 

required 200 s).  The spectra were recorded using an in-situ confocal spectroscopic 

Raman microscope coupled to a potentiostat; the set-up facilitates simultaneous cyclic 



 

120 

 

voltammetry and Raman spectroscopy measurements.  The Raman spectra covered the 

0.05 V  E  1.45 V range with a potential interval of 50.0 mV; a spectrum acquired 

prior to recording the CV profile at E = 0.40 V (i.e., in the double layer region) serves as 

a reference. 

 

 

Figure 5.6 Raman spectra acquired for Pt7Ni3 NPs during (A) an anodic potential 

transient showing the oxide formation and (B) a cathodic potential transient showing the 

oxide reduction; electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 0.20 mV s
–1

. 
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Figure 5.7 Raman spectra acquired for Pt7Co3 NPs during (A) an anodic potential 

transient showing the oxide formation and (B) a cathodic potential transient showing the 

oxide reduction; electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 0.20 mV s
–1

.  
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the Pt surface oxide layer does not undergo any spectral shift.  Elsewhere
33

, we reported 

Raman spectra for Pt-NPs of similar size in the potential regions of the surface oxide 

formation and reduction.  A comparison of those results to the Raman spectra shown in 

Figures 5.6 and 5.7 leads to the observation that in the case of the PtNi-NPs and PtCo-

NPs the absorption band associated with the Pt surface oxide has higher Raman shift 

values and the blue shift is less pronounced.  The blue shift can be attributed to two 

possible phenomena: (i) a higher degree of crystallinity in the surface oxide layer on the 

PtNi-NPs and PtCo-NPs than in the Pt-NPs; and (ii) a change in the lattice vibrational 

frequency of the Pt-NPs brought about by the incorporation of Ni or Co.  In order to 

differentiate between these two explanations and to validate one of them, we determined 

the thicknesses of the oxide layer formed on the Pt, PtNi and PtCo NPs under the same 

experimental conditions and at s = 5.0 mV s
–1

, and found that in the case of the Pt-NPs 

the amount of oxide was 1.1 equivalent monolayers of O, while in the case of the PtNi-

NPs and PtCo-NPs it was 1.0 monolayer.  Because in the case of the PtNi-NPs and PtCo-

NPs the surface oxide layer is ca. 10% thinner and because the crystallinity of the oxide 

is related to its thickness, the blue shift of the absorption band cannot be associated with 

the oxide crystallinity.  Therefore, we propose that the blue shift of the absorption band 

of the Pt surface oxide is due to a reduction of the Pt–Pt interatomic distance (a smaller 

value of the lattice parameter) caused by the presence of Ni or Co in the nanoparticles.  

This is expected because the values of the covalent radii of Pt, Ni and Co are 136, 124, 

and 126 pm, respectively
34

. 
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Corrosion Behaviour of PtNi and PtCo Nanoparticles   

The corrosion behaviour of nanoscopic Pt-based electrocatalysts is rarely examined and 

any existing data are limited to oxide formation and in some cases to Pt dissolution 

studies
18-20

.  Corrosion behaviour of the carbon-supported PtNi-NPs and PtCo-NPs was 

studied by recording polarization curves in 0.50 M aqueous H2SO4 solution between a 

lower potential limit of EL = –0.10 V and an upper one of EU = 2.00 V at a very low 

potential scan rate of s = 0.10 mV s
–1

 and at T = 298 K.  As explained in the 

Experimental section, anodic polarization refers to a transient from EL to EU and cathodic 

polarization refers to a transient from EU to EL.  Figures 5.8 through 5.10 present anodic 

and cathodic polarization curves acquired in the presence of neutral and reactive gasses 

(i.e., N2(g), H2(g), and O2(g)).  In these graphs, the x-axis is the applied potential (E 

measured vs. RHE) and the y-axis is a logarithm of the absolute value of the current 

density (logj).  Three different gases were used in order to evaluate whether the nature 

of the dissolved gas has any impact on the corrosion of the PtNi and PtCo nanocatalysts.  

Corrosion Behaviour in the Electrolyte Saturated with N2(g).  Figures 5.8A and 5.8B 

present the anodic polarization curves for the carbon-supported PtNi-NPs and PtCo-NPs, 

respectively, in the electrolyte outgassed (saturated) with N2(g).  The current density at E 

< 0.00 V is due to the HER.  The two transients reveal a well-defined minimum (the 

corrosion potential, Ecorr) at Ecorr = 0.40 V and Ecorr = 0.47 for PtNi-NPs and PtCo-NPs, 

respectively.  The respective values of the corrosion current density (jcorr) are jcorr = 14 nA 

cm
−2

 and jcorr = 25 nA cm
−2

.  The values of Ecorr and jcorr are summarized in Table 1.  

These results show that the PtCo-NPs corrode almost twice faster than the PtNi-NPs.  At 

potentials greater than 1.23 V, the observed current density is mainly due to the OER.  A 
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maximum is observed at E = 1.80 V and past this potential the value of logj decreases.  

This is attributed to oxidation of the carbon support (to CO2) and a partial loss of 

electrical contact between the support and the nanoparticles, which translates into a loss 

of Aecsa at which the OER occurs
35

.  A comparison of the two transients reveals that the 

PtNi-NPs and PtCo-NPs show very similar corrosion characteristics during anodic 

polarization measurements.  Figures 5.8C and 5.8D present the cathodic polarization 

curves for the carbon-supported PtNi-NPs and PtCo-NPs, respectively, in the electrolyte 

outgassed (saturated) with N2(g).  Because these measurements commence at EU = 2.00 

V, a surface oxide layer develops immediately creating a passive state.  The application 

of high anodic potentials also gives rise to Pt/Pt oxide dissolution and oxidation of the 

carbon support.  Due to the presence of a surface oxide layer, the OER occurs not on 

metallic nanoparticles but on nanoparticles covered with a layer of a surface oxide.  The 

initially large value of logj is mainly due to the OER and as the applied potential 

decreased, less oxygen is generated and, consequently, the observed logj is 

progressively smaller.  The two cathodic polarization transients show a well-defined 

minimum at Ecorr = 1.52 V and Ecorr = 1.56 V for PtNi-NPs and PtCo-NPs, respectively.  

The respective values of the corrosion current density (jcorr) are jcorr = 6.3 nA cm
−2

 and 

jcorr = 16 nA cm
−2

.  The values of Ecorr and jcorr are summarized in Table 5.1.  Again, these 

results show that the PtCo-NPs corrode more than twice faster than the PtNi-NPs.  The 

cathodic polarization transients reveal a local maximum at ca. E = 0.50 V that can be 

attributed to the reduction of the Pt surface oxide as well as to reduction of quinone 

groups to hydroquinone ones on the surface of the carbon support.  As in the case of the 

anodic polarization curves, the current density at E < 0.00 V is due to the HER.  Again, a 
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comparison of the two transients reveals that the PtNi-NPs and PtCo-NPs show very 

similar corrosion characteristics during anodic polarization measurements.  It is important 

to mention that the values of jcorr are higher in the case of the anodic (positive-going) 

polarization measurements than in the case of the cathodic ones due to the passivated 

nature of the nanoparticles. 

Figure 5.8 Anodic and cathodic polarization curves for Pt7Ni3-NPs (A), (C) and for 

Pt7Co3-NPs (B), (D) in electrolyte solution saturated with N2(g).  Electrolyte: 0.50 M 

aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 
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quickly reaches a limiting current density value (logjHOR,lim) at E = 0.10 V, which is 

−4.16 and −4.05 for the two types of nanoparticles.  A comparison of these two values 

indicates that the PtCo-NPs are slightly more active towards the HOR than the PtNi-NPs.  

It is interesting and important to emphasize that the rate of the HER is much higher that 

that of the HOR.  In the case of HER, the current density can exceed this limiting current 

density since H2(g) formed at the electrode surface can diffuse into the electrolyte bulk in 

the form of gas bubbles once the saturation concentration is reached.  The value of logj 

remains constant in the 0.10 V  E  1.00 V range.  The two transients do not show any 

minimum that could be attributed to corrosion of the nanocatalysts; thus, it is concluded 

that the two types of nanocatalysts do not corrode in the electrolyte saturated with H2(g).  

In the case of E > 1.0 V, the value of logj decreases significantly due to the formation 

of Pt surface oxide on the nanoparticles, indicating that the oxidized PtNi and PtCo 

nanoparticles are less active towards the HOR than the metallic ones.  A local minimum 

at ca. 1.5 V is observed in both cases.  Beyond this potential value the current density 

slightly increases due to the concurrently occurring OER, HOR, and surface oxide 

formation.  We are unable to attribute individual values to each of them, although the 

OER is most likely the predominant process.  An analysis of the polarization transients 

suggest that the carbon support also does not undergo corrosion.  This observation is 

supported by a comparison of the standard potential values of the CO2(g),H
+
(aq)/C(s) and 

H
+
(aq)/H2(g) redox couples, which are 0.206 V and 0.000 V, respectively

36
.  Figures 

5.9C and 5.9D present the cathodic polarization curves for the carbon-supported PtNi-

NPs and PtCo-NPs, respectively, in the electrolyte saturated with H2(g).  A large current 

density in a narrow range close to EU = 2.00 V is attributed to the OER (a major 
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contribution) and the HOR (a minor contribution).  In the 0.10 V  E  1.90 V range, the 

value of logj is practically constant and is attributed to the HOR; the value of 

logjHOR,lim for the PtNi-NPs and PtCo-NPs is −4.13 and −4.05, respectively.  A 

comparison of these two values indicates that the PtCo-NPs are slightly more active 

towards the HOR than the PtNi-NPs.  The value of logj decrease as the applied 

potential approaches E = 0.00 V.  At E < 0.00 V, the current density is due to the HER.  

The polarization transients do not show any minimum, thus indicating that in the case of 

cathodic (negative-going) polarization transients, the PtNi-NPs and PtCo-NPs do not 

undergo corrosion in the 0.50 M aqueous H2SO4 electrolyte saturated with H2(g). 

 

Figure 5.9 Anodic and cathodic polarization curves for Pt7Ni3-NPs (A), (C) and for 

Pt7Co3-NPs (B), (D) in electrolyte solution saturated with H2(g).  Electrolyte: 0.50 M 

aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 
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Corrosion Behaviour in the Electrolyte Saturated with O2(g).  Figures 5.10A and 5.10B 

present the anodic polarization curves for the carbon-supported PtNi-NPs and PtCo-NPs, 

respectively, in the electrolyte saturated with O2(g).  The current density at E < 0.00 V is 

due to the HER and the simultaneously occurring ORR.  As the applied potential 

approaches E = 0.00 V, the contribution due to the HER decreases but the ORR still takes 

place.  In the 0.10 V ≤ E ≤ 0.80 V range, the current density is only due to the ORR and 

practically constant (limiting).  The value of logjORR,lim for the PtNi-NPs and PtCo-NPs 

is –3.9 and –3.7, respectively.  Because in this potential range the nanocatalysts maintain 

their metallic character, these values of logjORR,lim refer to metallic PtNi-NPs and PtCo-

NPs.  At E > 0.80 V, the value of logj decreases significantly due to the surface oxide 

formation that is less active towards the ORR than the metallic NPs.  Both anodic 

polarization transients reveal a well-defined minimum at Ecorr = 1.04 V and Ecorr = 1.02 V 

for the PtNi-NPs and PtCo-NPs, respectively.  The respective values of the corrosion 

current density are jcorr = 200 nA cm
−2

 and jcorr = 500 nA cm
−2

.  The values of Ecorr and 

jcorr are summarized in Table 5.1.  It is interesting to observe that the two values of Ecorr 

are almost identical, while the value of jcorr differ by a factor of 2.5, with the PtCo-NPs 

being less stable than the PtNi-NPs when the electrolyte is saturated with O2(g) and the 

NPs are partly oxidized (covered with a thin oxide layer).  The rate of corrosion of the 

PtNi-NPs is 14 times higher in the electrolyte saturated with O2(g) than in that saturated 

(outgassed) with N2(g).  Similarly, the rate of corrosion of the PtCo-NPs is 20 times 

higher in the electrolyte saturated with O2(g) than in that saturated (outgassed) with 

N2(g).  At E > 1.3 V, the value of logj gradually increases due to the OER, reaches a 

local maximum at E = 1.80 V, and decreases past this potential.  As in the case of the 
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electrolyte saturated (outgassed) with N2(g), this is attributed to oxidation of the carbon 

support and a partial loss of Aecsa.  A comparison of the two transients reveals that the 

PtNi-NPs and PtCo-NPs show very similar corrosion characteristics during anodic 

polarization measurements.  Figures 5.10C and 5.10D present the cathodic polarization 

curves for the carbon-supported PtNi-NPs and PtCo-NPs, respectively, in the electrolyte 

saturated with O2(g).  Because these measurements commence at EU = 2.00 V, a surface 

oxide layer develops immediately passivating the nanocatalysts.  It is important to 

mention that the application of high anodic potentials also gives rise to Pt/Pt oxide 

dissolution and oxidation of the carbon support.  A large current density in a narrow 

range close to EU = 2.00 V is mainly attributed to the OER, although there is a small 

contribution due to the surface oxide formation.  Because the NPs are covered with a 

surface oxide layer, the OER takes place not on metallic nanoparticles but on 

nanoparticles covered with a layer of surface oxide.  The value of logj gradually 

decreases as the applied potential is reduced with progressively less O2(g) being 

generated.  The two cathodic polarization transients show a well-defined minimum at 

Ecorr = 1.50 V and Ecorr = 1.12 V for the PtNi-NPs and PtCo-NPs, respectively.  The 

respective values of the corrosion current density are jcorr = 10 nA cm
−2

 and jcorr = 18 nA 

cm
−2

.  The values of Ecorr and jcorr are summarized in Table 5.1.  These results show that 

the PtCo-NPs corrode about twice faster than the PtNi-NPs.  The cathodic transients do 

not reveal any unique features in the 0.00 ≤ E ≤ Ecorr range and the gradual increase in 

logj is due to the rising rate of the ORR.  However, the values of logj for the ORR in 

the cathodic transients are lower than in the case of the anodic transients due to the 

degradation (oxidation and dissolution of NPs, loss of Aecsa) of the nanocatalysts.  As in 
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the case of the anodic polarization curves, the current density at E < 0.00 V is due to the 

concurrently occurring HER and ORR.  

 

 

Figure 5.10 Anodic and cathodic polarization curves for Pt7Ni3-NPs (A), (C) and for 

Pt7Co3-NPs (B), (D) in electrolyte solution saturated with O2(g).  Electrolyte: 0.50 M 

aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 
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Table 5.1 Values of the corrosion potential (Ecorr), corrosion current density (jcorr) 

and loss of the specific surface area (As) after anodic and cathodic potentiodynamic 

polarization. 

Anodic PDP measurement 

In presence of N2 

Nanocatalyst Ecorr (V) jcorr (nA cm
-2

) As loss after anodic PDP (%) 

PtNi-NPs 0.40±0.005 14±2 41 

PtCo-NPs 0.47±0.005 25±3 40 

In presence of H2 

PtNi-NPs   0 

PtCo-NPs   26 

In presence of O2 

PtNi-NPs 1.04±0.005 200±20 68 

PtCo-NPs 1.02±0.005 500±50 ≈ 100 

Cathodic PDP measurement 

In presence of N2    

PtNi-NPs 1.52±0.005 6.3±1 28 

PtCo-NPs 1.56±0.005 16±2 35 

In presence of H2 

PtNi-NPs   0 

PtCo-NPs   1 

In presence of O2 

PtNi-NPs 1.52±0.005 10±1 42 

PtCo-NPs 1.56±0.005 18±2 ≈ 100 

 

 

In order to facilitate a comparison of the results obtained in the presence of 

different gases, we combine the anodic and cathodic polarization transients and present 

them in Figures 5.11A and 5.11C (for the PtNi-NPs) and 5.11B and 5.11D (for the PtCo-

NPs).  The results clearly demonstrate that the nature of the dissolved gas has a profound 

impact on the polarization behaviour of the nanocatalysts and on their corrosion in the 
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0.50 M aqueous H2SO4 solution.  The nanocatalysts do not undergo corrosion in the 

H2SO4 solution saturated with H2(g) but undergo corrosion in the same electrolyte 

saturated with N2(g) or O2(g). 

 

Figure 5.11 Anodic and cathodic polarization curves for Pt7Ni3-NPs (A), (C) and for 

Pt7Co3-NPs (B), (D).  Electrolyte: 0.50 M aqueous H2SO4; T = 298 K; s = 0.10 mV s
−1

. 

 

Evolution of the Cyclic-Voltammetry Behaviour and the Specific Surface Area (As) 

of the PtNi and PtCo Nanoparticles   

Figures 5.12 through 5.14 present CV profiles for the carbon-supported PtNi-NPs (A and 

C) and PtCo-NPs (B and D) prior to (solid profiles) and after (dashed profiles) the anodic 

and cathodic polarization measurements.  The CV profiles in Figures 5.12, 5.13, and 5.14 

refer to the electrolyte solution saturated with N2(g), H2(g), and O2(g), respectively.  All 
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CV profiles referring to the anodic polarization measurements are annotated with the 

letters A and B, and those to the cathodic polarization measurements with the letters C 

and D. 

 

Evolution of the Cyclic-Voltammetry Behaviour in the Electrolyte Saturated with N2(g).  

Figure 5.12 shows that the value of I due to the double-layer charging is greater after the 

polarization measurements than prior to them.  This is assigned to an increase in the 

carbon surface due to the creation of porosity as a result of its corrosion.  There are small 

features attributed to the oxidation of hydroquinone to quinone and vice versa.  The CV 

profiles reveal the usual features due to the adsorption and desorption of HUPD as well as 

the formation and reduction of Pt surface oxide.  However, their intensity slightly 

decreases because of slight dissolution of the nanocatalysts, which reduces Aecsa.  The 

observation of the usual CV features and the small reduction in Aecsa indicate that the 

degradation of the PtNi and PtCo nanocatalysts is minimal. 
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Figure 5.12 CV transients prior to and after anodic PDP for Pt7Ni3-NPs (A) and Pt7Co3-

NP (B); CV transients prior to and after cathodic PDP for Pt7Ni3-NPs (C) and Pt7Co3-NPs 

(D) in electrolyte solution saturated with N2(g).  Electrolyte: 0.50 M aqueous H2SO4; T = 

298 K; s = 50.0 mV s
−1

. 

 

Evolution of the Cyclic-Voltammetry Behaviour in the Electrolyte Saturated with H2(g).  

Figure 5.13 reveals that the value of I due to the double-layer charging is greater after the 

polarization measurements than prior to them.  Again, this is assigned to an increase in 

the carbon surface due to the creation of porosity as a result of its corrosion.  As in the 

case of the electrolyte saturated with N2(g), there are small features attributed to the 

oxidation of hydroquinone to quinone and vice versa.  The CV profiles reveal the usual 

features due to the adsorption and desorption of HUPD as well as the formation and 

reduction of Pt surface oxide, but they are shifted upwards (towards more-positive 

current values) due to the presence of dissolved H2(g) and the additional current due to 
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the HOR.  There are no changes in the intensity of the CV features attributed to the 

adsorption and desorption of HUPD as well as the surface oxide formation and reduction.  

These observations support our previous conclusion that the Pt-containing nanocatalysts 

do not undergo corrosion in the electrolyte solution saturated with H2(g).  

 
Figure 5.13 CV transients prior to and after anodic PDP for Pt7Ni3-NPs (A) and Pt7Co3-

NP (B); CV transients prior to and after cathodic PDP for Pt7Ni3-NPs (C) and Pt7Co3-NPs 

(D) in electrolyte solution saturated with H2(g).  Electrolyte: 0.50 M aqueous H2SO4; T = 

298 K; s = 50.0 mV s
−1

.  

 

Evolution of the Cyclic-Voltammetry Behaviour in the Electrolyte Saturated with O2(g).  

The shape of the CV profiles presented in Figure 5.14 is very different from those shown 

in Figures 5.12 and 5.13 making difficult any analysis of the value of I in the double-

layer charging region.  However, one would expect the corrosion of the carbon support to 

be more pronounced in the electrolyte solution saturated with O2(g).  In the case of the 
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PtNi-NPs, we observe the usual features due to the adsorption and desorption of HUPD as 

well as the formation and reduction of Pt surface oxide, but their intensity decreases only 

slightly pointing to mild corrosion and a small reduction in Aecsa.  However, in the case of 

the PtCo-NPs, these features are not discernable after the polarization measurements 

indicating that these nanocatalysts undergo severe corrosion and the loss of Aecsa is 

substantial.  The CV profiles have a dramatically different shape and are shifted 

downwards (towards more-negative current values) due to the presence of dissolved 

O2(g) and the additional current due to the ORR. 

 

Figure 5.14 CV transients prior to and after anodic PDP for Pt7Ni3-NPs (A) and Pt7Co3-

NP (B); CV transients prior to and after cathodic PDP for Pt7Ni3-NPs (C) and Pt7Co3-NPs 

(D) in electrolyte solution saturated with N2(g).  Electrolyte: 0.50 M aqueous H2SO4; T = 

298 K; s = 50.0 mV s
−1

.  
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Evolution of the Specific Surface Area (As) in the Electrolyte Saturated with N2(g).  

Polarization measurements as well as repetitive potential cycling are known to modify the 

surface area of nanocatalysts.  In order to examine the stability of the PtNi-NPs and PtCo-

NPs, we performed 500 potential cycling experiments in the 0.05 V  E  1.45 V range in 

0.50 M aqueous H2SO4 solution at s = 50.0 mV s
−1

 and T = 298 K.  Figures 5.15A and 

5.15B present CV profiles for the carbon-supported PtNi-NPs and PtCo-NPs for a 

gradually increasing number of transients, namely 50, 100, 200, 300, 400, and 500.  The 

CV profiles demonstrate that the current in the double-layer region does not change 

indicating that the corrosion rate of the carbon support is very low.  The CV profiles were 

also used to determine the electrochemically active surface area (Aecsa) that was then 

converted to the specific surface areas (As in m
2
 gPt

−1
).  The initial values of the specific 

surface area (prior to the potential cycling) were As,i = 74.5 m
2
 gPt

−1
 and As,i = 33.1 m

2
 

gPt
−1

 for the PtNi-NPs and PtCo-NPs, respectively.  We determined the values of As and 

then calculated the As/As,i ratio (the normalized specific surface area).  Figure 5.15C 

shows the evolution of the As/As,i ratio as a function of the number of potential transients.  

In both cases, the value of As/As,i decreases with the increasing number of potential 

transients and the trend is similar for both types of nanocatalysts.  The results indicate 

that both types of nanocatalysts lose more than 50% of their initial surface area (both Aecsa 

and As) after 500 transients but the PtNi-NPs are slightly more stable.  This observation is 

supported by the corrosion data presented in Table 5.1.  
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Figure 5.15 CV profiles for a gradually increasing number of transients for carbon-

supported Pt7Ni3-NPs (A) and carbon-supported Pt7Co3-NPs (B) and normalized specific 

surface area (As / As,i) as a function of the cycle number (C); s = 50.0 mV s
–1

; Electrolyte: 

0.50 M aqueous H2SO4; T = 298 K. 

 

5.4 Conclusions   
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supported NPs, the target value of the metal loading was 40% and TGA measurements 

were employed to determine the actual value of the metal loading, which was found to be 

38.1 wt% for the PtNi-NPs and 40.8 wt% for the PtCo-NPs.  The XRD patterns were 

typical of the face-centered cubic (fcc) structure of Pt and their analysis indicated that the 

average crystallite size was 2.3 nm in both cases.  While Pt and Ni adopt the fcc 

crystallographic structure, Co adopts the hexagonal-closed packed (hcp) one.  Thus, the 

crystallographic structure of Pt, which is the predominant metal in the NPs, determines 

the crystallographic structure of the PtCo nanocatalysts.  The TEM results revealed that 

the PtNi-NPs and PtCo-NPs were spherical in shape, and their respective sizes were 3.3 

nm and 3.2 nm.  The XRD measurements yield the average crystallite size, while the 

TEM ones the average particle size.  Because these two have different values and because 

the size of nanoparticles is greater than that of the nanocrystallites, it can be concluded 

that the nanocatalysts have a polycrystalline nature.  Electrochemical and corrosion 

(stability) characterization of the nanoparticles was performed using CV and PDP 

experiments.  While CV measurements yielded the specific surface area of the 

nanocatalysts and their evolution upon repetitive potential cycling, PDP measurements 

allowed the determination of Ecorr and jcorr (if applicable).  The PDP experiments were 

conducted in the anodic and cathodic directions, and it was observed that the direction of 

the PDP transients affected the values of Ecorr andf jcorr.  CV profiles were acquired in 

0.50 M aqueous H2SO4 solution using two different potential scan rates, 5.00 and 50.0 

mV s
–1

, and it was observed that the amount (expressed as charge density) of the oxide 

formed depended on the potential scan rate value, with more oxide formed in the case of 

s = 5.00 mV s
–1

.  The surface oxide formation and reduction in the sub-monolayer and 
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monolayer range were also successfully analyzed using in-situ confocal Raman 

spectroscopy.  In the case of Pt surface oxide formation, a clearly distinguishable band 

assigned to the species was observed for potential E > 0.90 V, although the process 

commenced at E = 0.80 V.  In the case of Pt oxide reduction, the band assigned to the 

surface oxide practically disappeared when E = 0.80 V was reached, although the 

complete reduction of the species was achieved at E = 0.50 V.  The appearance and 

disappearance of the Raman shift band were closely related to the degree of crystallinity 

in the oxide layer and not only to the amount of oxygen.  These observations indicate that 

the confocal Raman spectroscopy is a powerful technique capable of monitoring 

structural changes and could potentially be applied in research on a variety of 

nanomaterials.  Corrosion of the PtNi-NPs and PtCo-NPs was studied in 0.50 M aqueous 

H2SO4 solution saturated with a neutral (N2) or reactive (H2 or O2) gas and using anodic 

and cathodic PDP measurements at a very low potential scan rate of s = 0.10 mV s
–1

.  The 

results demonstrated that the environment has a profound influence on the corrosion 

behaviour of nanocatalysts and the main observations are as follows: (i) in the case of 

measurements carried out in the electrolyte saturated with H2(g), no catalysts corrosion 

was observed but the carbon support degraded and became more porous; (ii) in the case 

of measurements carried out in the electrolyte saturated with N2(g), the nanocatalysts 

underwent a slight corrosion; and (iii) in the case of measurements carried out in the 

electrolyte saturated with O2(g), the nanocatalysts underwent significant corrosion, 

especially in the case of the anodic PDP transient.  Comparison of these results reveals 

that the PtNi-NPs are more stable than the PtCo-NPs.  The chemical state of the Pt-based 

NPs and their corrosion behaviour are very important for the fuel cell technology because 



 

141 

 

they determine their catalytic activity, stability and durability.  Examination of the 

specific surface area (As) of the PtNi-NPs and PtCo-NPs in 0.50 M aqueous H2SO4 

outgassed using N2(g) was carefully studied by acquiring 500 CV transients in the 0.05 V 

≤ E ≤ 1.45 V range at s = 50.0 mV s
−1

.  These measurements revealed a 50% reduction in 

As for both types of nanocatalysts.  The new results presented in this report make an 

important contribution to the understanding of the corrosion behaviour of PtNi-NPs and 

PtCo-NPs in aqueous acidic media in the presence of different gaseous environments.  

Because such research has never been conducted before, they represent an important 

contribution to the fuel cell science and technology.  
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Chapter 6 

Synthesis and Characterization of -Ni(OH)2 Nanoparticles for 

Electrochemical Energy Storage 

 

6.1 Introduction 

The synthesis of nanomaterials has received a tremendous amount of interest over the 

past two decades due to their unique and important properties, such as magnetic, optical, 

electronic, chemical and catalytic.  Their remarkable behaviour arises from their 

nanoscopic sizes and the associated large specific surface area.
1-3

  Enhancement of the 

above-mentioned physical and catalytic properties makes them attractive in a variety of 

applications.  Consequently, there are continued research efforts in the area of synthesis 

and characterization of new nanomaterials.
4-7

  Various methods have been developed for 

producing nanoparticles, such as the gas-evaporation sputtering, hydrothermal method, 

sol-gel method, colloidal methods just to mention a few.  Among these, the water-in-oil 

(w/o) microemulsion method is frequently employed due to its simplicity and 

applicability to different metallic materials.
8
  Water-in-oil microemulsions are made up of 

droplets of water, which are in the micron to sub-micron range, being surrounded by a 

continuous (predominant) oil phase.  These water droplets act as micro-reactors, in which 

the formation of nanoparticles takes place.  Typically, one nanoparticle is formed in each 

droplet and, consequently, the size of the droplet and the amount of the metallic salt 

precursor therein determine the resultant nanoparticles size.  Surfactants are added to 

stabilize the dispersion of water droplets in the oil phase and to lower the energy at the 

water-oil interface.
8-11

  Without suitable surfactants, water droplets would merge into a 
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separate aqueous phase.  Surfactants also minimize agglomeration (adhesion of particles 

through weak physical interactions) after the reduction process, and any further 

aggregation (sintering of several agglomerated nanoparticles into a larger particle) during 

the thermal treatment in the cleaning step.  Thus, the application of suitable surfactants 

facilitates the production of fine nanoparticles.
8, 12,13

  

  Synthesis and characterization of Ni-based nanoparticles have attracted 

considerable attention owing to their electronic, optical, mechanical, magnetic, 

superconducting and catalytic properties and related applications.  With regards to 

electrochemical systems, Ni-based nanoparticles possess excellent electrocatalytic 

activity, which makes them attractive materials for potential applications in alkaline 

electrochemical technologies, such as fuel cells, electrosynthesis, electrodegradation, 

electroanalysis, etc.
13-22

  Among Ni-based nanomaterials, nickel hydroxide nanoparticles 

(Ni(OH)2-NPs) have received considerable attention due to their potential application in 

electrochemical energy-storage devices (supercapacitors, rechargeable alkaline batteries) 

and electrocatalytic activity in oxidation of small organic compounds.  Nanoparticles of 

Ni(OH)2 are stable, possess a large surface area and a high power capacity; they can be 

easily converted to nickel oxyhydroxide nanoparticles (NiO(OH)-NPs) with good 

cyclability.  These properties make them suitable materials for electrochemical 

rechargeable alkaline batteries and supercapacitors.
23-26

  As regards their application in 

catalysis, they demonstrate promising electrocatalytic activity toward the oxidation of a 

range of small organic compounds, especially methanol, ethanol, glycerol and 

glucose.
27,28,31

  Nickel oxides are also recognized as promising catalysts for the hydrogen 

and oxygen evolution reactions (HER and OER) owing to their high catalytic activity 
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toward these reactions as well as low cost.  The above-mentioned electrochemical 

reactions occur on electrode surfaces, thus at the surfaces of nanoparticles.  

Consequently, it is of paramount importance to develop a synthesis method leading to the 

production of very small nanoparticles and to understand their behaviour over a broad 

potential range spanning from the HER range to the OER one.  The water-in-oil 

microemulsion method has been widely applied to synthesize nanoparticles of Pt-group 

metals.
29-31

 However, very few studies have been dedicated to the synthesis of Ni-based 

nanoparticles using this approach.  Chen et al. synthesized Ni-NPs of ca. 4 to 6 nm mean 

size using the water-in-oil microemulsion method at an elevated temperature (ca. 73°C) 

using hydrazine as reducing agent.
10

  Ni et al. prepared Ni nanorods (8−10 nm in 

diameter and 100−200 nm in length) employing this method
32

, while Zhang et al. 

succeeded at synthesizing needle-like NPs with a diameter in the 6−18 nm range.
33

  In 

their contribution, Baranton et al. reported on the synthesis and characterization of 

Ni(OH)2 nanoflakes of ca. 50 nm diameter and 5 nm width that were then used as 

catalysts for the HER.
34

  

  In this contribution, we report on the synthesis at room temperature of very small 

(ca. 2.5 nm) and spherical Ni(OH)2 nanoparticles (Ni(OH)2-NPs) using the water-in-oil 

microemulsion method.  The size and size distribution of the spherical Ni(OH)2-NPs 

were examined using X-ray diffraction (XRD) and transmission electron microscopy 

(TEM).  In the case of carbon-supported Ni(OH)2-NPs, thermo-gravimetric analysis 

(TGA) was used to determine the metal loading and to confirm the NPs composition.  

Cyclic voltammetry and linear sweep voltammetry were employed to characterize their 

electrochemical behaviour in an alkaline medium over a broad potential range from the 
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HER region to the OER one.  In-situ confocal Raman microscopy was also employed to 

further complete the electrochemical characterization of the Ni(OH)2-NPs by monitoring 

the transition between Ni(OH)2 and NiO(OH).  

 

6.2 Experimental    

Preparation of Unsupported Ni(OH)2-NPs    

Ni(OH)2-NPs were synthesized using the w/o microemulsion method.  The oil phase was 

prepared by mixing 34.26 g of n-heptane (Sigma Aldrich, HPLC grade) and 19.02 g of 

polyethylene glycol dodecyl ether (Brij
®

 L4, Sigma Aldrich) under continuous stirring 

condition until a homogeneous solution was obtained.  The aqueous phase was prepared 

by dissolving of nickel (II) chloride hexahydrate (99.999 %, Sigma Aldrich) in ultra-high 

purity water (Milli Q
®
, Millipore 18.2 MΩ cm in resistivity) to obtain a salt concentration 

of 0.2 mol L
−1

.  A 1.6 mL aliquot of the aqueous phase solution was added to the oil 

phase under continuous stirring condition until a translucent and stable microemulsion 

was obtained.  Solid sodium borohydride (NaBH4, 99 % purity, Sigma Aldrich) was 

added in large excess (ca. 200 mg) to the mixture.  After completion of the reduction 

reaction, cleaning of the NPs was carried out by repetitive soaking of NPs with ethanol 

(HPLC grade, 5 times) and isopropanol (HPLC grade, 5 times).  Then, the NPs were 

separated from the solution by allowing them to settle at the bottom of glass bottle and 

removing of the solvent.  An ink was prepared by dispersion of the Ni(OH)2-NPs in 

isopropanol (HPLC, grade) using an ultrasonic bath.  
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Preparation of Carbon-Supported Ni(OH)2-NPs   

In order to prepare carbon-supported Ni(OH)2-NPs, the previously described w/o 

microemulsion method was applied until the reduction step.  After the reduction with 

NaBH4, carbon (Vulcan XC72, from CABOT) pre-treated under N2 at 400°C for 4 hours 

was directly added to the colloidal solution in order to reach 30 wt% metal loading on 

carbon and dispersed with Ni(OH)2-NPs using a Clifton stainless steel SW1H model 

ultrasonic bath with 30 W power for 15 minutes.  Finally, the mixture containing the 

carbon-supported catalyst was filtered using a hydrophilic PVDF membrane with 0.22 

μm pore diameter (Millipore).  The carbon-supported Ni(OH)2-NPs were then washed 

several times (at least five times) with acetone, ethanol and ultrapure water.  Afterwards, 

the catalyst was dried overnight in an oven at 60 °C.  The drying produced a catalyst 

powder that was then thermally treated for 2 hours at 200 °C under air condition to 

remove any possible remaining surfactant through combustion.  

 

X-Ray Diffraction (XRD) Analysis    

XRD patterns were acquired using PANalytical Empyrean X-ray diffractometer.  

Measurements were performed from 2θ = 20 ° to 2θ = 90 ° in a step mode, with a step 

interval of 0.06 ° and a fixed acquisition time of 10 s per step.  

 

Transmission Electron Microscopy (TEM) Characterization    

TEM analysis was performed using a JEOL JEM 2100 (UHR) with a resolution of 0.19 

nm.  The size distribution of the Ni(OH)2-NPs as well as their mean particle size were 
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determined using the Feret’s diameter and by counting 500 isolated NPs using the ImageJ 

free software.
35

  

Thermo-Gravimetric Analysis (TGA)    

TGA measurements were carried out to determine the Ni loading using a TA instrument 

model SDT Q 600.  The measurements involved gradual heating the sample from 25 to 

900 °C with a heating rate of 10 °C min
−1

 under an air flow of 100 mL min
−1

.  

 

In-situ Confocal Raman Microscopy Characterization   

Raman spectra were acquired using a HORIBA iHR320 confocal Raman microscope.  

First, Raman spectra for carbon were acquired and accepted as a reference.  Then, Raman 

spectra for Ni(OH)2-NPs deposited on graphite were acquired (without any electrolyte 

and without applying any potential).  Then, this sample was placed in a custom-designed 

cell containing 0.10 M aqueous NaOH solution and cycled ten (10) times in the 0.60 ≤ E 

≤ 1.40 V range at a potential scan rate of s = 10.0 mV s
–1

, starting and ending at 0.60 V.  

Afterwards, Raman spectra were recorded at E = 0.60 V and the applied potential was 

linearly scanned to 1.40 V (s = 10.0 mV s
–1

).  When E = 1.40 V was reached, the applied 

potential was held at 1.40 V and Raman spectra were acquired.  In-situ Raman spectra 

were also acquired during anodic-going (0.60 V  1.40 V) and cathodic-going (1.40 V 

 0.60 V) potential transients, respectively; the potential scan rate was s = 0.20 mV s
–1

.  

The Raman spectra were acquired at 50 mV intervals.   
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Electrochemical Characterization    

Electrochemical measurements were conducted in a conventional, three-electrode, two-

compartment electrochemical cell at room temperature.  A reversible hydrogen electrode 

(RHE) was used as a reference electrode (RE) and all potential values are reported on the 

RHE scale.  A glassy carbon plate with a geometric surface area of ca. 3 cm
2
 was used as 

a counter electrode (CE).  Its surface area was significantly greater than the surface area 

of the working electrode (WE).  The WE was prepared by dispensing 3.00 μL of a 

catalytic ink onto a glassy carbon disk polished to a mirror-like finish and having a 

geometric surface area of 0.7068 cm
2
.  A catalytic ink was prepared as follows.  First, 

258 μL of commercial suspension of Nafion in aliphatic alcohols (5 wt%, Sigma Aldrich) 

were added to 2.742 mL of isopropanol (99.5 %, Sigma Aldrich) and carefully mixed.  

Then, 23.56 mg of Ni(OH)2/C catalytic powder were added to the above-described 

suspension and was homogenized in an ultrasonic bath for ca. 5 minutes; the final volume 

of the ink was 3.00 mL.  The placement of 3.00 L of the ink on 0.7068 cm
2
 of the 

graphite substrate resulted in 100 μgNi cm
−2

 loading.  Electrochemical experiments were 

conducted in 0.10 M aqueous NaOH (99.996 %, Alfa Aesar) solution at a temperature of 

298 K.  All solutions were prepared using ultra-high purity water (Milli Q
®
, Millipore 

18.2 MΩ cm in resistivity).  Prior to conducting experiments, the electrolyte solution was 

outgassed by purging N2(g) (99.999% in purity, Praxair) through it for at least 30 

minutes.  Cyclic voltammetry (CV) experiments were conducted using an EG&G 

Princeton Applied Research Model 362 potentiostat.  Cyclic voltammetry profiles were 

acquired at a pre-determined potential scan rate, namely s = 1.00, 2.00, 5.00, 10.0, 20.0, 

50.0 and 100 mV s
–1

.  Stability of the Ni-containing catalyst was examined by acquiring 
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1000 CV profiles at a potential scan rate of s = 50.0 mV s
−1

.  In these measurements, the 

lower potential limit was set at 0.05 V and the upper potential limit at 1.65 V in the case 

of unsupported Ni(OH)2-NPs and 1.75 V in the case of carbon-supported Ni(OH)2-NPs.  

The activity of the Ni(OH)2-NPs towards the HER was analyzed using linear sweep 

voltammetry at a potential scan rate of s = 1.00 mV s
−1

; the lowest applied cathodic 

potential was –0.45 V.   

 

6.3 Results and Discussion  

Thermo-Gravimetric Analysis (TGA)   

Figure 6.1 presents two graphs: (i) a plot (the black profile) of the mass variation with 

respect to the initial mass in per cent (m/mi  100) as a function of temperature (T), and 

(ii) a plot (the gray dashed profile) of the derivative of the mass loss with respect to the 

temperature (d(m)/dT) as a function of temperature for the carbon-supported Ni(OH)2-

NPs.  The two plots reveal that the first transition occurs in the 293–400 K range and 

corresponds to the desorption of physisorbed water.  The second transition occurs in the 

473–593 K range and is attributed to the dehydration of Ni(OH)2, which produces NiO on 

the carbon support.  The latter transition is then followed by combustion of the carbon 

substrate (support) and is observed in the 593–1023 K range; the remaining material is 

NiO.  The remaining mass of 1.641 mg (due to NiO) is used to determine the Ni loading 

(wNi in wt.%) using equation 6.1:  

 

  100
CNi

Ni
Ni 




mm

m
w        (6.1)   
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where mNi is the mass of Ni (it is determined knowing that the mass of NiO is 1.641 mg) 

and mC is the mass of carbon support.  The value of wNi is found to be 26.87% and is very 

close to the initial target value of ca. 30%.   

 

Figure 6.1 TGA results presented as a mass variation with respect to the initial mass (the 

solid line) and a derivative of the mass loss (the dashed line) as function of temperature 

for carbon-supported β-Ni(OH)2 NPs. 

 

Above, it is explained that the mass loss in the 473–593 K range is entirely due to the 

dehydration of Ni(OH)2 to NiO according to equation 6.2.  
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Assuming that there is no metallic Ni in the nanoparticles, it is possible to determine if 

there is any NiO in the Ni(OH)2 nanoparticles and, eventually, the percentage of each 

compound.  On the basis of this analysis, we determined that the nanoparticles contain 

both Ni(OH)2 and NiO and their respective molar percentages are 89.26% and 10.74%, 

respectively.  This is an important observation that correlates with the recent study of the 

formation of -Ni(OH)2 on bulk Ni materials,
42

 which on the basis of XPS measurements 

demonstrated that the surface oxide layers contained both -Ni(OH)2 and NiO, with the 

latter being sandwiched between the metallic substrate and the outer -Ni(OH)2 layer.  

Identification and quantification of NiO in the NPs which are predominantly made of -

Ni(OH)2 is very important, because -Ni(OH)2 is the compound that is converted to -

NiO(OH) in rechargeable batteries containing the Ni electrode (the cathode).  An XRD 

analysis of the -Ni(OH)2-NPs presented in the following section corroborates this 

conclusion because deconvolution of XRD patterns leads to the detection of NiO.  

 

X-Ray Diffraction (XRD) Characterization    

Figure 6.2 shows an XRD pattern for the carbon-supported Ni(OH)2 catalytic powder (the 

black points).  It was analyzed using the Levenberg-Marquardt method deconvoluted 

using a pseudo-Voigt fitting by means of a computer refinement program (Fityk free 

software).
36

  The pattern is very complex and reveals several overlapping peaks.  With 

the exception of the broad and intense peak at ca. 25°, which correspond to the {002} 

plane of turbostratic graphite,
37,38

 all the remaining peaks can be indexed to the hexagonal 

phase of β-Ni(OH)2 structure (JCPDS 14-0117) and NiO (JCPDS 47-1049).  Indeed, the 

positions of the diffraction peaks at 33.86°, 33.89°, 51.57°, 60.10°, 62.58°, 70.96°, 72.97° 
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and 81.62° are very consistent with those of the JCPDS 14−0117 card for β-Ni(OH)2, 

whereas those at 36.13°, 43.30°, 76.11° and 78.95° are very consistent with those of the 

JCPDS 14-0117 card for NiO.  The peak at 43.30° contains also a contribution of the 

{100} plane of turbostratic graphite.
37,38

  The peak at ca. 14.32° is shifted to a lower 2 

value for (001) β-Ni(OH)2 plane (19.6° according to JCPDS 14-0117) and to a higher 

value for (003) -Ni(OH)2 plane (11.9° according to the JCPDS 38-0715).  The presence 

of -Ni(OH)2 phase cannot be discarded but it is present in a very small amount 

considering the very low intensity of this peak with respect to other diffraction peaks in 

the pattern (this peak is the most intense one in -Ni(OH)2 diffraction patterns).
39-41

  The 

fitting curve (the green profile) closely follows the experimental data thus validating the 

deconvolution.  It is important to add that no peak corresponding to metallic nickel is 

detected.  The average crystallite size (Scherrer length Lv) of the catalyst was calculated 

by considering the mean diameter value obtained for different planes using the Scherrer 

equation; it is found to be 2.2 nm for -Ni(OH)2 and 2.0 nm for NiO.  The XRD analysis 

of the nanoparticles validates our interpretation of TGA results on the basis of which it 

was proposed the -Ni(OH)2 nanoparticles also contain NiO, with -Ni(OH)2 being the 

main phase and NiO being present in a smaller amount.  
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Figure 6.2 XRD pattern (the dots) with the corresponding deconvoluted peaks (the grey 

lines) and overall fitting curve (the green line);  β-Ni(OH)2 and  NiO. 

 

Transmission Electron Microscopy (TEM) Characterization    

Transmission electron microscopy images are acquired in order to evaluate the particles’ 

shape, size and size distribution.  Figure 6.3A presents a TEM image from carbon-

supported -Ni(OH)2-NPs.  Due to the low contrast between the -Ni(OH)2 

nanostructures and the nanoscopic carbon substrate (the grain size is in the 30-50 nm 

range), it is difficult to estimate the average particle size of the catalyst.  Consequently, 

we also performed TEM analysis of unsupported -Ni(OH)2-NPs in order to examine 

their shape, average size and size distribution.  Figure 6.3B shows a TEM image acquired 

from unsupported -Ni(OH)2-NPs placed on a gold grid.  It reveals that the nanoparticles 
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are clearly distinguishable and have a well-defined spherical shape (nanospheres).  Figure 

6.3C presents a histogram of the particle size distribution prepared on the basis of the 

results shown in Figure 6.3B and leads to the observation that the average size of these 

spherical nanoparticles is 2.6 nm (the standard deviation equals 0.22 nm).  It is interesting 

to observe that the synthesis of -Ni(OH)2 nanoparticles reported in this contribution and 

employing the water-in-oil microemulsion method results in the production of small 

nanospheres with a narrow size distribution.  The average size of the -Ni(OH)2-NPs 

determined by TEM is (2.6 nm) consistent with the average crystallite size (2.2 nm) 

determined using XRD.  The large nanoparticle size determined using TEM can be 

attributed to their polycrystalline nature in the sense that their core is made of NiO and 

the shell of -Ni(OH)2, as deduced on the basis of the TGA and XRD measurements.
42

  

 

 

Figure 6.3 TEM images for (A) spherical carbon-supported β-Ni(OH)2, (B) spherical 

unsupported β-Ni(OH)2; and (C) histogram of the size distribution of unsupported β-

Ni(OH)2 NPs. 
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Electrochemical and In-situ Raman Spectroscopy Characterization   

Figure 6.4A presents a series of CV profiles for carbon-supported -Ni(OH)2-NPs; they 

were obtained in 0.10 M aqueous NaOH solution outgassed with N2(g) and at different 

potential scan rate values, namely s = 1.00, 2.00, 5.00, 10.0, 20.0, 50.0, and 100 mV s
−1

.  

The inset in Figure 6.4A shows a CV profile acquired at s = 1.00 mV s
−1

.  The anodic 

feature observed at potentials greater than 1.30 V corresponds to the conversion of -

Ni(OH)2 into -NiO(OH) and the cathodic feature observed at potential values smaller 

than 1.35 V corresponds to the conversion of -NiO(OH) into -Ni(OH)2.  In the case of 

high potential scan rates (50 and 100 mV s
–1

), another reduction feature is observed; it is 

attributed to the reduction of molecular oxygen generated in the anodic-going scan (its 

upper potential limit is 1.65 V) and accumulated within pores of the electrode.  The -

Ni(OH)2/-NiO(OH) redox conversion was also monitored using in-situ confocal Raman 

spectroscopy.   
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Figure 6.4 (A) CV profiles for carbon-supported spherical β-Ni(OH)2 NPs.  The inset 

presents a CV profile for carbon-supported spherical β-Ni(OH)2 NPs recorded at s = 1.00 

mV s
–1

; (B) A plot of the experimental charge (Qexptl) corresponding to the β-Ni(OH)2 ⇆ 

β-NiO(OH) electrochemical conversion as a function of the scan rate.  The horizontal 

blue line represents the theoretical charge (Qtheor) for complete β-Ni(OH)2 ⇆ β-NiO(OH) 

conversion.  Electrolyte: 0.10 M aq. NaOH; T = 298 K; s = 1.00, 2.00, 5.00, 10.0, 20.0, 

50.0, and 100 mV s
–1

. 

 

Figure 6.5 presents three Raman shift spectra; the first spectrum corresponds to a glassy 

carbon electrode (the black spectrum); the second spectrum was obtained for a layer of -

Ni(OH)2-NPs on the same glassy carbon electrode and was acquired at E = 0.60 V (the 

brown spectrum); the third spectrum was obtained for the same layer of -Ni(OH)2-NPs 

but at E = 1.40 V (the green spectrum).  The spectrum for the glassy carbon (the black 

spectrum) shows typical Raman peaks at 1330 cm
–1

, 1557 cm
–1

, and 2682 cm
–1

 

corresponding to the well-known D, G and 2D peaks of glassy carbon.
43

  Interestingly, 

the Raman shift spectrum acquired at E = 0.60 V (the brown spectrum) displays only the 

spectroscopic features characteristic of glassy carbon and no features due to the layer of 
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-Ni(OH)2-NPs.  The lack of a well-defined feature that could be assigned to -Ni(OH)2–

NPs is attributed to a very low Raman scattering cross section of this species.
44,45

  

However, the Raman shift spectrum obtained at E = 1.40 V (the green spectrum) displays 

additional high and low intensity peaks (in the 250–750 cm
–1

 and 750–1250 cm
–1

 ranges, 

respectively) in addition to the features associated with the glassy carbon substrate.  The 

two peaks at 463 cm
–1

 and 531 cm
–1

 are assigned to (Ni
III

–O) and (Ni
III

–O) vibrations, 

respectively.
44

  The broad feature at ca. 1000 cm
–1

 is attributed to the formation of NiOO
–

.
44

  The spectroscopic observation of this peroxo intermediate supports a proposal that an 

adsorbed “active oxygen” is operational as an active species of the OER at pH > 11.
44,46

 

 

 

Figure 6.5 Raman spectra for glassy carbon (the black line), the β-Ni(OH)2 NPs at E = 

0.60 V vs. RHE (the brown line), and the β-NiO(OH) at E = 1.40 V vs. RHE (the green 

line).  Electrolyte 0.10 M aq. NaOH and T = 298 K.  
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Figures 6.6A and 6.6B presents Raman shift spectra recorded during anodic and cathodic 

potential scans, respectively, at s = 2.00 mV s
–1

.  They were acquired using an in-situ 

confocal Raman microscopy coupled to a potentiostat that facilitates simultaneous cyclic 

voltammetry measurement.  The Raman shift spectra cover the 0.60 V  E  1.40 V 

range with a potential interval of 0.05 V; the spectrum obtained at E = 0.60 V serves as a 

reference.  The Raman shift spectra acquired during the anodic potential transient (Figure 

6.6A) reveal features associated with the formation of -NiO(OH) between 1.35 V and 

1.40 V.  Upon reversal of the scan direction, the current remains positive indicating that 

the growth of -NiO(OH) continues until a negative (reduction) current is observed.  For 

this reason the intensity of the Raman shift peaks due to -NiO(OH) increases.  The 

Raman spectra for the negative-going transient also reveal a broad feature that is due to 

the presence of NiOO
–
.  The intensity of the Raman shift peak due to -NiO(OH) 

commences to decrease when the potential of E = 1.30 V is reached and is practically 

invisible in the case of E = 1.20 V.  These results clearly demonstrate that the in-situ 

confocal Raman microscopy is a powerful technique that can accurately monitor the -

Ni(OH)2 ⇆ -NiO(OH) conversions.  In addition, it can be applied to analyze other 

electrode materials. 
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Figure 6.6 (A) Raman spectra acquired during an anodic potential sweep showing the 

feature due to the formation of β-NiO(OH) and (B) Raman spectra acquired during a 

cathodic potential sweep showing the features due to the reduction of β-NiO(OH).  

Electrolyte: 0.10 M aq. NaOH; T = 298 K; s = 10.0 mV s
–1

. 

 

The results presented in Figure 6.4A reveal that the peak potential of the -Ni(OH)2 ⇆ -

NiO(OH) surface redox processes depend on the applied potential scan rate.  The CV 

transients shown is Figure 6.4A were used to determine the charge (Q) values 

corresponding to the Ni
2+

 ⇆ Ni
3+

 transitions; they are presented as brown (Ni
2+

  Ni
3+

) 

and green (Ni
3+

  Ni
2+

) points in Figure 6.4B.  For each value of the potential scan rate, 

the values of Q determined on the basis of anodic and cathodic CV transients agree 

indicating that the same amount of surface species is converted from -Ni(OH)2 to -

NiO(OH) and vice versa.  The solid black curve, which is prepared using the anodic and 

cathodic charge values, visualizes the overall variation of Q with s.  It is observed that the 

maximum experimentally achievable charge corresponding to the -Ni(OH)2 ⇆ -

NiO(OH) conversion is Qexptl = 6.35 mC (999 C gNi
–1

).  On the basis of the Ni loading 
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(see the section Thermo-Gravimetric Analysis), the maximum theoretically achievable 

capacity of the catalyst is Qtheor = 10.4 mC (1650 C gNi
–1

) assuming that all Ni in the 

entirety of the nanoparticles is in the form of -Ni(OH)2.  A ratio of the Qexptl and Qtheor 

values equals 0.610 (61.0%) indicating that only a fraction of the material is converted to 

-NiO(OH).  On the basis of the crystallographic parameters for the hexagonal unit cell 

that -Ni(OH)2 adopts (a = b = 3.126 Å, c = 4.605 Å,  =  = 90°,  = 120°) we 

calculated the volume of the fundamental unit cell and found it to be Vcell = 0.03897 

nm
3
.
47

  Then, we compared it to the volume of an average spherical -Ni(OH)2 

nanoparticle that is VNP = 9.2 nm
3
 (the average particle diameter is 2.6 nm; see the section 

Transmission Electron Microscopy Characterization) and by comparing these two 

volume values determined that there are 236 fundamental unit cells per nanoparticle.  We 

also calculated the surface area of an average spherical -Ni(OH)2 nanoparticle and found 

it to be SNP = 21 nm
2
.  Assuming that one side face of the hexagonal fundamental unit cell 

participates in the formation of the surface of nanoparticle and its surface area is Scell = 

0.1440 nm
2
, we determined that there are 146 fundamental unit cells per nanoparticle 

surface.  The latter number indicates that 61.8% (146/236 = 0.618) of the fundamental 

unit cells that constitute a single nanoparticle participate in its surface formation.  This 

value agrees with the ratio Qexptl/Qtheor (it is 0.610) suggesting that only the surface of -

Ni(OH)2-NPs undergoes conversion to -NiO(OH).  This is a very important observation 

because it indicates that -Ni(OH)2-NPs offer a high degree of the -Ni(OH)2 ⇆ -

NiO(OH) conversions, thus high energy power capacity.  In addition, in the case of bulk 

materials the -Ni(OH)2 ⇆ -NiO(OH) conversions are limited by slow diffusion of H
+
 

in the oxide layer.
42

  Because in the case of Ni(OH)2-NPs only their surface is involved in 
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the -Ni(OH)2 ⇆ -NiO(OH) conversions, the process is not limited by the slow 

diffusion of H
+
 but by the kinetics of the below interfacial process.  

 

  -Ni(OH)2 + OH
–
      -NiO(OH) + H2O + e

–
    (6.3)  

 

The results presented in Figure 6.4B indicate that the value of Qexptl is scan rate 

dependent; it remains constant in the case of 1.00  s  5.00 mV s
–1

 and decreases 

linearly with the potential scan rate in the case of 10.0  s  100 mV s
–1

.  The values of 

the anodic and cathodic peak currents (Ipeak) are analyzed as log Ipeak versus log s in 

Figures 6.7A and 6.7B, respectively.  In the case of the oxidation (anodic) peak, the value 

of the log Ipeak,ox versus log s slope is 1 for 1.00  s  5.00 mV s
–1

 and 0.5 for 10.0  s  

100 mV s
–1

.  These findings reveal that the conversion of -Ni(OH)2 into -NiO(OH) is 

under adsorption control (the adsorption of OH
–
) in the case of 1.00  s  5.00 mV s

–1
 

and under diffusion control (the diffusion of OH
–
) in the case of 10.0  s  100 mV s

–1
.  

In the case of the reduction (cathodic) peak, the value of the log Ipeak,red versus log s slope 

is 0.6 for the entire range of s values.  It suggests that the conversion of -NiO(OH) into 

-Ni(OH)2 is under mixed adsorption-diffusion control with the diffusion being 

predominant (the diffusion of H2O).  Above, we explained that the conversion of -

Ni(OH)2 into -NiO(OH) is an interfacial process and that it is under diffusion control at 

higher potential scan rates (10.0  s  100 mV s
–1

).  The diffusion control aspect of the -

Ni(OH)2 ⇆ -NiO(OH) conversions arise from the necessity of OH
–
 to diffuse inside the 

nanoparticle through its external skin.  
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Figure 6.7 Variation of (A) the anodic peak current values corresponding to the oxidation 

of β-Ni(OH)2 and (B) the cathodic peak current values corresponding to the reduction of 

β-NiO(OH) as a function of the scan rate.  Electrolyte: 0.10 M aq. NaOH; T = 298 K.  
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transients the upper potential limit is 1.75 V in order to achieve the maximum conversion 

of -Ni(OH)2 to -NiO(OH)).  In the case of the number of transients being 10, 50 and 

100, the peak potential of the -Ni(OH)2 oxidation is the same but shifts towards higher 

values in the case of 200 and 1000 transients.  Regardless of the shift of the peak 

potential of the -Ni(OH)2 oxidation, the respective charge values are almost the same for 

the entire range of number of transients (the inset in Figure 6.8; in the case of 10 

transients, the value of Q is smaller due to conditioning of the material).  It is interesting 

to observe that the experimental results do not show a current due to the onset of the 

OER.  This qualitative observation could be attributed to interfacial resistance of the 

carbon support that is in an oxidized state and introduces interfacial resistance. 

 

Figure 6.8 Series of CV profiles for the carbon-supported β-Ni(OH)2-NPs showing their 

evolution with the number of scans in the 0.05–1.65 V range (0.05 – 1.75 V for 1000 

transients).  Electrolyte: 0.10 M aq. NaOH; T = 298 K; and s = 50.0 mV s
–1

.  Inset: a 

graph showing the variation of the experimental charge (Qexptl) due to the β-NiO(OH) → 

β-Ni(OH)2 electrochemical conversion as a function of the number of transients.  
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At last, the electrocatalytic behaviour of the -Ni(OH)2-NPs towards the 

hydrogen evolution reaction (HER) was studied in 0.10 M aqueous NaOH electrolyte 

solution at T = 298 K.  Figure 6.9 shows a polarization curve in the 0.00 V to –0.45 V 

range and recorded at s = 1.00 mV s
−1

, thus under quasi-stationary conditions.  A 

noticeable reduction current is recorded as soon as a potential slightly lower than 0.00 V 

is applied, indicating that the carbon-supported -Ni(OH)2-NPs are active towards the 

HER.  However, in the 0.00 V to –0.35 V range, the cathodic current increases slowly 

indicating that the catalyst displays low activity towards the HER.  In the case of 

potentials lower than –0.35 V, the cathodic current increases steeply thus revealing a 

higher catalytic activity towards the HER.  This qualitative behaviour is attributed to a 

chemical change in the -Ni(OH)2-NPs, most likely to reduction of the NPs to metallic 

Ni in the surface region.
48

  Figure 6.9B presents a Tafel plot (plotted as log I versus E) 

prepared using the I and E values reported in Figure 6.9A.  The Tafel plot shows three 

regions: (i) a non-linear region in the low negative, overpotential range; (ii) a linear 

region in the medium negative, overpotential range; and (iii) a second linear region in the 

high, negative overpotential range.  In the medium overpotential region, the value of the 

Tafel slope is 366 mV decade
–1

 (the value of the correlation coefficient is R
2
 = 0.9996) 

and in the case of the high overpotential range it is 113 mV decade
–1

 (R
2
 = 0.9995), thus 

very close to 118 mV decade
–1

.  The value of the Tafel slope in the medium overpotential 

range is higher than that found by Baranton et al. (ca. 240 mV decade
–1

) indicating that 

the spherical -Ni(OH)2-NPs of 2.6 nm in average size are less catalytically active 

towards the HER (in this overpotential range) than -Ni(OH)2 nanoflakes of ca. 50 nm in 

diameter and 5 nm in width.
34

  It is feasible that the cathodic current in this overpotential 
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range is due to two concurrently occurring processes: the reduction of the -Ni(OH)2 in 

the surface region of the nanoparticles and the generation of H2(g) through the reduction 

of water.  In this case, any further kinetic analysis of the HER is practically impossible 

and unreliable.  The value of the Tafel slope of 113 mV decade
–1

 in the high 

overpotential range is consistent with the value of 116 mV decade
–1

 reported in the 

literature.
49,50

  As mentioned above, it is very close to a theoretical value of 118 mV 

decade
–1

 indicating the HER follows the Volmer-Heyrovsky mechanism with the 

formation of Hads being the rate determining step.
48

  The linear regions in the Tafel plot 

facilitate the determination of the exchange current density (jo) through their 

extrapolation to the zero overpotential value (here E = 0.00 V on the RHE scale).  In the 

case of the high overpotential region, the value of jo is 62 µA cm
–2

; we do not report the 

value of jo for the medium overpotential range due to its low value and practical 

insignificance.  The jo = 62 µA cm
–2

 value is lower than the respective jo value obtained 

for the -Ni(OH)2 nanoflakes
34

, but twice higher than the jo value obtained for 

nanoparticle and nanodendrite of ca. 300 nm diameter;
50

 it is also ten times higher than 

the value reported for a smooth, polycrystalline Ni.
49

  The increase in the value of jo as 

compared to bigger -Ni(OH)2 nanoparticles and smooth bulk Ni materials is due to an 

increase in the real surface area.  It is interesting to observe that in the case of -Ni(OH)2 

nanoflakes of 50 nm diameter and 5 nm in width the same Tafel slope (113 mV decade
–1

) 

was observed as in the case of the spherical -Ni(OH)2-NPs.
34

  In the case of the -

Ni(OH)2 nanospheres the transition from one linear region to another is at ca. –0.38 V, 

whereas, in the case of -Ni(OH)2 nanoflakes, it is at a less-negative potential.
34

  Because 

the Tafel slope of 113 mV decade
–1

 is attributed to the HER occurring on a metallic Ni 
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layer residing on top of -Ni(OH)2, the more-negative potential of the transition from one 

linear region to the other implies that it is more difficult to reduce -Ni(OH)2 

nanospheres than nanoflakes, and, consequently, the HER occurs at a higher rate on 

nanoflakes than on nanospheres.  The dependence of the current of HER on the shape and 

size of -Ni(OH)2-NPs implies that it would be interesting to study the process using a 

variety of different shapes for the same size or a range of sizes for the same shape of 

nanoparticles.
52,53

   

 

Figure 6.9 (A) LSV profile for the HER occurring on carbon-supported β-Ni(OH)2-NPs; 

electrolyte: 0.10 M aq. NaOH; T = 298 K; and s = 1.00 mV s
–1

.  (B) The corresponding 

Tafel plot. 
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important, because this is the compound that undergoes oxidation to -NiO(OH) in 

rechargeable batteries containing the Ni electrode (the Ni cathode).  According to the 

XRD results, all observed peaks were indexed to the hexagonal phase of -Ni(OH)2 

structure as well as NiO (a minor constituent).  Detection of NiO in XRD validates the 

TGA results that also point to the existence of NiO in the NPs.  The average crystallite 

size of catalyst determined using the XRD data and was found to be 2.2 nm for -

Ni(OH)2.  The particles’ shape, size and size distribution were examined using TEM and 

the results demonstrated that the NPs have a spherical shape and an average size of 2.6 

nm with a narrow size distribution.  The larger average particle size of the NPs 

determined by TEM (2.6 nm) than that obtained from XRD measurements suggests that 

individual nanoparticles can contain several crystallites, thus be polycrystalline in nature.  

The CV profiles recorded at different potential scan rate values revealed the anodic and 

cathodic features associated with -Ni(OH)2 ⇆ -NiO(OH) electrochemical conversions.  

Raman shift spectra acquired during anodic and cathodic potential scans showed 

absorption bands due to the formation and reduction of -NiO(OH).  These results 

demonstrate that in-situ confocal Raman spectroscopy is a powerful technique that can 

monitor the -Ni(OH)2 ⇆ -NiO(OH) electrochemical conversions in the monolayer 

region of -Ni(OH)2 nanoparticles.  It could also be applied to analyze surface oxide 

layers on other electrode materials.  Cyclic voltammetry was also used to determine the 

experimental charge (Qexptl) values corresponding to the Ni
2+

 ⇆ Ni
3+

 transitions, which 

were then compared to the theoretical charge (Qtheor) values.  The Qexptl/Qtheor ratio was 

determined to be ca. 0.61 indicating that these transitions are limited to the interfacial 

region.  Repetitive potential cycling in the 0.05 V  E  1.65 V range revealed that the -
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Ni(OH)2-NPs are very stable.  Because the -Ni(OH)2 ⇆ -NiO(OH) conversions are fast 

and utilize ca. 61% of the material and because the -Ni(OH)2-NPs are remarkably 

stable, this nanomaterial is suitable for application in high energy power capacity, 

rechargeable batteries.  Finally, the electrocatalytic behaviour of the -Ni(OH)2-NPs 

towards the hydrogen evolution reaction (HER) was analyzed using LSV.  A comparison 

of our results with those reported in the literature indicates that the rate of the HER 

depends on the shape and size of -Ni(OH)2-NPs.  Further works could be devoted to the 

synthesis of spherical NPs with different particle sizes to assess their influence on the 

activity towards HER.   
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Chapter 7 

Conclusions 

 

The results obtained in this research project created essential new knowledge on the 

preparation and characterization of bulk Pt and nanoscopic Pt, PtNi, PtCo, and Ni(OH)2 

materials, as well as on the electrochemical behaviour and durability.  A highly novel 

aspct of this research is the examination of the corrosion (stability) behaviour of the bulk 

and nanoscopic materials.  The outcome of this PhD research project can help design and 

synthesize platinum-based nanoparticles of the highest stability.  In addition, the results 

reported in this thesis might be useful in identifying some operating conditions of fuel 

cells at which the corrosive degradation of platinum nanoparticles is minimal.  In the long 

term, the outcome of this project will assist in the design and manufacture of membrane-

electrode assemblies for fuel cells with extended lifetime and durability.  The research on 

the Ni(OH)2 nanoparticles (Ni(OH)2-NPs) will help develop nanomaterials suitable for 

applications in rechargeable alkaline batteries (e.g. nickel-metal hydride batteries) and 

electrochemical supercapacitors  The main achievements described in each chapters and 

presented as conclusions of the entire thesis are as follows:  

In Chapter 2, the potentiodynamic behaviour of Pt(poly) in 0.5 M aqueous H2SO4 in the 

absence and presence of reactive gases (O2 and H2) was examined at different potential 

scan rates in the s = 1.00–50.0 mV s
–1

 range.  The results revealed that the Pt surface 

oxide significantly inhibits the HOR and ORR most likely by modifying surface 

electronic properties, and the Pt surface oxide gives rise to selective inhibiting and 
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catalytic effects, thus to catalytic duality, in the oxygen reduction and hydrogen oxidation 

reactions.  

In Chapter 3, the corrosion characterization of Pt(poly) in 0.50 M aqueous H2SO4 in the 

absence and presence of reactive gases (O2(g) or H2(g)) was examined using PDP 

experiments.  The results clearly demonstrate that the nature of the dissolved gas has a 

profound impact on the anodic and cathodic polarization behaviour of Pt(poly) and on its 

corrosion.  Platinum does not undergo corrosion in the H2SO4 solution saturated with 

H2(g), but undergoes corrosion in the same electrolyte saturated with N2(g) or O2(g).  In 

the case of the electrolyte saturated with O2(g), Pt(poly) undergoes more severe corrosion 

and this behaviour is even more pronounced during the anodic polarization measurements 

than during the cathodic ones.  

In Chapter 4, the spherical platinum nanoparticles (Pt-NPs) were successfully synthesized 

using the water-in-oil microemulsion method and characterized using physical and 

electrochemical techniques.  The XRD and TEM results revealed that the NPs have the 

average particle size of ca. 4 nm and are individual crystallites in nature.  Cyclic 

voltammetry profiles were acquired in 0.50 M aqueous H2SO4 solution using different 

potential scan rates in the s = 1.00 – 50.0 mV s
–1

 range; they showed a dependence of the 

oxide growth and reduction on the potential scan rate.  The Pt oxide formation and 

reduction were successfully investigated using in-situ confocal Raman spectroscopy.  

Evaluation of the behaviour of Pt-NPs during 500 CV transients revealed they are very 

stable.  A corrosion study was carried out under neutral (N2(g)) and reactive (H2(g) and 

O2(g)) conditions using anodic and cathodic polarization measurements at low potential 

scan rates.  The results demonstrated that the gaseous environment has a profound 
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influence on corrosion behaviour of the Pt-NPs and the main observations are as follows: 

(i) in the case of measurements carried out in the electrolyte saturated with H2(g), no 

platinum corrosion was observed but the carbon support became more porous; (ii) in the 

case of measurements carried out in the electrolyte saturated with N2(g), the Pt-NPs 

underwent a slight degradation and the carbon support underwent slight corrosion; and 

(iii) in the case of measurements carried out in the electrolyte saturated with O2(g), the 

Pt-NPs underwent significant corrosion, especially in the case of the anodic PDP 

transient; the carbon support also underwent corrosion that was more pronounced than in 

the case of the anodic PDP transient.  

In Chapter 5, the spherical platinum-nickel and platinum-cobalt nanoparticles (PtNi-NPs, 

PtCo-NPs) were successfully synthesized using the water-in-oil microemulsion method 

and characterized using a range of physical and electrochemical techniques.  The XRD 

patterns were typical of the face-centered cubic (fcc) structure of Pt and their analysis 

indicated that the average crystallite size was 2.3 nm in both cases.  The TEM results 

revealed that the PtNi-NPs and PtCo-NPs were spherical in shape, and their respective 

sizes were 3.3 nm and 3.2 nm.  Electrochemical and corrosion (stability) characterization 

of the nanoparticles was performed using CV and PDP experiments.  While CV 

measurements yielded the specific surface area of the nanocatalysts and their evolution 

upon repetitive potential cycling, PDP measurements allowed the determination of Ecorr 

and jcorr (if applicable).  The PDP experiments were conducted in the anodic and cathodic 

directions, and it was observed that the direction of the PDP transients affected the values 

of Ecorr and jcorr.  The surface oxide formation and reduction in the sub-monolayer and 

monolayer range were also successfully analyzed using in-situ confocal Raman 
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spectroscopy.  The results demonstrated that the confocal Raman spectroscopy is a 

powerful technique capable of monitoring compositional and structural changes and 

could potentially be applied in research on a variety of nanomaterials.  Corrosion of the 

PtNi-NPs and PtCo-NPs was studied in 0.50 M aqueous H2SO4 solution saturated with a 

neutral (N2(g)) or reactive (H2(g) or O2(g)) gas using anodic and cathodic PDP 

measurements at a very low potential scan rate of s = 0.10 mV s
–1

.  The results 

demonstrated that the environment has a profound influence on the corrosion behaviour 

of the nanocatalysts and the main observations are as follows: (i) in the case of 

measurements carried out in the electrolyte saturated with H2(g), no catalysts corrosion 

was observed but the carbon support degraded and became more porous; (ii) in the case 

of measurements carried out in the electrolyte saturated with N2(g), the nanocatalysts 

underwent a slight corrosion; and (iii) in the case of measurements carried out in the 

electrolyte saturated with O2(g), the nanocatalysts underwent significant corrosion, 

especially in the case of the anodic PDP transient.  Comparison of these results reveals 

that the PtNi-NPs are more stable than the PtCo-NPs.  

In Chapter 6, the spherical -Ni(OH)2-NPs were successfully synthesized using the 

water-in-oil microemulsion method.  According to the XRD results, all observed peaks 

were indexed to the hexagonal phase of -Ni(OH)2 structure as well as NiO (a minor 

constituent).  The average crystallite size of the catalyst determined using the XRD data 

was found to be 2.2 nm, for -Ni(OH)2.  The particles’ shape, size and size distribution 

were examined using TEM and the results demonstrated that the NPs have a spherical 

shape and an average size of 2.6 nm with a narrow size distribution.  The CV profiles 

recorded at different potential scan rate values revealed the anodic and cathodic features 
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associated with the -Ni(OH)2 ⇆ -NiO(OH) electrochemical conversions.  Raman shift 

spectra acquired during anodic and cathodic potential scans showed absorption bands due 

to the formation and reduction of -NiO(OH).  These results demonstrate that in-situ 

confocal Raman spectroscopy is a powerful technique that can monitor the -Ni(OH)2 ⇆ 

-NiO(OH) electrochemical conversions in the monolayer region of -Ni(OH)2 

nanoparticles.  It could also be applied to analyze surface oxide layers on other electrode 

materials.  Cyclic voltammetry was also used to determine experimentally the charge 

(Qexptl) values corresponding to the Ni
2+

 ⇆ Ni
3+

 transitions, which were then compared to 

the theoretical charge (Qtheor) values indicating that these transitions are limited to the 

interfacial region.  Repetitive potential cyclic in the 0.05 V  E  1.65 V range revealed 

that the -Ni(OH)2-NPs are very stable.  Because the -Ni(OH)2 ⇆ -NiO(OH) 

conversions are fast and utilize ca. 61% of the material and because the -Ni(OH)2-NPs 

are remarkably stable, this nanomaterial is suitable for application in high power 

capacity, rechargeable batteries.  Finally, the electrocatalytic behaviour of the -Ni(OH)2-

NPs towards the hydrogen evolution reaction (HER) was analyzed using LSV and 

promising results were obtained.  

The results obtained during my PhD research project create new, original and 

important knowledge that is applicable to electrochemical energy technologies, such as 

fuel cells and water electrolyzers.  However, they indicate that this research could be 

significantly expanded providing opportunities for other graduate theses.  For example, 

new studies could be performed on the influence of the size and shape of Pt, PtNi, PtCo 

and Ni(OH)2 particles on their activity towards the HOR and the ORR.  Similar research 

could be performed on the stability, durability and corrosion behaviour of these 
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nanomaterials in relation to the composition and concentration of aqueous electrolytes.  

The XRD and TEM measurements revealed that some nanomaterials have a 

monocrystalline nature, while others do not.  This observation indicates that systematic 

research could be conducted with the objective of determining which materials adopt a 

monocrystalline nature and which do not and why.  Such research could lead to 

identification of new and so far unknown trends, and possibly even to their 

quantification.  The results reported in this thesis demonstrate that applicability of 

confocal Raman spectroscopy to research of nanomaterials and more specifically on the 

formation and reduction of surface oxides in the sub-monolayer and monolayer region.  

Again, this experimental approach could potentially be adopted to research on other 

nanomaterials.  


