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Abstract 
 

 

The Oxygen Reduction Reaction (ORR) was studied in alkaline conditions on 

the Pt-NiTiO3 and Pt-CoTiO3 catalysts, which were dispersed on different 

carbon supports: i) Vulcan XC-72 (C), ii) reduced graphene oxide (rGO) and iii) 

rGO functionalized with two chromium organometallic compounds (Cr(CO)6 

and [(ƞ6-(C6H6)Cr(CO)3]).  

Chapter VI showed that the mass and specific activities of Pt-NiTiO3/C and Pt-

CoTiO3/C are higher at some overpotentials (mass activity at ca. 0.91 and 0.86 

V/RHE and below for Pt-NiTiO3/C and Pt-CoTiO3/C, respectively, and specific 

activity at 0.94 V/RHE and below for both catalysts) than those of Pt/C. 

Moreover, the tolerance tests at 0.1 M CH3OH and C2H5OH showed an 

enhanced behavior of Pt-CoTiO3/C, compared to Pt/C and Pt-NiTiO3/C in terms 

of significantly lower alcohol oxidation current densities.  

In Chapter VII, Pt-CoTiO3/rGO was the most active catalyst in terms of specific 

activity, a 1.5-fold enhancement over Pt/rGO. Furthermore, the tolerance tests 

indicated that Pt-CoTiO3/rGO exhibits high ORR performance and lower 

methanol oxidation reaction (MOR) activity compared to Pt/rGO. 

Chapter VIII covered one of the first attempts to functionalize rGO with Cr 

organometallic compounds. Different stoichiometric amounts of Cr(CO)6 gave 

mono and bis-hexahapto complexes (rGO-Crtric and rGO2Cr) as a result of the 

displacement of the carbonyl groups. In the reaction of rGO with (ƞ6-

C6H6)Cr(CO)3, the arene ligand was retained and the three carbonyl groups 

disappeared, forming the rGO-Crbz complex. During the evaluation of catalytic 

activity for the ORR, Pt-CoTiO3/rGO-Crbz showed superior specific activity 

(compared to Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO), 

indicating that the enhancement in the performance for the ORR is promoted 

by the organometallic functionalization of rGO. Furthermore, the ORR 

performance of the catalysts in the presence of methanol and ethanol showed 

that Pt-CoTiO3/rGO-Crbz has slightly higher methanol tolerance, suggesting 

some degree of selectivity towards the ORR. 
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Resumen 
 

 

Se estudia la Reacción de Reducción de Oxígeno (RRO) en los catalizadores 

de Pt-NiTiO3 y Pt-CoTiO3 en condiciones alcalinas. Los catalizadores fueron 

dispersados en diferentes soportes de carbón: i) Vulcan XC-72 (C), ii) óxido de 

grafeno reducido (rGO) y iii) rGO funcionalizado con dos compuestos 

organometálicos de cromo (Cr(CO)6 y [(ƞ6-C6H6)Cr(CO)3]).  

El Capítulo VI muestra que en términos de actividad másica y específica los 

catalizadores que contienen metaltitanatos (Pt-NiTiO3/C y Pt-CoTiO3/C) 

presentan mayor actividad catalítica (a algunos sobrepotenciales) en 

comparación con la de Pt/C. Las pruebas de tolerancia (RRO en presencia de 

CH3OH y C2H5OH 0.1 M) mostraron que el uso de CoTiO3 como co-catalizador 

incrementa notablemente la tolerancia y la selectividad del Pt, ya que las 

densidades de corriente de oxidación de ambos alcoholes son 

significativamente más bajas, en comparación con Pt/C y Pt-NiTiO3/C.  

Los resultados del Capítulo VII mostraron que el catalizador Pt-CoTiO3/rGO 

posee una actividad específica 1.5 veces superior a la de Pt/rGO y una menor 

actividad para la reacción de oxidación de metanol (ROM). 

El Capítulo VIII presenta los resultados de la funcionalización de rGO con 

compuestos organometalicos. Se encontró que la variación de las cantidades 

estequiométricas de Cr(CO)6 resultan en la formación de compuestos mono o 

bis-hexahapto coordinados (rGO-Crtric y rGO2Cr) y en la reacción del rGO con 

(ƞ6-C6H6)Cr(CO)3 el ligante areno se retiene y los grupos carbonilo son 

desplazados formando el complejo rGO-Crbz. Se llevó a cabo la evaluación de 

la actividad catalítica de Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr y Pt-

CoTiO3/rGO-Crbz. El catalizador Pt-CoTiO3/rGO-Crbz mostró mayor actividad 

específica (en comparación con Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr y Pt-

CoTiO3/rGO), la cual es promovida por la funcionalización organometálica del 

rGO. Además, las pruebas de tolerancia mostraron que este catalizador posee 

mayor tolerancia y selectividad hacia la RRO en presencia de metanol. 

 



iv 
 

Abbreviations 
 

a Lattice parameter (nm) 

ADAFCs Alkaline Direct Alcohol Fuel Cells 
AEMFCs Alkaline Exchange Membrane Fuel Cells  
APt Pt real surface area (cm2) 

at. % Atomic percentage 

a.u.  Arbitrary units 

b Tafel slope (mV dec-1) 

BE Binding Energy (eV) 

C Carbon black (Vulcan XC-72) 

Cr-bz Benzene chromium tricarbonyl, [(ƞ6-C6H6)Cr(CO)3] 

Cr-hexa Chromium hexacarbonyl, Cr(CO)6 

CV Cyclic Voltammetry 

D Crystallite size (nm) 

d Interplanar distance (nm) 

E Potential (V) 

E°a Standard Anodic Potential (V) 

E°c Standard Cathodic Potential (V) 

E°cell Cell Standard Potential (V) 

ECSA Electrochemical Surface Area (m2 g-1) 

Eonset Onset potential (mV) 

EOR Ethanol Oxidation Reaction 

FFT Fourier Fast Transform 

FTIR Fourier Transform Infrared Spectroscopy 

GO Graphene Oxide 
Hdes Hydrogen Desorption Region 

hop High overpotentials (mV dec−1) 

HOR Hydrogen Oxidation Reaction 

HR-TEM High Resolution Transmission Electron Microscopy 

iFFT Inverse Fourier Fast Transform 



v 
 

IHP Inner Helmholtz plane 

im Mass activity (A mg-1Pt) 

is Specific activity (µA cm-2Pt) 

j Current density (mA cm-2) 

JCPDS Joint Committee on Powder Diffraction Standards 

jd Diffusion-limited current density (mA cm-2) 

jk Kinetic current density (mA cm-2) 

lop Low overpotentials (mV dec−1) 

LPt Pt loading (g) 

MTiO3 Metaltitanates (NiTiO3, CoTiO3) 

MOR Methanol Oxidation Reaction 

n Transferred electron number 

OHP Outer Helmholtz plane 

ORR Oxygen reduction reaction 

PEMFCs Proton Exchange Membrane Fuel Cells 
Pt/C Platinum catalyst supported on Vulcan XC-72 

Pt-CoTiO3/C Platinum-Cobalt titanate catalyst supported on 

Vulcan XC-72 

Pt-NiTiO3/C Platinum-Nickel titanate catalyst supported on 

Vulcan XC-72 

Pt/rGO Platinum catalyst supported on Reduced Graphene 

Oxide 

Pt-CoTiO3/rGO Platinum-Cobalt titanate catalyst supported on 

Reduced Graphene Oxide 

Pt-NiTiO3/rGO Platinum-Nickel titanate catalyst supported on 

Reduced Graphene Oxide 

Pt-CoTiO3/rGO2Cr Platinum-Cobalt titanate catalyst supported on 

RGO2Cr 

Pt-CoTiO3/rGO-Crtric Platinum-Cobalt titanate catalyst supported on 

RGO-Crtric 



vi 
 

Pt-CoTiO3/rGO-Crbz Platinum-Cobalt titanate catalyst supported on 

RGO-Crbz 

QH Coulombic charge in the Hdes region (µC) 

Qref Theoretical charge needed for the oxidation of a 

monolayer of hydrogen on smooth Pt (µC cm-2) 

RDE Rotating Disk Electrode 

RHE Reversible Hydrogen Electrode 

rGO Reduced Graphene Oxide 
rGO2Cr RGO functionalized with 0.04 mmol of Cr-hexa 

rGO-Crtric RGO functionalized with 0.22 mmol of Cr-hexa 

rGO-Crbz RGO functionalized with Cr-bz 

rpm Revolutions per minute 

SAED Selected Area Electron Diffraction 

SEM/EDS Scanning Electron Microscopy/Energy Dispersive 

X-Ray Spectroscopy 

SHE Standard Hydrogen Electrode 

TEM Transmission Electron Microscopy 

wt.% Weight percentage 

XPS X-Ray Photelectron Spectroscopy 

XRD X-Ray Diffraction 
 



 
 

1 
 

 

Chapter I 
 

Introduction 
 

 

Nowadays, the vast majority (90%) of energy use for human activities is 

obtained from the chemical energy stored in fossil fuels. However, the 

combustion of fossil fuels pollutes the air causing global warming, ozone layer 

depletion, biosphere and geosphere destruction and ecological devastation. 

Around 80% of CO2 emissions worldwide are originated from the energy sector. 

Consequently, producing energy from fossil fuels has been considered a 

harmful industry both in terms of air pollution and environmental impact.1-3 

Thus, for a sustainable future, novel clean energy technologies are required to 

avoid climate change and to reduce the dependency of fossil fuels as the 

predominant primary energy source.4,5  

 

On this context, fuel cell technologies appear advantageous from both energy 

and environmental points of view. Fuel cells are electrochemical devices which 

convert the chemical energy of a fuel into electrical energy through 

electrochemical reactions.6,7 Proton Exchange Membrane and Anion 

Exchange Membrane Fuel Cells (PEMFCs and AEMFCs, respectively) are the 

most intensively studied. However, it has been acknowledged that gaseous 

hydrogen has several restrictions, including its storage. For this reason, liquid 

hydrogen-rich alcohol fuels with higher energy density than hydrogen, such as 

methanol and ethanol, have become an attractive alternative for its use in fuel 

cells.8,9  

 

On this context, Alkaline Direct Alcohol Fuel Cells (ADAFCs), which employ an 

anion-exchange membrane have emerged as one of the prospective power 
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sources.  ADAFCs offer several advantages, including the increased 

performance as a result of fast electrochemical kinetics (at both anode and 

cathode) compared to those in acidic conditions.10 

 

On the other hand, nano-sized Pt catalysts are the most active materials for 

catalyzing both the oxidation of fuel at the anode and the oxygen reduction 

reaction (ORR) at the cathode.11,12 The ORR is the major challenge in fuel cells 

mainly due to its sluggish kinetics13,14 and for the improvement of the reaction 

it has been proposed the use of different catalysts configurations, such as Pt-

Metal alloys and Pt-Metal oxides composites.15 

 

Additionally, it should be mentioned that the support also plays an important 

role in the performance of the catalyst. Supports with high specific area, such 

as reduced graphene oxide (rGO), have demonstrated to have an important 

contribution to increase the catalytic activity of Pt catalysts for the ORR. This is 

mainly due to the high electric conductivity of rGO and the reactive surface 

provided by the oxygenated-functional groups, which anchor metal 

nanoparticles serving as reaction points for the electrocatalysis.16 Recently, the 

organometallic functionalization of the rGO has emerged as a new type of 

covalent modification. This novel approach is interesting since the surface 

modification does not introduce significant perturbations of the structural 

integrity of the sp2-hybridized carbon atoms.17 

 

On this context, this PhD thesis focuses on the development of carbon 

supported Pt-metaltitanates (MTiO3, M = Ni, Co) catalysts which are evaluated 

as cathodes for the ORR in alkaline media. In a first part, Vulcan XC-72 (C) 

has been selected as the support of the Pt-NiTiO3 and Pt-CoTiO3 catalysts 

because of its wide application in low temperature fuel cells, so our findings 

can be easily extended to other support systems. The microwave-assisted 
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polyol method was used to synthesize the catalysts in order to obtain 

nanoparticles with a homogeneous dispersion in a shorter time compared to 

that of the conventional polyol technique. In the second part, the Pt-NiTiO3 and 

Pt-CoTiO3 catalysts were supported on rGO. It is of particular interest the use 

of the rGO as an effective strategy to achieve enhanced the electrocatalytic 

activity for the ORR.  

 

The last chapter is devoted to the organometallic functionalization of the rGO 

with two chromium organometallic compounds: Cr(CO)6 and [ƞ6-

(C6H6)Cr(CO)3]. The surface modification is expected to result in hexahapto 

(ƞ6) complexation of the rGO with the chromium atoms. Subsequently, the 

functionalized rGO materials were used as support of Pt-CoTiO3. The goal is 

to use this novel approach of carbon functionalization for the improvement of 

the ORR catalytic activity of the Pt-CoTiO3 catalyst in alkaline media. 
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Chapter II 
 

Background 
 

 
2.1 Fuel cells: Fundamental aspects. 

Fuel cells (FCs) are electrochemical devices that convert the free energy of 

chemical reactions into electrical energy with high conversion efficiency (more 

than twice compared with that of internal combustion engines). Furthermore, 

since no combustion process occurs during its operation, fuel cells have a low 

environmental impact.1-4 The operating principle of fuel cells is similar to that of 

batteries, i.e., electrochemical reactions are carry out to generate electricity. 

However, unlike a battery, a fuel cell operates as long as both fuel and oxidant 

are supplied to the system.5-7  

Fuel cells are generally classified according to the working temperature (low, 

medium or high) and to the nature of the electrolyte employed, as seen in Table 

2.1.5,8-10 

 

Figure 2.1 is a schematic representation of a hydrogen-fueled PEMFC. The 

fuel is supplied in the anode compartment, where a catalyst promotes the 

Hydrogen Oxidation Reaction (HOR) releasing protons and electrons (Reaction 

2.1). The Proton Exchange Membrane, which is a physical barrier between the 

electrodes must allow only positively charged ions (H+) to pass from the anode 

to the cathode. The electrons are transported by an external circuit generating 

an electrical current. Simultaneously, the oxidant (usually oxygen from air) is 

supplied at the cathode, reacting with the electrons and protons to carry out the 

oxygen reduction reaction (ORR) (Reaction 2.2). The overall reaction is 

presented in reaction 2.3, in which water is the only reaction product.11-13 
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Figure 2.1 Schematic representation of a PEMFC (H2/O2). 

 
Hydrogen Oxidation Reaction (HOR) H2 →  2H+ + 2e− 

E°a = 0 V/SHE 

(2.1) 

Oxygen Reduction Reaction (ORR) 1/2O2 + 2H+ + 2e− → H2O 

E°c = 1.23 V/SHE 

(2.2) 

Overall reaction H2 + 1/2O2 → H2O 

E°cell = 1.23 V/SHE 

(2.3) 

 
Table 2.1 Fuel cell types and their main characteristics. 
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2.2 Anion Exchange Membrane Fuel Cells (AEMFCs). 

During the development of PEMFCs, acid membranes have been intensively 

investigated, mostly due to the discovery of the Nafion®, a perfluorinated 

polymer with high conductivity and high resistance to acid environment. 

However, recent and significant advances in the synthesis of chemically stable 

anion-exchange membranes have open the opportunity for the development of 

the AEMFCs.14-18 

 

The HOR and the ORR proceed through different mechanisms in alkaline and 

acid environments. Unlike PEMFCs, the ionic current in AEMFCs is due to the 

conduction of hydroxide ions produced from the ORR (Reaction 2.4). 

Simultaneously, in the anode side the hydrogen reacts with hydroxyl anions 

generating water and electrons (Reaction 2.5). The overall reaction is 

presented in Reaction 2.6.13,19-21 

 

Oxygen Reduction Reaction (ORR) O2 + 2𝐻𝐻2O + 4e− → 4𝑂𝑂𝑂𝑂− 

E°c = 0.40 V/SHE 

(2.4) 

Hydrogen Oxidation Reaction (HOR) 2H2 +  4𝑂𝑂𝑂𝑂− →  4𝐻𝐻2O + 4e− 

E°a = 0.83 V/SHE 

(2.5) 

Overall reaction H2 + 1/2O2 → H2O 

E°cell = 1.23 V/SHE 

(2.6) 

 

AEMFCs have several advantages compared to PEMFCs, including much 

improved kinetics of electrochemical reactions. Also, AEMFCs are easier to 

handle as the operating temperature is relatively low (23-70°C) and the less 

corrosive alkaline environment ensure a longer life-cycle.22-26 
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2.2.3 Alkaline Direct Alcohol Fuel Cells (ADAFCs). 

The advantages of hydrogen-fueled AEMFCs including high efficiency, high 

power density and zero/low emission of pollutants and greenhouse gases have 

attracted world-wide research. However, there are still significant challenges 

regarding the production, transportation, storing and handling of gaseous H2. 

Research has been done dedicated to overcome the restrictions of hydrogen 

use, since they represent serious limitations for the implementation of the 

hydrogen fuel cell technology. 27-32 

 

The use of low-molecular weight alcohols, such as methanol (CH3OH) and 

ethanol (C2H5OH), appears advantageous over hydrogen use for several 

reasons: these alcohols are liquid at ambient temperature and pressure 

(thereby easy to handle, store, distribute and transport), are of relatively low 

cost and possess a high theoretical energy density (6.1 and 8.0 kWh kg-1, 

respectively) comparable to that of gasoline (12 kWh kg-1). Furthermore, 

ethanol can be easily produced in large quantities from agricultural products or 

biomass.33-37 In this regard, ADAFCs have emerged as efficient and promising 

power sources for mobile, stationary and portable applications.  

 
Figure 2.2 Schematic representation of an AEMFC (CH3OH/O2). 
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A schematic diagram of a methanol-fueled AEMFC is shown in Figure 2.2. On 

the anode, methanol reacts with the hydroxide ions producing carbon dioxide, 

water and six electrons (Reaction 2.7). While on the cathodic compartment, 

oxygen reacts with the electrons and water molecules resulting in the formation 

of hydroxide ions during the ORR (Reaction 2.8). The overall reaction of the 

methanol-fueled ADAFC is shown in Reaction 2.9. Meanwhile, in an alkaline 

direct ethanol fuel cell, the electrochemical processes involve the transfer of 

twelve electrons (Reactions 2.10-2.12). 38-41 

  

Methanol Oxidation 

Reaction (MOR) 

CH3OH + 6𝑂𝑂𝑂𝑂−  →  CO2 + 5𝐻𝐻2O + 6e− 

E°a = -0.81 V/SHE 

(2.7) 

Oxygen Reduction 

Reaction (ORR) 

3/2O2 + 3𝐻𝐻2O + 6𝑒𝑒− → 6𝑂𝑂𝑂𝑂− 

E°c = 0.40 V/SHE 

(2.8) 

Overall reaction CH3OH + 3/2O2 → CO2 + 2H2O 

E°cell = 1.21 V/SHE 

(2.9) 

   

Ethanol Oxidation 

Reaction (EOR) 

CH3CH2OH + 12𝑂𝑂𝑂𝑂− → 2𝐶𝐶𝐶𝐶2 + 9𝐻𝐻2O + 12e− 

E°a = -0.77 V/SHE 

(2.10) 

Oxygen Reduction 

Reaction (ORR) 

3O2 + 6𝐻𝐻2O + 12e− → 12𝑂𝑂𝑂𝑂− 

E°c = 0.40 V/SHE 

(2.11) 

Overall reaction CH3CH2OH + 3𝑂𝑂2 →  2CO2 + 3H2O 

E°cell = 1.17 V/SHE 

(2.12) 

 
2.3 The ORR in alkaline media on a Pt-catalyst. 

According to Sabatier´s principle, for heterogeneous catalysis on a metal 

surface, the catalyst must absorb species with sufficient strength to allow 

chemical bonds to break but weakly enough to release the product when the 

reaction has occurred.42-45 In order to find an efficient catalyst for fuel cell 

electrochemical reactions, a correlation between the catalytic activity of pure 
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metals versus the adsorption energy has been done resulting in the so-called 

volcano plot.46 

 

Figure 2.4 depicts a volcano plot of the oxygen reduction activity as a function 

of the oxygen adsorption energy. For metals that bond oxygen too strongly 

(linear decreasing towards more negative adsorption energy), the rate is limited 

by reaction products to desorb from the surface. On the other hand, the linear 

increasing toward more positive adsorption energy represents a weak oxygen 

bonding and the rate is limited by hydroxyl and electron transfer to dissociate 

O2.44,45,47,48 Accordingly, pure Pt has the highest catalytic activity for the ORR 

among the pure metals, since it lies close to the peak of the volcano plot.43-44  

 

 
Figure 2.4 Oxygen reduction reaction activity plotted as a function of the 

oxygen bonding energy.42,48-50 

 

The ORR plays a key role in the performance of a fuel cell due to its sluggish 

kinetics and resulting high overpotential. This might be one of the reasons of 

the intense research activity in this regard.51,52 The ORR is kinetically slow for 

several reasons. One of them is the requirement of a high dissociation energy 

to break the strong double bond of molecular oxygen.53,54 In addition, some 
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theoretical studies indicate that the adsorbed oxygenated species may affect 

the ORR kinetics by modulating both the reaction energetics and the number 

of reactive sites.55,56 

 

The fundamental understanding of the ORR can be explained in terms of the 

electrode-electrolyte interface, illustrated in Figure 2.5. The inner Helmholtz 

plane (IHP) is constituted by specifically adsorbed hydroxyl species, solvent 

water dipoles (oriented with the oxygen atom towards the electrode surface), 

and chemisorbed O2 (inset a). These species populating the IHP covalently 

interact with the electrode surface. On the other hand, the outer Helmholtz 

plane (OHP) consists of solvated species interacting with the electrode via long 

rate electrostatic forces, for example solvated alkali metal ions (inset b). 57-60 

 
Figure 2.5 Schematic illustration of the double-layer structure during the ORR 

in alkaline media.57  

 

In alkaline conditions, the multi-electron ORR proceeds by a 4e- transfer with 

a complete reduction to OH-, or by the 2e- pathway to produce the HO2- anion. 
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Both mechanisms are explained under the electrode-electrolyte interface 

approach. In the IHP, the electron transfer mechanism involves the 

chemisorption of molecular O2 on a Pt-site (O2*, Reaction 2.13), the O–O bonds 

are break to give adsorbed oxygen atoms (O*, Reaction 2.14) which react with 

electrons and water molecules to form OH- groups following a 4e- transfer 

pathway. In alkaline media, water molecules not only act as solvent but also 

serve as the source of ions. 

The 4e- pathway can be either a direct or a serial route. The direct pathway 

involves the transfer of 4e- to adsorbed oxygen atoms to form OH- without the 

formation of peroxide intermediates (Reaction 2.15). The serial 4e- pathway 

involves sequential transfer of electrons to O* to form adsorbed peroxide 

species, which without desorbing from the surface is involved in another 2e- 

transfer to form hydroxyl species (Reactions 2.16 - 2.19).  

 

The 4e- mechanism is expected to occur on high performance Pt-based 

catalysts, since no intermediates, such as HO2-, remain adsorbed on the metal 

active sites after OH- production.57 

 

𝑃𝑃𝑃𝑃 + O2  →  𝑃𝑃𝑃𝑃 − 𝑂𝑂2∗ (2.13) 

𝑃𝑃𝑃𝑃 − 𝑂𝑂2∗ →  𝑃𝑃𝑃𝑃 − 2𝑂𝑂∗ (2.14) 

𝑃𝑃𝑃𝑃 − 2𝑂𝑂∗ + 2𝐻𝐻2O + 4e− →   Pt + 4𝑂𝑂𝑂𝑂− (2.15) 

𝑃𝑃𝑃𝑃 − 2𝑂𝑂∗ + 𝐻𝐻2O + e− →   Pt − OOH + 𝑂𝑂𝑂𝑂− (2.16) 

Pt − OOH + 𝑒𝑒− →   [𝑃𝑃𝑃𝑃 − 𝑂𝑂𝑂𝑂𝑂𝑂]− (2.17) 

[𝑃𝑃𝑃𝑃 − 𝑂𝑂𝑂𝑂𝑂𝑂]− + 𝐻𝐻2O + e− →  Pt − OH + 2𝑂𝑂𝑂𝑂−  (2.18) 

Pt − OH + e− →  Pt + 𝑂𝑂𝑂𝑂− (2.19) 

 

On the other hand, in the OHP, the electron transfer mechanism occurs only at 

the oxide-covered metal sites. The solvated molecular O2 weakly interacts with 

adsorbed hydroxyl species to promote a 2e- reaction pathway giving the HO2- 
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anion as the reaction product (Reaction 2.20), which is subsequently desorbed 

from the surface (Reaction 2.21). 57-60 

 

𝑃𝑃𝑃𝑃 − 𝑂𝑂𝑂𝑂 +  [𝑂𝑂2 ∙ (𝐻𝐻2𝑂𝑂)𝑛𝑛]𝑎𝑎𝑎𝑎 + 2𝑒𝑒− → Pt − OH + 𝐻𝐻𝐻𝐻2−∗ + 𝑂𝑂𝑂𝑂− + (𝐻𝐻2𝑂𝑂)𝑛𝑛−1 (2.20) 

𝐻𝐻𝐻𝐻2−∗ → 𝐻𝐻𝐻𝐻2−𝑎𝑎𝑎𝑎 (2.21) 

 

2.4 Pt-based catalysts for the ORR. 

As already mentioned, Pt possess the highest catalytic activity for the ORR. 

However, positioned slightly to the left of the Volcano peak, it strongly adsorbs 

oxygen intermediate species by about 100 mV.43,44 Therefore, there is an area 

of improvement for the design of ORR catalysts. One of the most studied 

approaches is to use co-catalysts to enhance the performance of Pt. 

 

2.4.1 Pt-Metal alloys. 

The catalytic properties of Pt towards the ORR strongly depend on its oxygen 

adsorption energy, the dissociation energy of the O–O bond and the bonding 

energy of OH- on the Pt surface. It has been demonstrated that the electronic 

structure of Pt (d-band vacancy) and Pt–Pt interatomic distance can strongly 

affect these energies. 

 

On this context, it is generally accepted that alloying Pt with other metals is an 

efficient strategy to improve its catalytic activity. The interactions between the 

two metals result in modifications of the electronic structure of Pt, since the 

electron transfer from the other metal due to differences in their 

electronegativity causes a shift of its d-band center (electronic effect).61 

Furthermore, the alloying causes a lattice contraction, leading to a more 

favorable Pt–Pt distance for the dissociative adsorption of O2 (geometric 

effect). It has been demonstrated that when Pt is alloyed with Cr, Mn, Fe, Co 
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and Ni, a two- to four-fold improvement in ORR specific activity, compared with 

a Pt catalyst, can be achieved.32,48,49,62,63 

 
2.4.2 Pt-Metal oxides. 

Some studies have focused on the catalytic properties of Pt nanoparticles 

modified by metal oxides. Pt-CeO2/C,64-67 Pt-TiO2/C68-70 and Pt-WO3/C70,71 

systems exhibit increased catalytic activity toward the ORR compared with 

Pt/C. The enhancement in catalytic activity is due to the existence of strong Pt-

metal oxide interactions, which are capable to induce changes in the Pt 

electronic structure.  

 

Furthermore, it has been reported that the incorporation of an oxygen storage 

co-catalyst into the cathode material (such as CeO2) increases the local oxygen 

concentration. The studies propose that cerium oxide acts as a supplier of 

oxygen to the Pt surface, leading to an enhanced catalytic activity of Pt-CeO2/C 

for the ORR and thus a better performance of the fuel cell.66,72-75 

 
2.4.3 Metaltitanates as co-catalysts of Pt in fuel cell reactions.  

The metaltitanates (MTiO3) containing metals such as Sr76-78 or Ba79 are well 

known functional inorganic materials with applications as electrodes for Solid 

Oxide Fuel Cells (SOFCs), since they exhibit suitable characteristics for 

efficient electrode operation: high electronic conductivity, high oxide ion 

conductivity and high catalytic activity as well as electrochemical stability. 

Although NiTiO380,81 and CoTiO382-83 have been widely used as a visible-light 

photocatalysts for removal of aqueous organic pollutants and for 

photoelectrochemical water splitting, their applications in fuel cells has been 

recently studied, especially for NiTiO3. 
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For example, the NiTiO3 compound has been used as a novel SOFC anode 

reforming layer to improve the carbon tolerance of commonly used Ni-based 

electrodes, which is produced from the cracking reaction of hydrocarbon 

fuels.84,85 

Li et al.86 reported the electrochemical performance for the ORR in alkaline 

media of an N-doped catalyst composed of an intermetallic CoTi core and a 

composite CoTiO3 oxide shell (N-CoTi@CoTiO3/C), which exhibits superior 

specific activity than that of commercial Pt/C. 

 

Due to the promising properties of metaltitanates, several attempts have been 

made to try to elucidate the role of NiTiO3 in catalytic reactions. A work 

performed by Ruiz-Preciado et al.87 discusses the electrochemical response of 

a NiTiO3 anode for the methanol oxidation reaction (MOR) in alkaline 

conditions. The authors conclude that the reaction takes place at Ni3+ sites after 

the oxidation of Ni(OH)2 to NiO(OH). Conversely, Chellasamy et al.88 propose 

that the MOR on the NiTiO3 surface occurs with the formation of an oxide layer 

of NiTiO3-x(OH)x on the surface of the electrode containing Ni2+, Ti3+ and Ti4+ 

cations and the chemisorbed OH- species act as reaction sites. The Ti3+/Ti4+ 

ions bridged with oxygen species are involved in the oxidation reaction and are 

transferred to the electrode. Methanol initially gets adsorbed in the titanium site, 

at the same time the alcoholic proton transfers to a basic site (Ni-site). 

Subsequently the methoxy group might become oxidatively decomposed by 

concomitant proton abstraction from the methyl moiety and the electron 

transferred to the reduced metal at Ti-sites, forming a strongly adsorbed carbon 

monoxide species. This adsorbed CO is removed from the electrocatalyst 

surface by reacting with surface oxygen that subsequently transfers electron to 

the Ti-sites and releases CO2.  
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Recently, the use of NiTiO3 as co-catalyst to Pt has been also studied, given 

emphasis of their improved performance (compared to Pt/C) in anode and 

cathode fuel cells reactions.89-91 Velumani et al.89 reported that the 

enhancement of the catalytic activity for the MOR is promoted by the addition 

of the NiTiO3 compound as co-catalyst to Pt due to a strong synergistic 

interaction. The peak current density of the MOR reaches 98 mA cm-2 (at 0.15 

V/SHE) in alkaline conditions, which is higher than that of Pt/C (47.3 mA cm-2, 

at 0.05 V/SHE). The hydrogenation of methanol molecules occurs on Pt by 

interacting with hydroxide species formed intermediate CO species, which are 

adsorbed on Pt sites. The authors propose that in anodic reactions, NiTiO3 has 

the ability to absorb OH- ions (active oxygen) from the aqueous electrolyte 

(Reaction 2.22) and supply them to Pt sites to oxidize the CO molecules at low 

overpotentials (Reaction 2.23). 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 𝐻𝐻2𝑂𝑂 → 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3−𝑥𝑥(𝑂𝑂𝑂𝑂) + 𝐻𝐻+ + 𝑒𝑒− (2.22) 

𝑃𝑃𝑃𝑃 − 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3−𝑥𝑥 (𝑂𝑂𝑂𝑂) → 𝑃𝑃𝑃𝑃 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3−𝑥𝑥 + 𝐶𝐶𝐶𝐶2 + 𝐻𝐻+ + 𝑒𝑒− (2.23) 

  

Later, the same group has proposed an anode electrocatalyst based on Pt-Ru-

NiTiO3/C for the MOR in acid media.90 The enhanced electrocatalytic 

performance of Pt-Ru-NiTiO3/C is attributed to the mixed synergetic effect of 

Ru and NiTiO3, which promotes the formation of oxygenated species and their 

supply to Pt, to remove the COads from the catalytic sites. This is supported by 

the shifting in onset potential to more negative values (0.22 V/SHE), compared 

with Pt-Ru/C and Pt-NiTiO3/C (0.28 and 0.36 V/SHE). Also, the peak current 

density in the forward scan on Pt-Ru-NiTiO3/C reaches 74 mA cm-2 at 0.85 V, 

while Pt-Ru/C and Pt-NiTiO3/C deliver 25.2 mA cm-2 at 0.82 V/SHE and 54.5 

mA cm-2 at 0.8 V/SHE, respectively. 
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2.5 Carbon structures as support for fuel cells catalysts. 

Carbonaceous materials including activated carbon, carbon black and 

graphitized carbon, have been used over the past decades as supports for fuel 

cell catalysts. The physical and chemical properties of these materials such as 

their surface chemistry, allow to anchor and disperse catalytic nanoparticles 

which have the function of electrochemical active sites.91  

 

In particular, it has been demonstrated that the textural and surface chemical 

properties of the support influence the electrochemical activity of Pt catalysts 

(Pt/C), having an effect on its particle size, morphology, size distribution, 

dispersion and stability. In addition, since the catalyst is attached to the 

support, the bond interactions can potentially influence the catalytic activity of 

the catalyst by modifying its electronic structure. Thus, the choice of a support 

with adequate properties may improve the metal-carbon interactions, 

increasing the durability of the catalyst.92-94 

 

On this context, fuel cells require a carbon support with the following specific 

characteristics: 1) high specific surface area, to achieve high nanoparticles 

dispersion, since the catalytic activity of a catalyst increases as a function of 

the reaction surface area; 2) suitable pore structure for the adequate diffusion 

of reactant and by-products, specifically a mesoporous structure is preferred; 

3) high electrical conductivity so that electrons can be transferred easily; and 

4) corrosion resistance, because the support corrosion might affect the 

performance and stability of the Pt-catalyst especially in the cathode, since the 

ORR occurs at potentials closer to those where oxidation of carbon can also 

occur. On this issue, when carbon is oxidized, the Pt-support interaction may 

be weakened causing the catalyst degradation, mainly by the dissolution of Pt 

and the agglomeration of metallic particles into large clusters.95-97 
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2.5.1 Carbon black: Vulcan XC-72. 

Carbon blacks are obtained from the pyrolysis of hydrocarbons such as natural 

gas or oil fractions from the processing of petroleum.98 Vulcan XC-72 is a 

microporous (diameters of less 4 nm) carbon black frequently used as 

electrocatalysts support in low-temperature fuel cells because of its reasonable 

balance among electronic conductivity, surface area, high availability and low 

cost.93,98 It has a specific surface area of around 250 m2 g-1 and is composed 

by aggregates (average diameter of 250 nm) of spherical particles with a size 

range of 30 to 60 nm.91,98,99  

 
2.5.2 Reduced Graphene Oxide (rGO). 

Graphene as a unique two-dimensional and single-atom thick structure with 

sp2-hybridized carbon atoms arranged in an hexagonal network. It has been 

demonstrated that single-layer graphene possesses a unique combination of 

electrical, mechanical, optical and thermal properties.100,101 In 2004, the first 

graphene monolayer sheets have been obtained by exfoliating the three-

dimensional graphite using a technique called micro-mechanical 

cleavage.100,102  

However, the most commonly method to obtain graphene nanosheets is the 

Hummers method, which consists in oxidizing the natural graphite to graphene 

oxide (GO) using KMnO4 and NaNO3 in concentrated H2SO4. It has a similar 

layered structure of graphite, but the carbon plane in graphite oxide is heavily 

decorated by oxygen functional groups. These oxidized layers are exfoliated in 

water under ultrasonic treatment obtaining one or few layers of carbon atoms, 

which can be (partially) reduced to graphene like-sheets (rGO) by removing the 

oxygenated species using strong reducing agents such as hydrazine or NaBH4 

recovering the conjugated structure (Figure 2.6 is a schematic representation 

of the graphene structures obtained with the methodologies described 

here).102-105 
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Due to the unique characteristics of graphene-based materials, it has been 

quite interesting to investigate their performance as fuel cell catalysts support. 

It has been demonstrated that the lattice defects (vacancies, holes) and surface 

functional groups (carbonyls, epoxides, hydroxyls, etc.) in the rGO structure act 

as nucleation centers that limit the growth of Pt-nanoparticles.100,107 In addition, 

because of the strong metal-support interaction (the partially filled π-orbitals of 

the sp2-hybridization of C=C bonds interacting with the Pt d-orbital) the stability 

of the catalysts can be improved by dispersing them on the high specific 

surface area RGO (theoretical value of ~2600 m2 g-1).100,107,108 He et al.109 have 

demonstrated that the stability and the catalytic activity for the ORR of a 

Pt/RGO catalyst can be greatly improved by preserving a proper amount of 

oxygenated groups on the rGO surface.  

 

 
Figure 2.6 Schematic representation of the structures of graphite, GO, rGO 

and graphene sheets.106 

 

The current research has focused on demonstrating the potential advantages 

of the graphene-based materials over the commonly used carbon blacks 

supports. Kou et al.110 have compared the stability and electrochemical activity 
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for the ORR of Pt-nanoparticles supported on graphene sheets (GS) and 

carbon blacks (20 % Pt supported on Vulcan XC-72, E-TEK). Pt/GS showed 

not only high specific surface area and enhanced activity for the ORR, but also 

excellent stability after 500 voltammetry cycles. 

 

Ha et al.111 have synthesized a Pt/rGO catalyst using NaBH4 to reduce H2PtCl6 

in a GO suspension forming a GO-H2PtCl6 composite. Pt/rGO catalyst was 

obtained via the chemical reduction of GO and Pt using ethylene glycol and 

NaBH4 as reducing agents. TEM analysis showed that Pt-nanoparticles with a 

diameter of about 3 nm were uniformly dispersed on the rGO surface. In 

electrochemical measurements, the Pt/rGO catalyst exhibited enhanced 

catalytic activity for the ORR than commercial Pt/C. Using a similar 

experimental technique, Pt/rGO has been prepared by Xin et al.112 showing 

better catalytic activity for the ORR than Pt/C (C = Vulcan XC-72, synthesized 

by the same procedure). 

 

2.6 Functionalization of carbon supports. 

The ability to control the surface properties of carbon nanostructures, i.e., 

surface modification, has been very helpful in improving the performance of 

fuel cell catalyst. Essentially, covalent and non-covalent modification methods 

have been used to functionalize the surface of carbonaceous materials. 

Covalent surface modification involves a permanent modification of the carbon 

surface by creating bonds between the carbon atoms and functional groups. 

Non-covalent functionalization is based only on electrostatic interactions, Van 

der Waals forces, hydrogen bonding and other type of attractive forces.113,114 

For example, the non-covalent association of carbon nanotubes with polymers 

such as poly(vinyl pyrrolidone) and poly(styrene sulfonate) disrupt their intrinsic 

hydrophobic interface allowing their solubility in water. Additionally, the reactive 

groups of the polymers can interact with specific molecules.115,116 
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Covalent surface oxidation is probably the most widely used chemical 

modification of carbon. Chemical agents such as HNO3, H2SO4, citric acid, 

acetic acid, KMnO4, K2Cr2O7, KOH and H2O2 are capable of introducing oxygen 

functionalities (hydroxyl, carboxyl and carbonyl groups). These oxygenated 

functional groups serve as metal-anchoring sites. This way, Pt nanoparticles 

dispersion is improved and thereby a high electrochemical activity is 

obtained.113,117 

 

The first attempt to clarify the influence of surface functional groups on the 

catalytic behavior of carbon-supported catalysts has been made by Derbyshire 

et al.118 Later, Prado-Burguette et al.119 have reported their studies of the effect 

of surface oxygenated groups on the dispersion of Pt-nanoparticles. They used 

several carbon black supports with different content of oxygen surface groups 

created by an oxidation treatment with H2O2. It was observed that the presence 

of more oxygenated groups improve the hydrophilic character of the carbon 

surface, thus enhancing the dispersion.  

 

Despite the fact that a wide variety of compounds have been used to modify 

the surface properties of the carbon nanostructures, it has been demonstrated 

that the carbon surface functionalization with aggressive agents, for example 

covalent surface oxidation, can modify the intrinsic graphitized lattice of 

graphene-based materials due to the transformation of sp2-hybridization to a 

distorted sp3-geometry.120  

 

2.6.1 Organometallic functionalization of carbon nanostructures. 

The organometallic chemistry, a subfield of coordination chemistry, involves 

the synthesis, structure and reactivity of complexes that contain direct metal-

carbon (M–C) bonds. This interdisciplinary area lies between organic and 



 
 

23 
 

inorganic chemistry, studying the interaction of inorganic metal species with 

carbon atoms from an organic molecule (ligand). 121  

 

In organometallic chemistry, the metal–ligand interactions determine the 

reactivity of the complex (i.e. the lability to react with other molecules) since the 

metallic atom as well as the type of ligand add a specific functionality.122 

Transition metals can bond to multiple carbon atoms by a single metallic ligand. 

The coordination of a ligand to a metal center by carbon atom is known as 

hapticity (ƞn, n = number of carbon atoms coordinated). In consequence, the 

specific and variable architectures provided by the coordination geometry 

results in important changes at molecular level.123 

 

Arenes are probably the most interesting classes of π-ligands in organometallic 

chemistry. Owing to their ability to provide up to six sites for metal coordination 

(ƞ1 – ƞ6) a wide range of metal-arene complexes are known, many of which are 

crucial intermediaries in homogeneous catalysis. Also, it is known that the 

transition metals change the reactivity of the complexed arenes, including C-H 

bond activation and the susceptibility towards nucleophilic reactions. Thus, 

transition metal complexes with arene ligands represent an important group of 

the organometallic compounds.124-126 

 

Recently, coordination complexes of transition metals with graphitic materials 

are of interest from the standpoint of their technological applications, mainly as 

conjugated organometallic catalysts (including energy storage and conversion) 

and as electronic and magnetic materials.127,128 

One of the first organometallic reactions of carbon nanostructures has been 

reported by Ajayan et al.129 where a reaction of carbon nanotubes with sec-

butyllithium was carried out. The reaction derivatives were used as initiators of 

anionic polymerization for the in situ preparation of polystyrene-grafted 
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nanotubes. After such publication, several groups used the strategy to graft 

various polymers to the surface of carbon nanotubes.130-132 However, there are 

only a very limited number of reports on organometallic complexation reactions 

of carbon nanostructures with transition metals.  

 

Despite being discovered more than 100 years ago by Ludwing Mond, 

transition metal carbonyls can still be considered as one of the most interesting 

classes of organometallic compounds due to their particular features: 1) facile 

displacement of their CO ligands by a wide variety of ligands with σ-donor and 

π-acceptor character (olefinic and aromatic compounds), 2) reduction of metal 

carbonyls affording anionic carbonyl metallates with increasing M-CO bond 

stability, and 3) reaction with nucleophiles occurs at the C atom of the CO 

ligand, extending the scope of the chemistry of transition metal carbene 

complexes.133-135 

 

On this matter, Haddon et al.127,130,136,137 have studied the surface modification 

of several carbon nanomaterials such as exfoliated and epitaxial graphene, 

highly-oriented pyrolytic graphite (HOPG) and single-walled carbon nanotubes 

(SWCNT) with organometallic chromium compounds of the (Cr(CO)6 and [(ƞ6-

C6H6)Cr(CO)3] type. They proposed the organometallic functionalization of 

carbon nanostructures with transition metal carbonyls as a promising method 

for introducing chemical functionalities onto a graphitic system with minimal or 

none disruptions of the structural integrity of the sp2-hybridized carbon atoms. 

 

In those reports has been observed that carbonyl ligands of the organometallic 

precursor were displaced and chromium atoms coordinate to the graphitic 

system giving organometallic complexes of formula [(ƞ6-arene)Cr(CO)3], [(ƞ6-

arene)Cr(benzene)] and [(ƞ6-arene)2Cr]. These complexation reactions are 

possible through the overlapping of the occupied π-orbitals of the graphitic 
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lattice with the vacant dπ-orbitals of the transition metal, resulting in the 

hexahapto (ƞ6) coordination of the metal atom to an individual benzene ring of 

the aromatic system. The functionalization process was classified as a covalent 

chemisorption interaction, in which the formation of an organometallic 

hexahapto (ƞ6)-metal fragment preserves the graphitic structure (constructive 

rehybridization). 

 
Figure 2.7 Representative reactions of carbon nanostructures with a) 

Cr(CO)6 and b) [(ƞ6-C6H6)Cr(CO)3].137 

 

These researches have been the guideline to the applicability of the 

organometallic chemistry in fuel cell technology expanding the scope of carbon 

nanostructures. Very recently, Siller-Ceniceros et al.138 have reported the 

functionalization of Vulcan XC-72 with an organometallic compound, [(ƞ6-

C6H5OCH2CH2)RuCl2]2, named as CRu-dim. The physicochemical 

characterization indicated that the graphitized lattice of Vulcan has not been 

distorted during the functionalization process. Subsequently, CRu-dim was used 

as Pt-nanoparticles support. The authors found that the organometallic 

functionalities promoted a high dispersion of Pt-nanoparticles. Furthermore, 

the formation of a Pt-Ru alloy improved the catalytic performance of the Pt/CRu-

dim catalyst for the MOR in acid media. 
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Chapter III 
 

Hypothesis 
 

 

 

 

NiTiO3 and CoTiO3 as co-catalysts will enhance the catalytic activity of Pt/C 

and Pt/rGO for the ORR in alkaline media. Additionally, the use of rGO as 

support will promote a high performance of the Pt-NiTiO3 and Pt-CoTiO3 

catalysts for the ORR. With the same purpose, chromium organometallic 

compounds as functionalizing agents will be able to coordinate to an individual 

benzoic ring of the rGO structure forming hexahapto (ƞ6) bonds preserving the 

graphitic structure of rGO. The organometallic functionalities will also act as 

reactive sites for anchoring Pt nanoparticles and promoting the ORR. 
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Chapter IV 
 

Objectives 
 

 

 

General objective: 

To demonstrate the enhanced performance of the Pt-NiTiO3 and Pt-CoTiO3 

catalysts supported on Vulcan XC-72, rGO and rGO functionalized with 

chromium organometallic compounds for the ORR in alkaline media, compared 

to the monometallic Pt/C catalyst. 

 

Specific objectives: 

4.1 To show the feasibility of synthesizing nanostructured Pt-NiTiO3 and Pt-

CoTiO3 catalysts supported on Vulcan XC-72, rGO and functionalized rGO by 

the microwave-assisted polyol method. 

 

4.2 To demonstrate that the functionalization of rGO with chromium 

organometallic compounds have no negative effect on their graphitized lattice. 

 

4.3 To show the positive effect of using NiTiO3 and CoTiO3 as co-catalyst of Pt 

to enhance the mass and specific activity of the nanostructured catalysts for 

the ORR in alkaline media, on the different carbonaceous supports.  

 

4.4 To determine the tolerance of the nanostructured catalysts to the presence 

of methanol and ethanol during the ORR. 
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Chapter V 
 

Materials and methods 
 

 

5.1 Reagents and gases. 

Chemicals of analytical grade were used as acquired without any further 

purification or pretreatment: Nickel acetate (Ni(OCOCH3)2∙4H2O), cobalt 

chloride (CoCl2·6H2O), titanium isopropoxide (Ti[OCH(CH3)2]4), citric acid 

(C6H8O7), chromium hexacarbonyl (Cr(CO)6), benzene-chromium tricarbonyl 

((ƞ6-C6H6)Cr(CO)3), anhydrous tetrahydrofuran (THF, C4H8O), dibutyl ether 

(C8H18O), chloroplatinic acid hexahydrate (H2PtCl6·6H2O), ethylene glycol (EG, 

C2H6O2), sodium hydroxide (NaOH), sulfuric acid (H2SO4), 2-propanol 

(C3H8O), 5% wt. Nafion® solution, potassium hydroxide (KOH), methanol 

(CH3OH) and ethanol (CH3CH2OH) were acquired from Sigma-Aldrich. UHP 

(Ultra High Purity) N2 and O2 from Infra (purity ≥ 99.999%). Carbon Vulcan XC-

72 (C) was obtained from Cabot Corp. Commercial reduced graphene oxide 

(rGO) was purchased from IDnano. 

 

5.2 Physicochemical characterization. 

XRD analysis was performed in a Phillips X´Pert (PANanalytical) apparatus 

with a Ni-filtered Cu Kα radiation. Diffraction patterns were collected in the 2θ 

range 10° to 80° for the MTiO3 powders and from 10° to 100° (2θ) for the Pt-

based electrocatalysts. The data were collected with a step of 0.02° (2θ) at 

room temperature. The crystalline phase identification of the materials was 

determined by comparing the experimental X-ray patterns with data compiled 

by the JCPDS. The crystallite size (d) was calculated from the peak widths 

using the Scherrer equation (Equation 5.1).1,2 
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𝑑𝑑ℎ𝑘𝑘𝑘𝑘 =  
𝑘𝑘 𝜆𝜆

𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (5.1) 

    

where dhkl is the crystallite size of nanoparticles, hkl are the Miller index of the 

planes being analyzed, k is a numerical factor referred to as the crystallite-

shape factor normally taken as 0.9, λ is the wavelength of the X-ray Cu Kα 

source (1.5418 Å), β is the full width at half maximum of the diffracted peak in 

radians and θ is the Bragg diffraction angle. 

 

The interplanar distance (D) of Pt was calculated from the (311) reflection via 

the Bragg law (Equation 5.2). Subsequently, the lattice parameter (a) for a 

cubic structure was estimated with the Equation 5.3.3,4 

 

𝐷𝐷ℎ𝑙𝑙𝑙𝑙(311) =  
𝜆𝜆

2 sin𝜃𝜃
 (5.2) 

𝑎𝑎 =  𝐷𝐷ℎ𝑙𝑙𝑙𝑙 (311)�ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 (5.3) 

 

Raman analysis was carried out in a Xplora microscope from Horiba Scientific 

with an excitation wavelength of 532 nm (2.33 eV). FTIR spectra were obtained 

using a Perkin Elmer Spectrum Frontier spectrometer with a diffuse reflectance 

attachment. 

 

SEM images and chemical composition analysis by EDS were obtained in a 

Phillips XL30 SEM apparatus having a accelerate voltage of 20 kV. The sample 

powders were mounted over a copper tape adhered to a stainless steel holder. 

TEM and HR-TEM images were acquired in a JEOL 2100 microscope 

operating at 200 kV. Samples were prepared by ultrasonically dispersing the 

powders in 2-propanol. A drop of the suspension was deposited onto a carbon-

coated copper grid and then dried in air.  
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Surface chemical composition analysis was performed by the XPS technique 

in a Thermo Scientific Escalab 250 Xi equipment. A monochromatic Al Kα 

source (hv = 1486.86 eV) was used as incident radiation. High resolution XPS 

spectra were collected at 300 W with a pass energy of 20 eV and a beam size 

of 400 µm diameter. XPS data was deconvoluted with the AAnalyzer 

software. Binding energies (BE) were referenced to the C 1s line set at 284.8 

eV. 

 
5.3 Synthesis of NiTiO3 and CoTiO3. 

NiTiO3 and CoTiO3 nanoparticles were obtained by a wet-chemical procedure. 

Stoichiometric amounts of nickel acetate (or cobalt chloride) and titanium 

isopropoxide were separately dissolved in methanol, maintaining an M:Ti 

cationic ratio = 1:1. Citric acid was added to the titanium solution under 

magnetic stirring until a transparent phase was achieved. Then, the nickel (or 

cobalt) solution was added to the titanium mixture. The resulting solution 

containing Ni-Ti (or Co-Ti) precursors was heated at 90°C for 12 h in order to 

evaporate the solvent and promote the formation of a metal-citrate complex. 

The precursors were calcined for 3 h in air atmosphere at 700°C for NiTiO3 and 

900°C for CoTiO3. After cooling down to room temperature, NiTiO3 and CoTiO3 

nanoparticles were recovered.5 

 

5.4 Organometallic functionalization of rGO with Cr(CO)6 and (ƞ6-
C6H6)Cr(CO)6. 

5.4.1 Reaction of rGO with Cr(CO)6. 

Two rGO:Cr(CO)6 have been studied. 20 mg of RGO were dispersed in a 

THF/dibuthyl ether mixture. Then, a) 47.8 mg (0.22) and b) 8.2 mg (0.04 mmol) 

of Cr(CO)6 were added separately to the rGO dispersion. The suspensions 

were maintained in the absence of light under argon atmosphere and refluxed 
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at 95°C under magnetic stirring for 48 h. The reaction mixtures were filtered 

and the products were washed several times with anhydrous ether. Finally, the 

black powders were dried under vacuum and preserved in dark containers 

under inert conditions.6 

 

5.4.2 Reaction of rGO with [(ƞ6-C6H6)Cr(CO)6]. 

rGO was functionalized using 36 mg (0.17 mmol) of [(ƞ6-C6H6)Cr(CO)6] under 

the same conditions indicated in Section 5.4.1. 

 

5.5 Synthesis of Pt-MTiO3 (M = Ni, Co) catalysts supported on Vulcan XC-
72 (C), rGO and functionalized rGO. 

The 20% Pt-MTiO3 supported on Vulcan, rGO and functionalized rGO catalysts 

with Pt:MTiO3 nominal ratio 1:1 (at. %) were synthesized by the microwave 

assisted polyol method. H2PtCl6·H2O, MTiO3 and carbon support were 

separately dispersed in ethylene glycol for 30 min. Then, a solution of NaOH 

(dissolved in EG) was added to adjust the pH to 11. The solutions were heated 

under magnetic stirring in a modified domestic microwave (600 W) by 4 cycles 

of pulses of 1 minute-on/1-minute off of microwave irradiation and after cooling 

down to room temperature, H2SO4 in EG was used to adjust the pH to 2, 

maintaining stirring for 1 h. The products were then filtered and dried in a 

dessiccator overnight. A 20% Pt/C and Pt/rGO electrocatalysts were 

synthesized under the same on/off pulses of microwave irradiation and pH 

variation for comparison purposes, only avoiding the addition of the titanate 

solution. 
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5.6 Electrochemical set-up. 

5.6.1 Electrode preparation. 

The catalytic ink of each electrocatalyst was prepared by the following 

procedure. 10 mg of the powder material were mixed by ultrasound for 30 min 

with 1 mL of 2-propanol and 5 µL of Nafion solution. To form the working 

electrode, an aliquot of 10 µL of the catalytic ink were dispersed in a glassy 

carbon electrode (0.196 cm2 geometric area) which is placed in a rotating disc 

setup (0.02 mgPt in a 20% Pt/C). The catalyst layer deposition was performed 

by drop evaporation, forming a homogeneous film over the glassy carbon 

electrode. 

 

5.6.2 ORR studies. 

Catalytic activity measurements were carried out in an electrochemical three-

electrode cell using a potensiostat (from Pine Inst.). A Pt coiled wire was used 

as the counter electrode, with an Ag/AgCl (sat. KCl) employed as the reference 

electrode. Attention was paid to avoid any electrolyte anion contamination, 

placing it in a separate reservoir with a salt bridge that ended up in a Luggin 

capillary closed to the working electrode. All the potentials have been reported 

in this work with respect to the RHE, using the Nernst equation (Equation 5.4):7 

 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 0.059 𝑝𝑝𝑝𝑝 +  𝐸𝐸°𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (5.4) 

 

where ERHE is the potential converted with respect to RHE, EAg/AgCl is the 

potential measured against the Ag/AgCl reference electrode in the 

experiments, the pH of the 0.5 M KOH electrolyte is 13.69, E°Ag/AgCl is 0.197 V 

(i.e., the potential of the reference electrode used in the experiments). CVs 

were obtained in N2-satured 0.5 M KOH, in the 0.05 to 1.2 V/RHE range at a 

scan rate of 20 mV s-1. 
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The electrochemical surface area (ECSA, in m2 g-1) is an important parameter 

for evaluating the number of electrochemically active sites per gram of the 

catalyst and is a parameter that gives an insight of the Pt active sites 

participation during the potential scan. ECSA values were calculated according 

the following equation (Equation 5.5):8-10 

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑚𝑚2 𝑔𝑔−1) =  
𝑄𝑄𝐻𝐻

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 𝐿𝐿𝑃𝑃𝑃𝑃
 (5.5) 

 

where QH (in µC) is the charge in the Hdes region after double layer correction 

in the CVs, Qref is the theoretical charge needed for the oxidation of a 

monolayer of hydrogen on smooth Pt, taking here as 210 µC cm-2 and LPt is the 

Pt loading (in g) in the working electrode confirmed by the elemental EDS 

analysis. 

 

To evaluate the catalytic activity of the synthesized electrocatalysts for the 

ORR, the cell environment was saturated with oxygen atmosphere (bubbling 

oxygen at least 20 min). Then, the ORR polarization curves were obtained at 

different rotation rates (400, 800, 1200, 1600 and 2000 rpm) at the scan rate 

of 5 mV s-1 from 0.5 V to 1.2 V (vs. RHE). In addition, CV curve in N2-satured 

electrolyte at a scan rate of 5 mV s-1 at 2000 rpm was obtained in order to 

eliminate any contributions of capacitive current. Figure 5.1 is presented as an 

example of the CVs obtained from the Pt/C catalyst. This background current 

was substracted from the experimental ORR current densities.  
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Figure 5.1 CVs of Pt/C in N2 and O2-satured electrolyte (0.5 M KOH) before 

background current subtraction. Scan rate: 5 mV s-1. 

 

The tolerance behavior of the catalysts was studied obtaining polarization 

curves at 2000 rpm adding CH3OH and CH3CH2OH in a concentration of 0.1 y 

0.5 M under O2 atmosphere.  

 

The ORR kinetic parameters were calculated on the basis of the mass-

transport correction Koutecky-Levich equation (Equation 5.6) where the disk 

current density (j) correlates with the kinetic (jk) and the diffusion limited (jd) 

current densities as follows:11-13 

 
1
𝑗𝑗

=  
1
𝑗𝑗𝑘𝑘

+  
1
𝑗𝑗𝑑𝑑

=  
1
𝑗𝑗𝑘𝑘

+  
1

𝐵𝐵 𝜔𝜔1/2 
(5.6) 

 

Koutecky-Levich plot (1/j vs. ω-1/2) was constructed to determinate the value of 

the slope B and via the Levich equation (Equation 5.7) calculate the transferred 

electron number (n) per oxygen molecule involved in the ORR process.13,14 

 

𝑛𝑛 =
𝐵𝐵

0.2𝐹𝐹𝐷𝐷2/3𝑣𝑣−1/6𝐶𝐶𝑂𝑂2
 (5.7) 
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Here, the constant 0.2 applies when ω is expressed in rpm, F is the Faraday 

constant (96 485 C mol-1), D is the diffusion coefficient O2 in the electrolyte (1.9 

x 10-5 cm2 s-1), v is the kinematic viscosity of the electrolyte (1 x 10-2 cm2 s-1), 

and 𝐶𝐶𝑂𝑂2 is the concentration of the molecular oxygen in 0.5 mol L-1 KOH solution 

at 25 °C (1.2 x 10-6 mol cm-3).  

 
The kinetic current was calculated from the ORR polarization curves using the 

following Koutecky-Levich relation (Equation 5.8):13 

 

𝑖𝑖𝑘𝑘 =  
𝑖𝑖𝑑𝑑𝑖𝑖
𝑖𝑖𝑑𝑑 − 𝑖𝑖

 (5.8) 

 

where ik is the mass-transport kinetic current, id is the diffusion-limited current 

and i is the experimental current collected at the working electrode. 

 

Mass and specific activities were calculated by normalizing the kinetic current 

ik with respect to the Pt load (mgPt, based in the EDS results) deposited in the 

glassy carbon electrode and with the Pt real surface area (APt in cm2), 

respectively, obtained from the following relationship (Equation 5.9):10 

 

𝐴𝐴𝑃𝑃𝑃𝑃 =
𝑄𝑄𝐻𝐻
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟

 (5.9) 

 

QH and Qref are described in equation 5.5. 
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Chapter VI 
 

Enhanced electrocatalytic performance for the Oxygen 
Reduction Reaction on Pt-MTiO3/C (M = Ni, Co) catalysts  

 
 

6.1 Physicochemical characterization of NiTiO3 and CoTiO3 
nanoparticles. 

6.1.1 X-Ray diffraction analysis (XRD). 

The XRD patterns of NiTiO3 and CoTiO3 nanoparticles (Figure 6.1) display 

narrow and intense peaks revealing the high crystallinity of rhombohedral pure 

phases. The patterns match with cards 083-0198 and 077-1373, respectively, 

of the JCPDS database.1-5 XRD is a useful technique for determining the 

crystallite size (d) of nanomaterials, by averaging the thickness of the crystals 

in a direction perpendicular to the hkl plane, with the aid of the well-known 

Scherrer formula (Equation 5.1 in experimental section).6 From the patterns in 

Figure 6.1 the crystallite size of NiTiO3 and CoTiO3 are determined to be 26 

and 42 nm, respectively (Table 6.1). 

 

6.1.2 SEM/EDS characterization. 

SEM micrographs in Figure 6.2 show that NiTiO3 and CoTiO3 nanoparticles are 

predominantly spherical in shape and with agglomerated regions. Table 6.1 

shows the chemical composition of NiTiO3 and CoTiO3 deduced from EDS 

analysis. Both nanomaterials have similar content of their constituents. For 

example, the Ni and Ti concentration at NiTiO3 are 38.29 and 31.24, while Co 

and Ti content at CoTiO3 are 39.94 and 30.17 (wt. %, respectively). The Ni:Ti 

and Co:Ti ratios are 1:1 (at. %), the nominally expected value.  
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Figure 6.1 X-ray diffraction patterns of a) NiTiO3 and b) CoTiO3 nanoparticles. 

 

 
Figure 6.2 SEM images of a) NiTiO3 and b) CoTiO3 nanoparticles. 

 
Table 6.1. Physical and chemical characteristics of NiTiO3 and CoTiO3. 

 
dXRD 
(nm) 

Particle size 

TEM (nm) 
Chemical composition (wt. %) 

M:Ti:O 
(at. %) 

   M Ti O  

NiTiO3 26 15-40 38.29 ± 1.52 31.53 ± 0.66 30.17 ± 1.16 1:1:2.9 

CoTiO3 42 19 39.94 ± 1.17 30.17 ± 1.49 29.87 ± 1.51 1:1:2.9 
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6.1.3 HR-TEM analysis. 

The TEM image in Figure 6.3a shows the quasi-spherical morphology of the 

NiTiO3 material. Its particle size has been determined to be in the 15-40 nm 

range. Figure 6.3b shows the HR-TEM micrograph of a NiTiO3 nanoparticle 

having around 20 nm in diameter. The NiTiO3 co-catalyst shows highly 

crystalline characteristics, as seen in the SAED pattern inserted, in good 

agreement with XRD results. Lattice fringes with an interplanar distance of 0.36 

nm have been determined, which can be assigned to the (012) crystallographic 

plane of NiTiO3. The particle size of CoTiO3 obtained from HR-TEM micrograph 

in Figure 6.3c is 19 nm (Table 6.1).7-9 Also, the SAED pattern of CoTiO3 co-

catalyst reveals its crystallinity, in good agreement with the XRD 

characterization. In this case, an interplanar of 0.33 nm has been obtained, 

assigned to the (012) plane of CoTiO3.9-11 

  

 
Figure 6.3. TEM and HR-TEM images of NiTiO3 (a-b), HR-TEM of CoTiO3 

(c). SAED patterns from the nanoparticles are shown in the insets.  
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6.2 Physicochemical characterization of the Pt/C, Pt-NiTiO3/C and Pt-
CoTiO3/C catalysts. 

6.2.1 X-Ray diffraction analysis (XRD). 

Figure 6.4a-c shows the diffraction patterns of the Pt/C, Pt-NiTiO3/C and Pt-

CoTiO3/C catalysts. All diffractograms clearly show the characteristic features 

of face centered cubic (fcc) Pt. Reflections at ca. 2θ = 40, 67 and 81 can be 

ascribed to Pt (111), (220) and (311), respectively. The peaks located at around 

25° (2θ) are due to the Vulcan support and are attributed to the graphite (002) 

plane. In the diffractogram of Pt-NiTiO3/C, besides the Pt reflections, narrow 

peaks at 2θ around 33, 35, 49, 53, 62 and 64°, corresponding to the nickel 

titanate planes (104), (110), (024) (116), (214) and (300) are clearly detectable. 

Similarly, the pattern of Pt-CoTiO3/C shows reflections at 2θ = 33 and 35° due 

to the (114) and (110) planes, respectively. Figure 6.4d depicts a zooming of 

the (311) reflections. No significant shift to higher or lower angles is observed 

when comparing the peaks of Pt-NiTiO3/C, Pt-CoTiO3/C and Pt/C, as reported 

elsewhere for Pt-metal oxide catalysts.12-14 

 

This structural characteristic may be related to the fact that the Pt precursor is 

reduced to metallic nanoparticles in the presence of already formed NiTiO3 and 

CoTiO3 particles. Nevertheless, the Pt lattice parameter (a) calculated from the 

(311) reflection (Equations 5.2 and 5.3 from experimental section) is slightly 

modified, from 0.391 nm of Pt/C to 0.396 nm of both Pt-NiTiO3/C and Pt-

CoTiO3/C. (Table 6.2). 

 

The data of the wide Pt (311) peak has been used to estimate the crystallite 

size of the catalysts using the Scherrer equation (5.1 in experimental section). 

This reflection is chosen in order to minimize the interference of the titanate 

peaks observed at the (220) reflection in Figure 6.4b-c. Sizes of 1.4, 1.7 nm 
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and 2.5 have been calculated for Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C, 

respectively (Table 6.2).  

 

 
Figure 6.4 XRD patterns of a) Pt/C, b) Pt-NiTiO3/C and c) Pt-CoTiO3/C 

catalysts. Reflections of NiTiO3 and CoTiO3 marked with * and +, respectively, 

can be observed. d) Zoom-in of the (311) reflections of each catalyst. 

 

Table 6.2. Physical and chemical characteristics of Pt/C, Pt-NiTiO3/C and Pt-

CoTiO3/C catalysts 

 a (nm) 
dXRD 
(nm) 

Particle size 

TEM (nm) 
Chemical composition (wt. %) 

Pt:MTiO3 

(at. %) 
    Pt MTiO3 C  

Pt/C 0.391 1.4 2.2 16.39 ± 0.83 - 83.61 ± 0.83  - 

Pt-NiTiO3/C 0.396 1.7 2.3 10.37 ± 0.68  8.65 ± 0.16  80.98 ± 0.69 0.95:1 

Pt-CoTiO3/C 0.396 2.5 1.8 8.56 ± 0.73 6.75 ± 0.27 84.71 ± 0.68 0.99:1 
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6.2.2 SEM/EDS characterization. 

The results of the EDS analysis are shown in Table 6.2. The data is the average 

of the analyses over 5 different regions of the catalysts. The experimental 

chemical composition of Pt-NiTiO3/C catalyst is very close to the expected from 

nominal calculations. The Pt:NiTiO3 ratio was 0.95:1 (at. %) and the total 

catalyst content is roughly 20 wt%. Pt-CoTiO3/C has a catalyst content of 15.36 

(wt. %), with a Pt:CoTiO3 ratio of 0.99:1, which approaches the expected value. 

 

6.2.3 HR-TEM analysis. 

The morphology and particle size distribution of Pt/C, Pt-NiTiO3/C and Pt-

CoTiO3/C (Figures 6.5a-f) have been also analyzed by TEM and HR-TEM. The 

TEM images show the highly homogenous dispersion and nanosized 

characteristics of all Vulcan-supported electrocatalysts. The inset in HR-TEM 

image of the Pt/C catalyst (Figure 6.5d) is the SAED pattern corresponding to 

the region specified by the red square. A distance between lattice fringes of 

0.22 nm, attributed to the Pt (111) plane, has been determined.15 The SAED 

pattern in Figure 6.5b illustrates different rings of Pt-NiTiO3/C (labeled 1 to 4) 

with interplanar distance of 0.39, 0.28, 0.22 and 0.18 nm, ascribed to the NiTiO3 

(012) and (104), and the Pt(111) and (200) planes, respectively.1,15,16 

Meanwhile, distances between planes of 0.39 and 0.22 nm (NiTiO3 (012) and 

Pt (111) planes, respectively) have been calculated from the SAED patterns of 

the HR-TEM image, shown in the inset of Figure 6.5e, which corresponds to 

the areas highlighted by the red squares.  

 

Figure 6.5f shows the HR-TEM image of Pt-CoTiO3/C, with insets showing the 

SAED pattern of the regions highlighted by the red square. Distances between 

planes have been determined as 0.37 and 0.22 nm, ascribed to the CoTiO3 

(012) and Pt (111) planes, respectively. These analysis confirms that Pt, NiTiO3 

and CoTiO3 nanoparticles are present in the corresponding catalyst. The 
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histograms of Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C (Figures 6.5g-i) show the 

narrow particle size distribution of the electrocatalysts. The average particle 

size of Pt/C is 2.2 nm, while that of Pt-NiTiO3/C and Pt-CoTiO3/C are 2.3 and 

1.8 nm, respectively. These values are slightly different than those obtained 

from XRD calculations (see Table 6.2). However, it can be concluded that the 

two analyses indicate a very small particle size of the catalysts. 

It is important to mention that the SAED patterns obtained from different areas 

of the HR-TEM images allowed to distinguish between Pt and NiTiO3 (or 

CoTiO3) nanoparticles, and this analysis gives evidence that some Pt 

nanoparticles may be dispersed on titanate sites.  
 

 
Figure 6.5 TEM and HR-TEM micrographs of Pt/C (a,d), Pt-NiTiO3/C (b,e) 

and Pt-CoTiO3/C (c,f). The insets are SAED patterns corresponding to the 

areas highlighted by red squares. The histograms of particle size distribution 

of the catalysts are shown in g), h) and i), respectively. 
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6.3 Catalytic activity of the Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C catalysts for 
the ORR. 

6.3.1 ORR kinetics. 

The CVs of Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C are shown in Figure 6.6. The 

curves in the full potential scan (Figure 6.6a) show the characteristic regions 

expected for Pt-based electrocatalysts, i.e., the hydrogen 

adsorption/desorption region (Hads/des, 0.42 to 0.05 V/RHE and 0.05 to 0.47 

V/RHE, respectively), double layer and Pt-oxides formation/reduction region 

(0.69 to 1.2 V/RHE and 1.2 to 0.47 V/RHE, respectively). 

 

The Pt/C catalyst shows higher current densities than Pt-NiTiO3/C and Pt-

CoTiO3/C. The peaks corresponding to the Hads/des region at the metaltitanate-

containing catalysts are well defined indicating a high Pt participation during 

the potential scan, but the intensity observed is lower compared to the 

monometallic, which is more evident for Pt-CoTiO3/C. The behavior of Pt-

NiTiO3/C and Pt-CoTiO3/C indicates that there is no noticeable detrimental 

effect of the titanate on the Hads/des features of the cathode. Also, in the oxides 

region, which in alkaline media is mostly due to the specific adsorption of 

hydroxide anions,17-20 the onset potential (Eonset) of Pt-OH formation in Pt/C, Pt-

NiTiO3/C and Pt-CoTiO3/C are practically the same. A noticeable difference is 

that the typical peak at the beginning of the Pt-OH formation is more flat at Pt-

NiTiO3/C, and even more at Pt-CoTiO3/C. 

 

Figure 6.6b shows a comparison of the Pt-oxides reduction peaks. A very small 

shift of 3 mV to lower potentials is observed for the Pt-NiTiO3/C (719 mV/RHE) 

compared to Pt/C (722 mV/RHE) at the peak maximum. In the case of Pt-

CoTiO3/C, this value is slightly displaced to higher potentials (732 mV/RHE). 
Therefore, it can be concluded that the adsorption strength of oxygen species 

on the Pt sites at the titanate-containing catalysts is roughly the same as that 
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in the monometallic. This means that the reduction of intermediates should 

proceed similarly on both catalysts. 
 

 
Figure 6.6 (a) CVs of Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C. Electrolyte: N2-

satured 0.5 M KOH. Scan rate: 20 mV s-1. (b) Zooming of the Pt-oxide 

reduction peaks of Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C. 
 

The polarization curves of the ORR at Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C 

(cathodic sweep) at rotation rates of 400, 800, 1200, 1600 and 2000 rpm are 

shown in Figures 6.7a-c, respectively. The curves have been built after 

background current subtraction (see Experimental section).  

 

From the curves, the Eonset of the ORR at Pt/C (∼1.03 V/RHE) is roughly the 

same as that of Pt-NiTiO3/C (∼1.04 V/RHE) and slightly higher than Pt-

CoTiO3/C (1.00 V/RHE) (Table 6.3). Meanwhile, the current density at 0.9 

V/RHE and ω = 2000 rpm is −2.50 mA cm−2 for Pt/C, very close to the value of 

−2.10 mA cm−2 at Pt-NiTiO3/C under the same conditions. For Pt-CoTiO3/C 

was found to be -0.47 mA cm-2. These results indicates that the Pt-NiTiO3/C 

material has fundamentally the same catalytic activity for the ORR, compared 

to that of the monometallic cathode. 
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Figure 6.7 Polarization curves for the ORR on: a) Pt/C, b) Pt-NiTiO3/C and c) 

Pt-CoTiO3/C catalysts in O2-satured 0.5 M KOH electrolyte. Scan rate: 5 mV 

s-1. 

 

Table 6.3 Electrochemical parameters at Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C. 
Catalyst Eonset 

(V) 
j0.9 V/RHE  

(mA cm-2) 
QH 

(µC) 
APt 

(cm2) 
b at lop 

(mV dec-1) 
b at hop 

(mV dec-1) 
Pt/C 1.03 -2.50 2947.2 14.03 77 116 

Pt-NiTiO3/C 1.04 -2.10 1549.6 7.37 67 112 

Pt-CoTiO3/C 1.00 -0.47 650.4 3.09 56 122 

 

It is well known that the Levich Equation applies when RDE measurements of 

the ORR are collected (equation 5.6 in Chapter V).21-23 Nafion layer diffusion 

parameters have no effect in the behavior of the catalysts for the ORR curves 
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because the amount of Nafion used in this study is very small.23 The measured 

ORR current densities in the mixed-controlled region (Figures 6.8a-c) can be 

expressed as a function of the rotation rate using equation 5.7. 

 

Koutecky-Levich plots of Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C at different 

potentials are shown in Figures 6.8a-c, respectively. The plots show linearity 

and parallelism, indicating first-order kinetics with respect to O2. 20,21,23 In all 

cases, the lines fall close to that corresponding to a theoretical 4e- transfer 

slope, also included in Figure 6.8 and calculated from Equation 5.7. The slope 

of a 2e- mechanism is shown for comparison too. From the experimental data, 

n has been calculated as 3.8 for Pt/C and Pt-NiTiO3/C and 3.2 for Pt-CoTiO3/C. 

This result suggests that the ORR at the novel home-developed catalysts may 

proceed via a 4e- mechanism according to the reaction in alkaline media 

(Reaction 6.1): 

 

𝑂𝑂2 +  2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒−  →  4𝑂𝑂𝑂𝑂− (6.1) 

 

Mass and specific activity plots of the ORR at the catalysts are shown in Figure 

6.10, calculated from the data of polarization curves (Figure 6.7) using the 

mass-transport correction expressed in the equation 5.8 (Chapter V). The mass 

activity curves in Figure 6.10a have been normalized with respect to the Pt 

mass content deposited in the thin porous electrodes taking into account the 

EDS results (Table 6.2). Meanwhile, the specific activity plots in Figure 6.10b 

have been built taking into account the Pt real surface area (APt, in cm2, 

equation 5.9 in Chapter V), calculated by measuring the charge in the Hdes 

region (QH, in µC) after double layer correction in the CVs of Figure 6.6a. The 

calculated values of QH and APt are shown in Table 6.3.  
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Figure 6.8 Koutecky-Levich plots of the ORR at different potentials on Pt/C 

(a), Pt-NiTiO3/C (b) and Pt-CoTiO3/C (c). 

 

Two regions with distinct Tafel slopes (b) can be observed. The first one is at 

low overpotentials (lop), i.e., potentials between 0.95 and 0.85 V/RHE. At high 

overpotentials (hop), i.e. 0.85 V and lower, there is a change into higher slopes 

in good agreement with the behavior reported in several references, beginning 

with those of Damjanovic et al.24-28 The change in Tafel slope is attributed to 

an effect of the adsorbed oxygen-containing species such as reaction 

intermediates from the ORR, or chemisorbed hydroxyl groups (OHads) from the 

electrolyte.28  The smaller b at low overpotentials is associated to a Temkin 

adsorption mechanism at a higher coverage of O-like species, while the slope 

at high overpotentials is ascribed to a Langmuir adsorption due to the first 
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electron transfer of the reaction (rate determining step).28,29 Tafel slopes of -60 

and -120 mV dec−1 at low and high overpotentials, respectively, have been 

reported for the ORR in alkaline media.26 

 

 
Figure 6.9 (a) Mass and (b) specific activity plots of the ORR on Pt/C, Pt-

NiTiO3/C and Pt-CoTiO3/C catalysts.  Electrolyte: O2-satured 0.5 M KOH. ω = 

2000 rpm. 

 

The b values under Langmuir adsorption mechanism are 116, 112 and 122 mV 

dec−1 at the Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C catalysts, respectively, close 
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to 120 mV dec−1. Meanwhile, the values of b at lop are 77, 67 and 56 mV dec−1 

for Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C, respectively. These values are closer 

to the theoretical 60 mV dec−1. However, particularly in the case of the 

monometallic, the slope is higher. The behavior of the catalysts may be related 

to the participation of the carbon support on the ORR, which has an important 

effect on the kinetics of the reaction as has been reported previously.26,30 

Overall, the approximation in Tafel slopes in Figures 6.9a and 6.9b indicates 

that the reaction mechanism of the ORR at Pt-NiTiO3/C and Pt-CoTiO3/C is the 

same as the mechanistic pathway on Pt/C in the KOH electrolyte. 

 

However, it should be noticed that the mass catalytic activity of Pt-NiTiO3/C 

and Pt-CoTiO3/C surpasses that of Pt/C at potentials of ca. 0.91 and 0.86 

V/RHE and below, respectively (Figure 6.9a). Likewise, the specific activity of 

Pt-NiTiO3/C and Pt-CoTiO3/C is higher at potentials of ca. 0.94 V/RHE and 

below compared to Pt/C in Figure 6.9b. At potentials more negative than 0.88 

V/RHE, the specific activity of Pt-CoTiO3/C surpasses that of Pt-NiTiO3/C. 

These results suggests a positive effect of using the titanate as co-catalyst for 

the ORR in the alkaline electrolyte. 

 

6.3.2 Tolerance tests. 

It is well known that Pt/C cathodes become rapidly depolarized by the presence 

of organic molecules, with a decrease in catalytic activity for the ORR and 

therefore a negative impact in the efficiency of a fuel cell.31 The loss of catalytic 

activity of Pt/C has been observed for a wide variety of liquid fuels such as 

methanol,31,32 ethanol,23 ethylene glycol,23,33 and 2-propanol.23 For example, 

the shift in potential with respect to Eonset towards more negative values 

(∆Eonset) can be as high as 620 mV in the presence of 0.125 M ethylene glycol, 

when Pt/C is used in acid media.21 A loss in performance of Pt/C has also been 

demonstrated in alkaline media in the presence of methanol.34 Therefore, a key 
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feature of candidate catalysts to be used in A-DAFC cathodes is their selectivity 

toward the ORR and tolerance to organic substances.  

  

 
Figure 6.10 Polarization curves of the ORR at (a) Pt/C, (b) Pt-NiTiO3/C and 

(c) Pt-CoTiO3/C in the absence and presence of 0.5 and 0.1 M CH3OH or 

C2H5OH. Figures (d-f) show the details with 0.1 M fuels. Electrolyte: 0.5 M 

KOH. Scan rate: 5 mV s-1. ω = 2000 rpm. 
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Figure 6.10 shows the polarization curves of the ORR on Pt/C, Pt-NiTiO3/C and 

Pt-CoTiO3/C in the absence (with data from Figure 6.7, ω = 2000 rpm) and 

presence of 0.5 and 0.1 M CH3OH or C2H5OH. At the higher concentration 

(Figures 6.10 a-c), all catalysts show a preference for the oxidation of both of 

the fuels, with Pt/C delivering higher peak current densities. At the low 

concentration, the Pt/C catalyst shows higher current densities associated to 

the oxidation of the molecules, with peak maximums due to the oxidation of 0.1 

M CH3OH and C2H5OH of 3.3 and 20.5 mA cm−2, respectively. The 

corresponding values at Pt-NiTiO3/C are –1.6 and 2.5 mA cm−2, while those of 

Pt-CoTiO3/C are -2.2 mA cm−2 and -1.9 mA cm−2, respectively (Table 6.4). 

 

A zoom of the polarization curves, taking into account only the 0.1 M 

concentration of the fuels is shown for Pt/C, Pt-NiTiO3/C and Pt-CoTiO3/C in 

Figures 6.10d-f, respectively. The higher tolerance in terms of oxidation current 

densities of each of the fuels is more evident at Pt-CoTiO3/C. Furthermore, the 

∆Eonset values with CH3OH and C2H5OH on Pt-CoTiO3/C are 40 and 30 mV, 

respectively, smaller compared to Pt/C and Pt-NiTiO3/C (Table 6.4). In 

summary, the behavior of the catalysts in Figure 6.10 indicates that the higher 

selectivity toward the ORR is obtained with Pt-CoTiO3/C in the presence of both 

alcohols. 

 

Table 6.4. Fuel oxidation current densities and ORR ∆Eonset on Pt/C, Pt-

NiTiO3/C and Pt-CoTiO3/C in the presence of 0.1 and 0.5 M CH3OH and 

C2H5OH. 
 j (mA cm-2) ∆Eonset (V/RHE) with 0.1 M fuel 
 CH3OH C2H5OH CH3OH C2H5OH 

Catalyst 0.1 M 0.5 M 0.1 M 0.5 M   
Pt/C 3.3 52.7 20.5 78.3 60 90 

Pt-NiTiO3/C -1.6 14.4 2.5 21.6 60 90 

Pt-CoTiO3/C -2.2 3.9 -1.9 5.9 40 30 
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Even though a full tolerance to the organic molecules has not been reached, 

from the catalytic behavior in Figure 6.10, the presence of the titanate 

increases the catalyst’s selectivity towards the oxygen reduction, over the 

oxidation of methanol and ethanol. Interestingly, one of the reasons of the 

enhanced selectivity of Pt-NiTiO3/C and Pt-CoTiO3/C (compared to Pt/C) 

toward the ORR can be due to a geometric effect. The presence of the titanate 

may inhibit the dissociative chemisorption of the organic fuels, which requires 

three neighboring Pt atoms to be activated while that of the oxygen requires 

only two adjacent Pt-sites.32 

 

Moreover, it has been reported that by Goodenough et al. that at oxide 

materials, the ORR in alkaline media occurs by exchange of surface OH−.35 For 

NiTiO3 and CoTiO3 nanoparticles, the O-site present in the NiTiO3-x(OH)x and 

CoTiO3-x(OH)x phases may be functioning as the reaction sites for the ORR. 

Reaction 6.1 occurs by exchange of surface OH− species present in the surface 

of NiTiO3-x(OH)x·H2O or CoTiO3-x(OH)x·H2O.36 This can explain why mass and 

specific activities of Pt-NiTiO3/C and Pt-CoTiO3/C are the same and at some 

potentials better than those of Pt/C. Also, the surface OH− species may be a 

positive issue increasing the tolerance behavior of Pt-NiTiO3/C and Pt-

CoTiO3/C for low concentration CH3OH and C2H5OH. Another factor promoting 

the tolerance may be that O2 is more strongly adsorbed than alcohols at Pt 

sites in Pt-NiTiO3/C and Pt-CoTiO3/C (due to the presence of the titanates), 

compared to the Pt-alone catalyst. 

 

Even though this may not be the optimized chemical composition of Pt-

NiTiO3/C and Pt-CoTiO3/C, their catalytic activity and enhanced selectivity for 

the ORR (especially in the case of Pt-CoTiO3/C) make them potential cathodes 

materials for AEMFCs and A-DAFCs.  
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6.3.3 Stability of NiTiO3 in acid media. 

On the other hand, it is of interest to further evaluate the stability of the NiTiO3 

nanoparticles in order to discard any structural modification or leaching of Ni in 

the acid media. NiTiO3 samples have been submitted to 500 cycles between 

0.05 and 1.2 V/RHE, in 0.5 M H2SO4. Post-mortem TEM analysis has been 

carried out. Figure 6.12a shows a HR-TEM image of a NiTiO3 nanoparticle after 

electrochemical cycling, with its SAED pattern shown in Figure 6.12b. It can be 

observed that the morphology and crystallinity are not significantly changed 

after electrochemical tests, compared to its characteristics in Figure 6.3b, i.e., 

before cycling.  

 

EDS analysis shows that after electrochemical testing, NiTiO3 preserves high 

Ni and Ti contents (35.64 and 47.78 wt %, respectively). Even though this result 

may not be conclusive, it suggests that leaching of Ni is not occurring, or at 

least not significantly. Table 6.4 shows a comparison of chemical composition 

of as-synthesized NiTiO3 and after electrochemical cycling. 

 

 
Figure 6.12 a) HR-TEM image of NiTiO3 nanoparticles after electrochemical 

cycling (500 cycles between 50 and 1200 mV/RHE) in 0.5 M H2SO4. b) 

corresponding SAED pattern. 
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Table 6.4 Chemical composition of as-synthesized NiTiO3 
 Chemical composition (wt. %) 

NiTiO3 sample Ni Ti O 
As-synthesized 31.53 38.29 30.17 

After cycling 35.64 47.78 16.58 

After acid treatment 32.08 33.03 34.89 

 

Furthermore, in order to evaluate the effects of strong acid solution on the 

structural characteristics of the titanate, a NiTiO3 sample has been soaked in 1 

M H2SO4 for 24 h. Figure 6.13 shows the XRD pattern after acid treatment, 

demonstrating that there are not significant structural changes when compared 

with the pattern before treatment (Figure 6.1a). The relative intensity of the 

reflections is only slightly modified, while no shifts in the peaks maximum has 

been observed. Furthermore, the chemical composition of the sample after acid 

treatment is shown in Table 6.4. No major differences are observed with 

respect to the composition before soaking. Overall, the results suggest that 

nanostructured NiTiO3 is stable in acid media. 

 

 
Figure 6.13 XRD pattern of NiTiO3 after acid treatment in 1 M H2SO4 for 24 h. 
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Chapter VII 
 
Electrocatalytic activity of the rGO-supported Pt-MTiO3 (M = 

Ni, Co) catalysts for the Oxygen Reduction Reaction in 
alkaline media 

 
 

7.1 Physicochemical characterization of the rGO support. 

7.1.1 Vibrational spectra analysis by FTIR. 

Figure 7.1 shows the FTIR spectrum of rGO. The aromatic stretching vibrations 

of the hybridized sp2 C=C bond is visualized at 1480 and 1570 cm-1. The 

absorption peaks localized in the 2930-2870 cm-1 region are associated to the 

symmetric/anti-symmetric vibrations of -CH2 groups. Furthermore, the peaks at 

3080 and 1330 cm-1 correspond to the O-H stretching and bending vibrations, 

respectively.  

The absorption peak at 1740 cm-1 is assigned to C=O vibrations from carboxyl 

functional groups. Meanwhile, the peaks at 1120 y 990 cm-1 are ascribed to the 

stretching vibrations of C-O bonds from epoxy and alkoxy groups, 

respectively.1-4 The structure of rGO with the oxygen functional groups is 

shown in the inset in Figure 7.1. 

 

7.1.2 Raman spectroscopy characterization. 

The Raman spectrum of carbonaceous materials is characterized by two main 

features, the D-band (usually observed at ~1575 cm-1) which is representative 

of the presence of defects and structural disorder in graphitic systems caused 

by the breakage of the six-fold symmetry, and the G-band (at ~1350 cm-1) 
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which is the response of the in-plane stretching of symmetric vibrations of the 

sp2 C=C bonds.5-8 

 

 
Figure 7.1 FTIR spectrum of rGO. The inset shows a schematic 

representation of the rGO structure. 

 

The deconvoluted Raman spectrum of rGO in Figure 7.2 show a strong G-band 

at 1348.1 cm-1 along with a more intense D-band (at 1582.8 cm-1). The relative 

intensity ratio between the D and G bands (ID/IG) has been calculated after 

Lorentzian fitting of the spectrum. This factor gives an approach to the density 

of defect sites in the rGO network. The ID/IG value of rGO is 1.2 due to the 

higher intensity of the D-band and indicates a disordered carbon structure. In 

this context, the deconvolution of the Raman spectrum is essential for 

understanding the structural characteristics of the rGO. Three additional bands 

can be observed in the spectrum. The D´ peak is ascribed to the vibration of 

graphene layers outside of the sandwich formed by other graphene layers; the 

D´´ band emerges from the fraction of amorphous carbon at the sample due to 

functional groups and the I peak, which can either be due to the sp2-sp3 mixed 

structure or to the increase in defects as a result of the reduction process.9-14 
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On the other hand, the high-frequency region of the Raman spectrum is 

deconvoluted into four Lorentzian peaks, i.e., D+D´´, 2D, D+D´ and 2D´ at 

2445.5, 2658.8, 2925.3 and 3185.8 cm-1, respectively.15-17 The 2D peak is an 

overtone of the D band. Unlike the defect-induced D band, the 2D peak is an 

effect of the disorder or defects at carbon-based materials.  

 

 
Figure 7.2 Raman spectrum of rGO. 

 

7.2 Physicochemical characterization of the Pt/rGO, Pt-NiTiO3/rGO and 
Pt-CoTiO3/rGO catalysts. 

7.2.1 X-Ray diffraction analysis (XRD). 

Figures 7.3a-c show the XRD patterns of the Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO catalysts having the characteristic signals of Pt. The peaks can be 

indexed to the (111), (200), (220), (311) and (222) reflections of a typical 

polycrystalline face centered cubic (fcc) Pt structure. The reflection at 25° (2θ) 

is associated to the rGO support and corresponds to the (002) crystalline 

graphite plane. Figure 7.3d depicts a peak position analysis. Comparing the 

(311) reflection of Pt/rGO with those of Pt-NiTiO3/rGO and Pt-CoTiO3/rGO 
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(Figure 7.3d), it can be concluded that no significant shift to higher or lower 

angles is observed in the presence of titanates indicating that the addition of 

the oxide has no effect on the crystalline lattice of Pt. This observation is in 

agreement with previous reports of Pt-metal oxides catalysts.18-20 

 

 
Figure 7.3 XRD patterns of a) Pt/rGO, b) Pt-NiTiO3/rRGO and c) Pt-

CoTiO3/rGO catalysts. d) Zoom-in of the (311) reflections of each catalyst. 

 

It is well known that the shape and position of the XRD peaks provide 

information about the crystallite size of fuel cell catalysts, by using the Scherrer 

formula (Equation 5.1 in Experimental section). Figure 7.3d shows that the 

(311) peak is broad, particularly at Pt-NiTiO3/rGO and Pt-CoTiO3/rGO 

suggesting the formation of nanostructured catalysts. The crystallite size from 

such reflection is 4.0 nm for Pt/rGO and decreases to 1.8 and 1.7 nm for Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO (Table 7.1).  
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7.2.2 SEM/EDS characterization. 

The chemical composition of the Pt/rGO catalyst indicates a Pt and C content 

of 19.97 and 80.03 (wt. %) respectively, very close to the nominally expected 

values (Table 7.1). Meanwhile, Pt-NiTiO3/rGO and Pt-CoTiO3/rGO also have a 

Pt content of nearly 20 wt. %, higher than the theoretically calculated. For 

example, the Pt-NiTiO3/C and Pt-CoTiO3/C (in Chapter VI) have 10.37 and 8.56 

wt. %, respectively. On the other hand, their C concentration is less than the 

expected 80 wt. %, a low value that can be attributed to the presence of 

titanates (10.63 and 12.17 wt. % at Pt-NiTiO3/rGO and Pt-CoTiO3/rGO, 

respectively). At these catalysts, the Pt-MTiO3 ratio is 1:0.72 (at. %), close to 

the 1:1 value expected. 

 

Table 7.1. Physicochemical features of the Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO catalysts. 

 
dXRD 
(nm) 

Particle size 

TEM (nm) 
Chemical composition (wt. %) 

Pt:MTiO3 

(at. %) 
   Pt MTiO3 C  

Pt/rGO 4.0 4.0 19.97 ± 1.27 - 80.03 ± 1.01 - 

Pt-NiTiO3/rGO 1.8 2.0 18.93 ± 1.31 10.63 ± 0.90 70.97 ± 0.92 1:0.72 

Pt-CoTiO3/rGO 1.7 2.0 21.05 ± 1.34 12.17 ± 1.07 66.76 ± 1.40 1:0.72 

 

SEM images of the rGO support and the Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO catalysts are shown in Figure 7.4. In all cases, the surface 

morphology is the typical micron-sized layered sheets, due to the rGO 

support.21-23 

 

7.2.3 HR-TEM analysis. 

The TEM image of Pt/rGO (Figure 7.5a) shows a morphology of Pt 

nanoparticles mostly quasi-spherical in shape and dispersed over the support 

with some degree of agglomeration. Figure 7.5b is a High Resolution TEM 
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micrograph of the catalyst showing nanosized particles. Analysis of particle 

size distribution has shown that the average particle size of Pt/rGO is 4.0 nm, 

in good agreement with XRD results (Table 7.1). The solid-line square over 

some of the nanoparticles is the zone where a Selected Area Electron 

Diffraction (SAED) pattern has obtained using an FFT analysis. The pattern is 

displayed as an inset in Figure 7.5c) and shows the crystalline nature of the Pt 

nanoparticles. Moreover, the reconstructed inverse FFT (iFFT) image in Figure 

7.5c (obtained from the SAED pattern) allows to identify lattice fringes with an 

interplanar distance of 0.22 nm, ascribed to Pt nanoparticles grown 

preferentially along the (111) plane.24,25 

 

 
Figure 7.4 SEM images of a) RGO, b) Pt/RGO, c) Pt-NiTiO3/RGO and d) Pt-

CoTiO3/RGO. 

 

Likewise, Figure 7.5b also displays a dashed-line square over a zone involving 

the RGO support only. The inset in Figure 7.5d is the corresponding SAED 

pattern, with a single set of hexagonal spots, which correlates well with the 

typical six-fold symmetry of rGO. Moreover, the iFFT image in Figure 7.5d 
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clearly identifies the hexagonal atomic arrangement of the carbon 

nanostructure network.26,27 

 

 
Figure 7.5 a) TEM and b) HR-TEM micrographs of Pt/rGO. c) reconstructured 

iFFT image from the SAED pattern (inset), which in turn has been obtained 

from the solid-line square in b). d) reconstructured iFFT image from the SAED 

pattern (inset), which in turn has been obtained from the dashed-line square 

in b). 

 

Figure 7.6a is a representative TEM image of Pt-NiTiO3/rGO. Its morphology is 

that of nanoparticles well dispersed over the rGO support, with slight 

agglomerations in some areas. Figure 7.6b shows the nanoscale of the 

particles, with an average size of 2.0 nm (Table 7.1). Figure 7.6c displays an 

image reconstructured (using the iFFT procedure) from the SAED pattern 

shown as inset, which in turn has been obtained from the solid-line square in 

Figure 7.6b. Analysis of the image allows to determine lattice fringes with an 
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interplanar distance of 0.22 nm corresponding to the (111) Pt plane. Figure 

7.6d illustrates the iFFT reconstructed image, obtained from the SAED pattern 

(inset) derived from the dotted-line square in Figure 7.6b. A distance between 

lattice fringes of 0.25 has been determined, attributed to the (110) NiTiO3 

plane.28,29 

 

 
Figure 7.6 a) TEM and b) HR-TEM micrographs of Pt-NiTiO3/rGO. c) 

reconstructured iFFT image from the SAED pattern (inset), which in turn has 

been obtained from the solid-line square in b). d) reconstructured iFFT image 

from the SAED pattern (inset), which in turn has been obtained from the 

dotted-line square in b). e) reconstructured iFFT image from the SAED 

pattern (inset), which in turn has been obtained from the dashed-line square 

in b). 

 

The structural characteristics obtained from Figures 7.6d-b confirm that the 

presence of Pt and NiTiO3 at the Pt-NiTiO3/rGO catalyst. On the other hand, 
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the inset in Figure 7.6e is the SAED pattern obtained from the dashed-line in 

Figure 7.6b, i.e., a zone covering rGO only. It shows a ring of six spots which 

confirms the hexagonal network of rGO. Meanwhile, Figure 7.6e is an image 

reconstructured after iFFT analysis of the inset confirming a well-resolved 

graphene-like lattice. 

 

 
Figure 7.7 a) TEM and b) HR-TEM micrographs of Pt-CoTiO3/rGO. c) 

reconstructured iFFT image from the SAED pattern (inset), which in turn has 

been obtained from the solid-line square in b). d) reconstructured iFFT image 

from the SAED pattern (inset), which in turn has been obtained from the 

dotted-line square in b). e) reconstructured iFFT image from the SAED 

pattern (inset), which in turn has been obtained from the dashed-line square 

in b). 

 
A similar analysis has been developed for Pt-CoTiO3/rGO. TEM and HR-TEM 

micrographs shows the nanostructured morphology of the catalyst (Figures 
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7.7a-b). The reconstructed iFFT images in Figures 7.7c-e where derived from 

the corresponding insets, in turn developed from the solid, dotted and dashed-

line squares in 7.7b, respectively. Interplanar distances of 0.21 and 0.36 nm 

have been determined from Figures c and d), respectively, attributed to Pt (111) 

and CoTiO3 (012).21 Meanwhile, by applying a hexagonal mask to the six-spots 

inset in Figure 7.7e, the corresponding iFFT pattern clearly depicts the typical 

honeycomb hexagonal-network of rGO. 

 

7.2.4 Chemical surface analysis by XPS. 

Figure 7.8 shows the high resolution XPS spectra of Pt/rGO. The Pt 4f binding 

energy (BE) region shows the 4f7/2 and 4f5/2 states due to spin-orbit splitting 

and has been deconvoluted into three doublets (Figure 7.8a).  

 

 
Figure 7.8 High resolution XPS spectra of the Pt/rGO catalyst: a) Pt 4f, b) C 

1s and c) O 1s BE regions. 
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The peaks observed at 71.4 and 74.9 eV (Table 5.2) are attributed to Pt in 

metallic state (Pt0). The peaks at 72.5 and 76.5 eV correspond to Pt2+ oxidation 

state and may be assigned to PtO. Meanwhile, the doublet observed at 73.8 

and 79.0 eV is due to the presence of the Pt4+ species, specifically PtO2.30-32 

 

Figure 7.8b shows the C 1s core-level of the Pt/rGO catalyst. The most intense 

peak at 284.4 eV is attributed to the C=C sp2 hybridization of the rGO support. 

A smaller contribution of C-C sp3 is demonstrated by the low-intensity peak at 

a BE of 286.1 eV. The peaks with BEs of 287.8, 289.6 and 291.7 eV are 

ascribed to several oxygen-containing carbon groups: C-O, C=O and O-C=O, 

respectively. Such characteristics are typically observed for the rGO 

structure.31,33  

 

 
Figure 7.9 High resolution XPS spectra of Pt-NiTiO3/rGO catalyst: a) Pt 4f, b) 

C 1s, c) O 1s regions; and of Pt-CoTiO3/rGO: d) Pt 4f, e) C 1s and f) O 1s 

regions. 
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The O1s core level region in Figure 5.8c has also been deconvoluted into 

several states. The peak at BE = 530.7 eV is assigned to oxygen ions (O2-) in 

the crystal lattice of PtO34-36 while the signal centered at 531.8 eV has been 

suggested to be due to the hydroxyl ions adsorbed on the Pt-surface.37,38 In 

addition, the peaks at 533.4 and 536.5 eV are associated with the C=O and C-

O species, in agreement with the C 1s spectrum. 

 

XPS analysis of the metaltitanate-based catalysts has also been performed. 

Figure 7.9a shows the spectrum of Pt-NiTiO3/rGO in the Pt4f region, 

deconvoluted into three doublets as in the case of Pt/rGO. The most significant 

contribution at the Pt 4f7/2 and Pt 4f5/2 state is that of Pt0, compared to the Pt2+ 

and Pt4+ species. The BE in the Pt 4f7/2 state of Pt0 is 71.6 eV, a shift of 0.2 eV 

compared to Pt/rGO (Table 7.2) that can be attributed to a change in the d-

valence band of the Pt due to an electron transfer from NiTiO3 to platinum 

atoms.39 However, it cannot be suggested that alloyed phases have been 

formed, in agreement with the XRD analysis in Figure 7.3.  

 

The high-resolution C 1s region of Pt-NiTiO3/rGO in Figure 7.9b has been 

deconvoluted into five components, having a main peak at 284.4 eV assigned 

to the C=C sp2 hybridization bond of rGO. The C-C sp3 bond shows a lower 

contribution with a peak at ~285 eV. The peaks located at 286.7, 288.9 and 

291.5 eV are attributed to the C-O, C=O and O-C=O bonds, respectively. 

Meanwhile, the peak at BE of 530.4 eV in the O 1s region rGO (Figure 7.9c) 

arises from Metal-O bonds which may be due to Pt-oxides and/or the NiTiO3 

compound. This signal is analogous to the Pt-O observed at Pt/rGO in Figure 

7.8c. Even more, the strong peak at 531.8 eV is assigned to surface hydroxyl 

groups, while the peaks at 533.3 and 535 eV correspond to C=O and C-O 

functional-groups at the carbon support. 
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Figures 7.9d-f show the spectra of Pt-CoTiO3/rGO in the Pt 4f, C 1s and O 1s 

regions. The shift in BE of Pt0 in the Pt4f7/2 state (71.5 eV) compared to Pt/rGO 

is 0.1 eV, less than in the previous case. It can be observed that the signals of 

Pt-CoTiO3/rGO are similar to those of Pt-NiTiO3/rGO. Moreover, it should be 

mentioned that low-intensity signal of Ni, Ti and Co have been detected at Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO (spectra not shown). Overall, the same 

species have been detected for the three catalysts, with some variations in the 

relative intensities of several of the peaks. Table 7.2 shows the identified 

species along with their oxidation state and BE.   

 

Table 7.2 XPS parameters of Pt/rGO, PT-NiTiO3/rGO and Pt-CoTiO3/rGO. 

Catalyst Species State BE (eV) 
Pt/rGO Pt0 Pt 4f 7/2 71.4 

  Pt 4f 5/2 74.9 

 PtO Pt 4f 7/2 72.5 

  Pt 4f 5/2 76.5 

 PtO2 Pt 4f 7/2 73.8 

  Pt 4f 5/2 79.0 

 C=C sp2 C 1s 284.4 

 C-C sp3 C 1s 286.1 

 C-O C 1s 287.8 

 C=O C 1s 289.6 

 O-C=O C 1s 291.7 

 Metal-O O 1s 530.7 

 OHads O 1s 531.8 

 C=O O 1s 533.4 

 C-O O 1s 536.5 

Pt-NiTiO3/rGO Pt0 Pt 4f 7/2 71.6 

  Pt 4f 5/2 74.6 
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 PtO Pt 4f 7/2 72.5 

  Pt 4f 5/2 75.9 

 PtO2 Pt 4f 7/2 73.8 

  Pt 4f 5/2 78.0 

 C=C sp2 C 1s 284.4 

 C-C sp3 C 1s 285.4 

 C-O C 1s 286.7 

 C=O C 1s 288.9 

 O-C=O C 1s 291.5 

 Metal-O O 1s 530.4 

 OHads O 1s 531.8 

 C=O O 1s 533.3 

 C-O O 1s 535.0 

Pt-CoTiO3/rGO Pt0 Pt 4f 7/2 71.5 

  Pt 4f 5/2 74.9 

 PtO Pt 4f 7/2 72.5 

  Pt 4f 5/2 76.5 

 PtO2 Pt 4f 7/2 73.8 

  Pt 4f 5/2 79.0 

 C=C sp2 C 1s 284.4 

 C-C sp3 C 1s 285.1 

 C-O C 1s 286.3 

 C=O C 1s 288.7 

 O-C=O C 1s 290.9 

 Metal-O O 1s 530.2 

 OHads O 1s 531.5 

 C=O O 1s 533.1 

 C-O O 1s 534.7 
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7.3 Catalytic activity of the Pt/rGO, Pt-NiTiO3/rGO and Pt-CoTiO3/rGO 
catalysts for the ORR. 

7.3.1 ORR kinetics. 

Figure 7.10 shows the CVs of Pt/rGO, Pt-NiTiO3/rGO and Pt-CoTiO3/rGO. The 

hydrogen adsorption/desorption peaks on the polycrystalline Pt surface are 

clearly seen (~0.05 to 0.50 V/RHE). The formation of Pt-oxides is observed in 

the anodic scan at potentials above ca. 0.70 V/RHE and their subsequent 

reduction in the cathodic sweep, indicated by a peak current density at around 

0.77 V/RHE. On the other hand, the double layer region is wider that in the 

case of the Vulcan-supported catalysts (Chapter VI) which is attributed to the 

electrochemical behavior of rGO. It is well-known that graphene supports have 

a high electrical double layer capacitance due to their specific surface area and 

this effect can be seen in the CVs in the Figure 7.10.40,41 

 

 
Figure 7.10 CVs of the Pt/rGO, Pt-NiTiO3/rGO and Pt-CoTiO3/rGO catalysts. 

Electrolyte: N2-satured 0.5 M KOH. Scan rate of 20 mV s-1.  

 

The electrochemical active surface area (ECSA) provides important 

information regarding the number of electrochemically active sites per gram of 
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catalyst. At first, the HUPD coulombic charge (QH) has been calculated from the 

area under the hydrogen desorption region after double-layer correction. This 

value represents the number of hydrogen atoms desorbed and therefore the 

number of adsorption sites.41 Table 7.3 summarizes the QH, the real area (APt) 

and the electrochemically active area (ECSA) values of the catalysts obtained 

with the Equations 5.5 and 5.9 (Chapter V).  

 

The ECSA of Pt/rGO catalyst is  calculated to be 62.33 m2 g-1, which is clearly 

larger than those of Pt-NiTiO3/rGO and Pt-CoTiO3/rGO. The decrease in ECSA 

values in Pt-NiTiO3/rGO and Pt-CoTiO3/rGO catalysts can be explained in 

terms of the inaccessibility of H+ to the Pt surface due to the presence of the 

metaltitanate, being not electrochemically active sites.  

 

Table 7.3 Electrochemical parameters of Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO. 
Catalyst QH 

(µC) 
APt 

(cm2) 
ECSA 

(m2 g-1) 
Eonset 

(V/RHE) 
j0.9 V/RHE  

(mA cm-2) 
Pt/rGO 2610 12.44 62.33 1.04 -0.94 

Pt-NiTiO3/rGO 1510 7.18 39.07 1.00 -0.41 

Pt-CoTiO3/rGO 533 2.54 12.07 0.99 -0.41 

 
The polarization curves of the ORR at Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO at different rotation rates after background current subtraction 

(see Chapter V) are shown in Figure 7.11. The current vs. potential curves have 

been acquired at 5 mV s-1 in the 1.2 to 0.05 V/RHE interval. It is shown that all 

polarization curves have three regions under different control mechanisms: i) a 

kinetic due to charge transfer limitations at high overpotentials, ii) mixed at 

intermediate overpotentials, and iii) diffusion-controlled at high overpotentials. 

As can be seen, higher rotational speeds result in an increase of current 

densities (j) due to the oxygen diffusion to electrode surface. 
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The Pt/rGO catalyst has an onset potential (Eonset) for the ORR of 1.04 V/RHE 

and a j value of -0.94 mA cm-1 at 0.9 V/RHE (Table 7.3). A slight negative shift 

in Eonset is observed for Pt-NiTiO3/rGO and Pt-CoTiO3/rGO (1.00 and 0.99 

V/RHE, Figures 5.11b and c, respectively). However, the current density of Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO at 0.9 V/RHE decreases to -0.41 mA cm-1, in 

both cases (Table 7.3).  

 
Figure 7.11 Polarization curves for the ORR on: a) Pt/rGO, b) Pt-NiTiO3/rGO 

and c) Pt-CoTiO3/rGO in O2-satured 0.5 M KOH electrolyte. Scan rate: 5 mV 

s-1. 

 

As indicated in reactions 2.15-2.19 (from Chapter II) the ORR is a multielectron 

transfer process that has two main possible pathways. One is a four-electron 

transfer mechanism where molecular oxygen is directly reduced to OH-. The 

second one, is a two-step mechanism through which oxygen is reduced to HO2- 



 
 

88 
 

(two-electron transfer mechanism) followed by a further reduction to OH- (also 

a two-electron transfer process).42,43 In order to construct the Koutecky-Levich 

plots that serve as a basis to elucidate the ORR mechanism, j values at 

different rotation rates and several potentials have been considered. Figure 

7.12 shows the Koutecky-Levich plots of Pt/rGO, Pt-NiTiO3/rGO and Pt-

CoTiO3/rGO. The number of electrons transferred per oxygen molecule (n) was 

calculated from the Koutecky-Levich slope (B in Equation 5.7 from the 

experimental section). The ORR on Pt/rGO and Pt-NiTiO3/rGO proceeds 

predominantly by the direct 4e- pathway (n = 3.8 and 3.5, respectively). On the 

other hand, the number of electrons involved in the overall ORR on the Pt-

CoTiO3/rGO catalyst was calculated to be n = 2.4. 

 

 
Figure 7.12 Koutecky-Levich plots of the ORR at different electrode 

potentials on Pt/rGO (a), Pt-NiTiO3/rGO (b) and Pt-CoTiO3/rGO (c). 
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Mass and specific activity Tafel plots have been obtained from the ORR 

polarization curves by using the mass-transport correction (Equation 5.8 from 

the experimental section) and normalizing the current to the Pt content (to 

obtain im, in A mg-1Pt) and the real area of Pt (to determine is, in mA cm-2Pt), 

respectively. The Tafel plots on Pt/rGO, Pt-NiTiO3/rGO and Pt-CoTiO3/rGO 

exhibit two slopes, as can be seen in Figure 7.13. As discussed earlier, the 

change in the slope has been interpreted as a change from a Temkin to a 

Langmuir adsorption isotherm with decreasing coverage of oxygenated 

species and the first electron transfer as rate determining step.44-46  

 

Tafel slopes at lop of 64 mV dec-1 for Pt-NiTiO3/rGO and 70 mV dec-1 for Pt-

CoTiO3/rGO have been obtained (Table 5.4), fairly close to the expected 

theoretical value of 60 mv dec-1. The b values are similar, indicating that the 

ORR proceeds via the same pathway in such potential range at both catalysts. 

Meanwhile, the b value al lop in the case of Pt/rGO is considerably higher (102 

mv dec-1) as given in Table 7.4. At hop, the b values at Pt/rGO, Pt-NiTiO3/rGO 

and Pt-CoTiO3/rGO are 236, 153 and 176 mV dec-1, respectively, i.e., 

significantly higher than the 120 mV dec-1 expected.  

 

Some works that have been devoted to elucidate the dependence of the Tafel 

slope with the state of the electrode surface, suggesting that higher 

experimental Tafel slopes at lop may be ascribed to a change in the O2 

adsorption mechanism, because the oxygen dissociative process can be the 

rate-determining step.47-51 Also, it has been proposed that the variation in Tafel 

slopes may be due to a participation of the rGO support on the ORR.52 It should 

be remembered than non-noble metal graphene catalysts have been evaluated 

for the ORR in alkaline media showing a high catalytic activity.53-56  

 

The mass activity (im, data from Figure 7.13) of the catalysts at 0.9 V/RHE is 

shown in Table 5.4. The value at Pt/rGO is 0.011 A mg-1Pt, clearly higher than 
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Pt-NiTiO3/rGO and Pt-CoTiO3/rGO with about the same amount of Pt at the 

catalysts (Table 7.1). On the other hand, Pt-CoTiO3/rGO is the most active 

catalyst in terms of specific activity (is) with a value of 28.2 µA cm-2Pt, a 1.5 and 

2.6-fold increase over Pt/rGO and Pt-NiTiO3/rGO (18.2 and 10.8 µA cm-2Pt, 

respectively). The specific activity of the catalyst can be correlated with the CVs 

in Figure 7.10 and the corresponding APt values in Table 7.3. Even though Pt-

CoTiO3/RGO has a smaller APt, the exposed Pt sites catalyze the ORR to a 

larger extent compared to Pt/rGO. 

 

 
Figure 7.13 (a) Mass and (b) specific activity plots of the ORR on Pt/rGO, Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO catalysts. Electrolyte: 0.5 M KOH saturated 

with O2. ω = 2000 rpm. 
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Table 7.4 Mass and specific activities data for ORR at Pt/rGO, Pt-NiTiO3/rGO 

and Pt-CoTiO3/rGO catalysts. 
Catalyst  

 
b at lop  

(mV dec-1) 
b at hop 

(mV dec-1) 
Mass activity at 0.9 

V/RHE (A mg-1Pt) 
Specific activity at 

0.9 V/RHE (µA cm-2Pt) 
Pt/rGO 102 236 0.011 18.2 

Pt-NiTiO3/rGO 64 153 0.005 10.8 

Pt-CoTiO3/rGO 70 176 0.003 28.2 

 

7.3.2 Tolerance tests. 

In A-DAFCs, the fuel and/or the oxidation intermediaries can diffuse from the 

anode to the cathode through the polymer electrolyte membrane, seriously 

decreasing the performance of the cathode catalyst.57 Therefore, a good 

cathode catalyst should be able to selectively promote the ORR, instead of 

oxidizing the fuel. The catalytic activity towards the ORR of Pt/rGO, Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO in the presence of (0.1 and 0.5 M) CH3OH and 

C2H5OH has been evaluated. 

 

As shown in Figure 7.14a, the Pt/rGO catalyst exhibits high electrocatalytic 

activity of methanol oxidation reaction since the positive current densities reach 

11.5 and 21.5 mA cm-2 for concentrations of 0.1 and 0.5 M of the fuel, 

respectively (see Table 7.5). Also, a high oxidation current density is observed 

when the ethanol concentration is 0.5 M. With a concentration of 0.1 M 

C2H5OH, negative current densities are generated over the potential scanned. 

In terms of ORR current densities, the Pt/rGO catalyst is greatly affected by 

C2H5OH, since in the presence of both concentrations of the fuel, the ORR 

diffusion-controlled current density decreases from -5.07 mA cm-2 (at 0.1 

V/RHE in fuel-free electrolyte saturated with O2) to -3.13 and -0.92 mA cm-2, 

respectively. With 0.1 M C2H5OH, there is an increase in Eonset relative to the 

value without fuel, but the value has not been obtained with 0.5 M C2H5OH 

(Table 7.5). Overall, the decay in catalytic activity of Pt/rGO for the ORR is due 
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to the well-known high activity of Pt towards the methanol and ethanol oxidation 

reactions, the catalytic sites may absorb oxygen and/or fuel molecules in a 

strong competition leading to a mixed reaction that decreases the activity of Pt 

for the ORR.58 

 

 
Figure 7.14 Polarization curves of the ORR at (a) Pt/rGO, (b) Pt-NiTiO3/rGO 

and (c) Pt-CoTiO3/rGO in the absence and presence of 0.1 and 0.5 M CH3OH 

or C2H5OH. Electrolyte: O2-satured 0.5 M KOH. Scan rate: 5 mV s-1. ω = 

2000 rpm. 
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Table 7.5 Fuel oxidation current densities and ORR Eonset on Pt/rGO, Pt-

NiTiO3/rGO and Pt-CoTiO3/rGO in the presence of 0.1 and 0.5 M CH3OH and 

C2H5OH. 
 j (mA cm-2) Eonset (V/RHE) 
 CH3OH C2H5OH O2-No fuel CH3OH C2H5OH 

Catalyst 0.1 M 0.5 M 0.1 M 0.5 M  0.1 M 0.5 M 0.1 M 0.5 M 
Pt/rGO 11.5 21.5 -0.34 9.64 1.04 1.04 - 1.09 - 

Pt-NiTiO3/rGO 2.12 38.4 -1.22 6.56 1.00 1.08 - 0.96 0.90 

Pt-CoTiO3/rGO -2.44 1.37 3.99 15.63 0.99 1.06 0.97 1.01 0.88 

 

Figure 7.14b shows the polarization curves of Pt-NiTiO3/rGO in O2-satured 

electrolyte in the presence of 0.1 and 0.5 M of CH3OH and C2H5OH. An intense 

current density peak (about 38.4 mA cm-2) appears in the presence of 0.5 M 

CH3OH. With 0.1 M CH3OH the peak current density is smaller, but still positive 

(2.12 mA cm-2, Table 7.5). The Eonset with 0.1 M CH3OH is 80 mV more positive 

than in the absence of the fuel (with 0.5 M CH3OH it could not been 

determined). Pt-NiTiO3/rGO results to be less active for the ethanol oxidation 

reaction (EOR) in the O2-satured electrolyte than Pt/rGO, since its oxidation 

currents are much lower. A concentration of 0.1 M ethanol causes an increase 

in the ORR overpotential of 40 mV, while the shift is of 100 mV with 0.5 M fuel, 

in comparison with the Eonset of the fuel-free electrolyte (see Table 7.5). In the 

Pt-NiTiO3/rGO catalyst, there is no noticeable variation in the ORR diffusion-

controlled current densities with CH3OH and C2H5OH. 

 

From Figure 7.14c it is evident that the tolerance of Pt-CoTiO3/rGO to methanol 

is higher than those of Pt/rGO and Pt-NiTiO3/rGO, since lower methanol 

oxidation current densities are obtained (see Table 7.5). Thus, the catalytic 

activity of Pt-CoTiO3/rGO for the ORR in the methanol-containing electrolyte is 

less affected. Moreover, the polarization curve of the ORR at Pt-CoTiO3/rGO 

in the presence of 0.1 M CH3OH is quite similar to that in the methanol-free 
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electrolyte. This indicates that the presence of methanol has no significant 

effect on the catalytic activity of the catalyst for the ORR. With low methanol 

concentration, the Eonset value is positively shifted 70 mV relative to the ORR 

without alcohol (Table 7.5). At 0.5 M CH3OH, a positive current density is 

generated, due to the MOR.  

 

On the other hand, in the presence of 0.1 and 0.5 M C2H5OH, the behavior of 

Pt-CoTiO3/rGO is similar to the other catalysts, i.e., it generates positive current 

densities (Table 7.5). Also, the Eonset values shift positively by 20 mV at low, 

and negatively by 110 mV at high alcohol concentration.  

These findings suggest that the Pt-CoTiO3/rGO catalyst is almost fully 

methanol tolerant (at an alcohol concentration of 0.1 M) and can selectively 

perform the ORR in the presence of methanol. Such tolerance to methanol may 

be associated with the fact that the dissociative chemisorption of oxygen 

requires two adjacent Pt-sites, while that of the alcohol requires at least three. 

The cobalt titanate as co-catalyst reduces the probability of having three 

neighboring Pt atoms thereby suppressing the methanol adsorption and further 

oxidation. Thus, the ORR is more favorable at the Pt-CoTiO3/rGO catalyst.59-61 

This performance makes a promising cathode catalyst for practical A-DAFC 

applications. 
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Chapter VIII 
 

rGO functionalized with chromium organometallic 
compounds as a novel support for highly active Pt-CoTiO3 

catalyst for the Oxygen Reduction Reaction 
 

 

8.1 rGO functionalized with Cr organometallic compounds. Structural and 
morphological features. 

8.1.1 Vibrational spectra analysis by FTIR. 

Figure 8.1 shows the FTIR spectra of the Cr(CO)6 and [(ƞ6-C6H6)Cr(CO)3] 
organometallic precursors (labeled as Cr-hexac and Cr-bz, respectively). 

Strong adsorption peaks at 1864 and 1808 cm-1 due to the C≡O antisymmetric 

stretching vibrations are observed, while the lower intensity bands at 1963 and 

1945 cm-1 are attributed to symmetric stretching vibrations of C≡O. It is known 

that free C≡O has a stretching frequency of ~2143 cm-1. The shift in the 

stretching frequency of the Cr-hexac and Cr-bz can be explained as follows: 

when C≡O ligands bond to a transition metal, the back donation of electron 

density from the metal to the carbonyl empty orbital causes an increase in bond 

order and therefore a shift in stretching frequency of C≡O occurs, as observed 

in Figure 8.1.1-4  

 

The intense bands at 628 and 619 cm-1 of the Cr-hexac and Cr-bz 

organometallics, respectively correspond to the M-C≡O bending vibration. The 

overtone and combination bands of the M-C stretching and M-C≡O bending 

modes are observed in the infrared spectrum of the Cr-hexac compound 

(Figure 8.1a) in the 877-1190 cm-1 region.5,6 Similar bands in the 902-1147 cm-
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1 interval are identified for Cr-bz (Figure 8.1b). Also, in the Cr-bz compound, 

the aromatic structure is recognized by the presence of: i) the -CH stretching 

and bending vibrations at 3105 and 781 cm-1, and ii) the ring breathing 

vibrations at 1444 cm-1.7,8 The corresponding chemical structures of the Cr-

hexac and Cr-bz organometallics are visualized in the insets of Figure 8.1. 

 

 
Figure 8.1 FTIR spectra of the chromium organometallic compounds: a) Cr-

hexac and b) Cr-bz. 

 

The FTIR spectrum of the complexation reaction of rGO with 0.22 mmol of Cr-

hexac (Figure 8.2a) shows the appearance of an absorption peak at 1768 and 

1073 cm-1 due to the stretching vibrations of the C≡O functional groups and M-

C≡O vibration modes, respectively. As already mentioned above, the IR 

frequency of the carbonyl groups is sensitive to the electronic effect of the 

substituent ligand. Therefore, a decrease in the CO stretching frequency is 

observed (compared to Cr-hexac in Figure 8.1a).  
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Since a mild heating of the organometallic causes the elimination of carbonyl 

groups, benzene (and its derivatives) may react to displace three donor 

ligands.9-11 The formation of a hexahapto metal bond between the graphitic 

lattice and the organometallic compound its viable, giving a complex of formula 

[(ƞ6-rGO)Cr(CO)3] (schematized in Figure 8.3a and labeled as rGO-Crtric). 

 

 
Figure 8.2 FTIR spectra of the functionalized rGO supports: a) rGO-Crtric, b) 

rGO2Cr and c) rGO-Crbz. 

 

The FTIR spectrum of the reaction of rGO with 0.04 mmol of Cr-hexac is 

presented in Figure 8.2b. The weak peak at 1770 cm-1 can be attributed to C≡O 

vibrations. Nevertheless, the M-C≡O are not identified (as can be seen at RGO-

Crtric). According to this finding, it can be suggested that chromium atoms 

preferentially bond covalently with two benzene rings of the interlayered rGO 

surface forming a bis-hexahapto complex assigned as [(ƞ6-rGO)2Cr] 

(schematized in Figure 8.3b and labeled as rGO2Cr). The variation of the 
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structure as a function of the chromium organometallic compound 

stoichiometry, agrees well with those reported for molecular chromium 

complexes.12,13  

 

Figure 8.2c shows the FTIR spectrum of the reaction of rGO with the Cr-bz 

organometallic compound. Haddon et. al12 have indicated that the aromatic -

CH stretching vibrations at ~3100 cm-1 as the main evidence of the formation 

of the [(ƞ6-RGO)Cr(ƞ6-C6H6)] product. Nevertheless, in this experimentation is 

observed that since the -OH stretching signals from rGO appear in this 

frequency range, the -CH stretching vibrations of benzene could not observed. 

Despite this fact, the peak located at ~1200 cm-1 can be associated with the in 

plane –CH bending vibrations in the aromatic ring.  

 

Also, as a result of the absence of the characteristic CO stretching vibrations 

in the FTIR spectrum, it can be inferred that the benzoic unit and the metallic 

atom coordinates with the rGO surface given the [(ƞ6-RGO)Cr(ƞ6-C6H6)] 

complex (from now on referenced as rGO-Crbz and schematized in Figure 

8.3c). It is worth mentioning that in all complexation reactions, the 

functionalized rGO supports are electronically stable since the zerovalent 

chromium atom possesses six valence shell electrons and, by complexation 

with one or two n6-benzoid ligands, achieves an 18-electron configuration.14 

 

Furthermore, the infrared vibrations of rGO are also identified: the aromatic 

stretching vibrations of hybridized sp2 C=C bonds in the region of 1570-1430 

cm-1 and the absorption peaks localized in the 2950-2860 cm-1 region 

associated to the symmetric/anti-symmetric vibrations of -CH2 groups. The O-

H stretching vibrations peaks are observed at 3065, 3041 and 3050 cm-1 on 

rGO-Crtric, rGO2Cr and rGO-Crbz, respectively. Meanwhile, the peaks at 1355, 

1352 and 1350 cm-1 correspond to the O-H bending vibrations. Carboxy (C=O), 

epoxy and alcoxy (C-O) functional groups are observed by the absorption 
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peaks in the 1697-1716, 1120-1124 and 995-986 cm-1 regions in rGO-Crtric, 

rGO2Cr and rGO-Crbz, respectively.15-18 

 

 
Figure 8.3 Schematic representation of the rGO functionalized products: a) 

rGO-Crtric, b) rGO2Cr and c) rGO-Crbz. 
 

8.1.2 Raman spectroscopy characterization. 

The Raman spectra of rGO-Crtric, rGO2Cr and rGO-Crbz are shown in Figure 

8.4. The functionalized supports have the characteristic structure of graphitic 

materials having two prominent peaks attributed to the D and G bands (sp3 and 

sp2 domains, respectively). The spectra also show other signals such as I, D´´, 

D´, D+D´´, 2D, D+D´ (D+G) and 2D´.  

 

The ID/IG ratios of rGO-Crtric and rGO2Cr are 0.74 and 0.84, respectively 

(Figures 8.4a and 6.4b), lower compared to non-functionalized RGO (1.2, 

Figure 7.1 in Chapter VII). Such decrease is attributed to a change in the 

electronic structure of rGO associated to chromium complexation, which results 

in an increase in the G band (sp2-domains). Thus, the graphitic band structure 

of rGO-Crtric and rGO2Cr become more intense compared to rGO (i. e., the 
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more structural order). Meanwhile, the ID/IG ratio of rGO-Crbz is 1.2, the same 

as non-functionalized rGO. This outcome shows that functionalization with Cr-

bz has no effect on the graphitized lattice of the rGO, an indication that the 

hybridization and structure of the rGO is preserved (Figure 8.4c). 

 

 
Figure 8.4 Raman spectra of: a) rGO-Crtric, b) rGO2Cr and c) rGO-Crbz. 

 

8.1.3 X-Ray diffraction analysis (XRD). 

Figure 8.5 shows the XRD patterns of non-functionalized rGO, and those of 

rGO-Crtric, rGO2Cr and rGO-Crbz. The broad peaks around 26.2 and 43° (2θ) 

correspond to the (002) and (100) planes, respectively, of graphene structures, 

as previously reported.19-22 The position of the (002) crystallographic 

orientation can be correlated with the distance between the stacked graphitic 

layers (d-spacing). With the aid of Bragg´s law (λ = 2dsenθ) the estimated d-
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spacing of the rGO is 0.340 nm, in good agreement with the thickness of 

pristine graphene nanosheets.22-24 The functionalized rGO supports have 

almost the same value of interlayer distance with values of 0.341, 0.342 and 

0.342 nm for rGO-Crtric, rGO2Cr and rGO-Crbz, respectively. Therefore, the 

incorporation of the organometallic molecules into the carbon structure has a 

negligible effect on the graphene layers structure.  
 

 
Figure 8.5 XRD patterns of: a) non-functionalized rGO, b) rGO-Crtric, c) 

rGO2Cr and d) rGO-Crbz. 

 

8.1.4 SEM/EDS characterization. 

The morphology of the functionalized rGO-Crtric, rGO2Cr and rGO-Crbz supports 

is shown in the SEM images of Figure 8.6. Layered surfaces characteristic of 

graphene-based materials can be visualized, with wrinkles in all cases. The 

insets are chemical mappings of the rGO. Overall, it can be observed that Cr 
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atoms have a uniform dispersion over the rGO sheets, confirming its 

functionalization with metallic Cr sites. 

 

 
Figure 8.6 SEM images and mapping of element distribution of: a) rGO-Crtric, 

b) rGO2Cr and c) rGO-Crbz. 

 

In order to estimate the amount of Cr in the functionalized supports, EDS 

elemental analysis has been performed and the atomic percentages are 

summarized in Table 8.1. The highest Cr concentration is that of rGO-Crtric (8.4 

at.%). rGO2Cr and rGO-Crbz contain roughly 40% of that amount of Cr. 

Nevertheless, it should be reminded that rGO-Crtric has been functionalized 

with 0.22 mmol of Cr-hexac, while rGO2Cr has been modified with 0.04 mmol 

of Cr-hexac. Therefore, caution must be taken when analyzing the results in 

Table 8.1. 
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Table 8.1. Chemical composition quantified by EDS of the rGO-Crtric, rGO2Cr 

and rGO-Crbz supports. 
 Chemical composition (at. %) 
 C Cr 

rGO-Crtric 91.6 ± 0.75 8.4 ± 0.75 

rGO2Cr 96.3 ± 0.58 3.7 ± 0.58 

rGO-Crbz 96.7 ± 0.45 3.3 ± 0.45 

 
8.2 Structural, morphological and surface chemistry features of the Pt-
CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. 

8.2.1 X-Ray diffraction analysis (XRD). 

The diffraction patterns of the Pt-CoTiO3/rGO (non-functionalized rGO), Pt-

CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts in 

Figure 8.7 exhibit the peaks indexed to the (111), (200), (220) and (311) 

crystallographic planes of the face-centered cubic structure of Pt. The peak at 

around 26° (2θ) is due to the carbon support and is attributed to the (002) 

crystalline plane of the graphite structure. Besides, some reflections of the 

CoTiO3 phase have been identified (indicated by bullets).  

 

It is noticed that there is no significant shift of the diffraction peaks of rGO-Crtric, 

rGO2Cr and rGO-Crbz (compared to the Pt-CoTiO3/rGO catalyst). Such feature 

suggests that the presence of Cr metallic sites from the functionalization 

process has no effect on the crystalline lattice of Pt (i. e., there is no evidence 

of formation of Pt-Cr alloyed phases). 
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Figure 8.7 X-ray diffraction patterns of: a) Pt-CoTiO3/rGO, b) Pt-CoTiO3/rGO-

Crtric, c) Pt-CoTiO3/rGO2Cr and d) Pt-CoTiO3/rGO-Crbz catalysts. The bullets 

indicate the diffraction peaks corresponding to the CoTiO3 phase. 

 
8.2.2 SEM/EDS characterization. 

Table 8.2 summarizes the elemental composition of the Pt-CoTiO3/rGO, Pt-

CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. In all 

cases, the amount of Pt-CoTiO3 is higher than the 20 at. % expected. Also, the 

carbon content is lower. Moreover, Cr in several concentrations (the highest at 

Pt-CoTiO3/rGO-Crtric, in agreement with Table 8.1) has been determined. These 

features can be attributed to be functionalization of rGO with Cr organometallic 

compounds and the presence of the titanante (see chemical composition of Pt-

CoTiO3/rGO). Meanwhile, the Pt:CoTiO3 ratio is in reasonable agreement with 

the nominal one (i.e., 1:1). 
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Table 8.2. Chemical composition and particle size of the Pt-CoTiO3/rGO-Crtric, 

Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. 

 
Chemical composition 

(wt. %) 
Pt:CoTiO3 

(at. %) 

Particle 
size TEM 

(nm) 
 Pt CoTiO3 C Cr   

Pt-CoTiO3/rGO 21.05 ± 1.34 12.17 ± 1.07 66.97 ± 1.40 - 1:0.72 2.0 

Pt-CoTiO3rGO-Crtric 18.04 ± 0.50 10.86 ± 1.19 68.01 ± 1.23 3.07 ± 1.07 1:0.75 1.9 

Pt-CoTiO3/rGO2Cr 21.64 ± 1.90 7.33 ± 0.37 69.85 ± 1.91 1.57 ± 0.26 1:0.83 2.4 

Pt-CoTiO3/rGO-Crbz 19.01 ± 0.88 10.81 ± 0.39 67.38 ± 1.16 2.78 ± 0.06 1:0.71 2.3 

 
8.2.3 HR-TEM analysis. 

The HR-TEM analysis of Pt-CoTiO3/rGO has been introduced in Chapter VII. 

Figure 8.8a) shows a HR-TEM image of Pt-CoTiO3/rGO-Crtric revealing a 

morphology with homogeneous dispersion of nanoparticles over the support. 

The average particle size is around 1.9 nm (Table 8.2). Selected Area Electron 

Diffraction (SAED) evaluation has been made of this catalyst. The FFT analysis 

performed on solid-line square give the SAED pattern shown as inset in Figure 

8.8b). Then, from such pattern the reconstructed iFFT image showing the 

distance between fringes (Figure 8.8b) is obtained. An interplanar distance of 

0.22 nm has been determined, ascribed to Pt (111) plane. Similarly, FFT 

analysis of the dashed-line square resulted in the SAED pattern (inset in Figure 

6.8c), from which the reconstructured iFFT image (Figure 8.8c) is obtained. An 

interplanar distance of 0.36 nm has been determined, corresponding to the 

CoTiO3 (211) plane. 
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Figure 8.8 a) HR-TEM micrograph of Pt-CoTiO3/rGO-Crtric, b) 

Reconstructured iFFT image from the SAED pattern (inset), which in turn has 

been obtained from the solid-line square in a). c) Reconstructured iFFT image 

from the SAED pattern (inset), which in turn has been obtained from the 

dashed line-square in a). 

 

The HR-TEM image of the Pt-CoTiO3/rGO2Cr catalyst (Figure 8.9a) shows the 

nanostructured nature of the Pt nanoparticles, having an average particle size 

of 2.4 nm (Table 8.2). From the solid and dashed-line squares, SAED patterns 

are shown as insets in b) and c), respectively, leading to the reconstructured 

iFFT images 8.9b) and 8.9c). Lattice fringes of 0.22 and 0.35 nm have been 

measured, corresponding to Pt (111) and CoTiO3 (211) planes, respectively. 
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In the HR-TEM image of the Pt-CoTiO3/rGO-Crbz catalyst (in Figure 8.10a), the 

Pt nanoparticles have an average particle size of 2.3 nm (Table 8.2). The 

analysis has been performed as described in Figures 8.8 and 8.9. Interplanar 

distances of 0.22 and 0.36 nm have been measured at Figures 8.10b) and c), 

respectively, also corresponding to Pt(111) and CoTiO3 (211). 

 

 
Figure 8.9 a) HR-TEM micrograph of Pt-CoTiO3/rGO2Cr, b) Reconstructured 

iFFT image from the SAED pattern (inset), which in turn has been obtained 

from the solid-line square in a). c) Reconstructured iFFT image from the 

SAED pattern (inset), which in turn has been obtained from the dashed line-

square in a). 

 

The HR-TEM analysis performed on the Pt-CoTiO3/rGO-Crtric, Pt-

CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts gives also evidence that 

some Pt nanoparticles are supported both on rGO and titanate sites, as 

previously proposed for the similar Pt-NiTiO3 catalyst.25 
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Figure 8.10 a) HR-TEM micrograph of Pt-CoTiO3/rGO-Crbz, b) 

Reconstructured iFFT image from the SAED pattern (inset), which in turn has 

been obtained from the solid-line square in a). c) Reconstructured iFFT image 

from the SAED pattern (inset), which in turn has been obtained from the 

dashed line-square in a). 

 

8.2.4 Chemical surface analysis by XPS.  

The deconvoluted high resolution Pt 4f spectra of the catalysts show doublets 

due to the spin-orbit splitting of Pt4f7/2 and Pt4f5/2. The signals at binding 

energies (BEs) of 71.8 and 75.1 eV (Pt-CoTiO3/rGO-Crtric), 71.6 and 75 eV for 

Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz are attributed to the Pt0 oxidation 

state (Figure 8.11). The two other doublets are ascribed to the Pt2+ and Pt4+ 

species (the BEs of the different Pt species are given in Table 8.3). Compared 

to Pt-CoTiO3/rGO (BE= 71.4 eV, Table 7.2, Chapter VII), the Pt0 peak in the Pt 

4f7/2 region shifts by 0.4 eV towards higher BEs at Pt-CoTiO3/rGO-Crtric, while 

the displacement is of 0.2 eV at Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz. 
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The shift in BE can be attributed to a change in the electronic state of Pt (d-

valence band) due to an electron transfer from Cr to Pt atoms.  

 

 
Figure 8.11 Pt 4f core level spectra of: a) Pt-CoTiO3/rGO-Crtric, b) Pt-

CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz catalysts. 
 

A similar behavior has been observed previously at a Pt/CRudim26 catalyst 

(Vulcan functionalized with a Ru organometallic compound). It has been 

reported also for Pt-Cr27,28, Pt-Mo29 and Pt-Au30 alloys. Thus, the electronic 

modification of Pt at Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-

CoTiO3/rGO-Crbz suggests that Pt-Cr alloyed phases have been formed after 

functionalization of rGO with the Cr organometallic compounds. Meanwhile, the 
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experimental BEs of the Pt2+and Pt4+ species are in good agreement with those 

reported elsewhere.31-34 

 

As shown in Figure 8.12, the C 1s core level of the Pt-CoTiO3/rGO-Crtric, Pt-

CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts exhibit peaks attributed to 

epoxy/hydroxyl (C-O), carbonyl (C=O) and carboxyl (O-C=O). However, the 

main contribution is that of the sp2 hibridization (C=C bonds) at BE = 284 eV 

(Pt-CoTiO3/rGO-Crtric) and 284.5 eV (Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-

Crbz) with less intense signals due to sp3 hybridization (Table 8.3). The spectra 

reveal carbon-metal interactions by the appearance of a signal attributed to C-

Cr bonds (see Table 8.3).35,36 

 

 
Figure 8.12 C 1s core level spectra of: a) Pt-CoTiO3/rGO-Crtric, b) Pt-

CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz catalysts. 
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Analysis of the Cr 2p core-level spectra (Figure 8.13) allows to evaluate the 

interactions between Cr (from the organometallics) and rGO. Haddon et al. 

have reported a BE of 576.79 eV for (SWCNT)Cr(CO)3 as being consistent with 

Cr(0) ƞ6-complexes.37  Meanwhile, a BE of 576.1 eV for (C6H6)Cr(CO)3 has 

been also reported.38 Thus, the signals at 576.2, 576.4 and 576.2 eV (Pt-

CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz, respectively, 

Table 8.3) clearly correspond to the C-Cr bond and emerge due to Cr 

complexation at the rGO structure. Therefore, the Cr0 species is formed at the 

three catalysts. The Cr 2p spectra also indicates the presence of the Cr3+ and 

Cr6+ oxidations states (see BEs in Table 8.3), which confirms the existence of 

the of Cr2O3 and CrO3 species, respectively.39-41 

 

 
Figure 8.13 Cr 2p core level spectra of: a) Pt-CoTiO3/rGO-Crtric, b) Pt-

CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz catalysts. 
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The oxygen species in the catalysts surface are identified by analyzing the O 

1s region spectra (Figure 8.14). The O signal at BEs of ~530, 530.4 and 530.2 

eV (Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz, 

respectively, Table 8.3) are characteristic of metallic oxides and it may be 

assigned to metal-oxygen interactions (O2- species) from CoTiO3, Pt-oxides 

and/or Cr-oxides. The most prominent peak at ~531 eV can be assigned to 

surface hydroxyl groups, while the signal at ca. 533 eV can be ascribed to the 

C=O groups from rGO.42-44  

 

It is worth mentioning that low-intensity XPS signals of Ni, Co and Ti have also 

been detected, even though, the spectra is not shown in this work. 

 

 
Figure 8.14 O 1s core level spectra of: a) Pt-CoTiO3/rGO-Crtric, b) Pt-

CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz catalysts. 
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Table 8.3 XPS parameters of Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-

CoTiO3/rGO-Crbz. 

Catalyst Species State BE (eV) 
Pt-CoTiO3/rGO-Crtric Pt0 Pt 4f 7/2 71.8 

  Pt 4f 5/2 75.1 

 PtO Pt 4f 7/2 73.2 

  Pt 4f 5/2 76.7 

 PtO2 Pt 4f 7/2 74.4 

  Pt 4f 5/2 78.6 

 C-O C 1s 286.7 

 C=O C 1s 288.5 

 O-C=O C 1s 290.5 

 C=C sp2 C 1s 284.6 

 C-C sp3 C 1s 285.6 

 C-Cr C 1s 283.7 

 Cr0 C-Cr 576.2 

 Cr2O3 2p3/2 577.2 

  2p1/2 586.7 

 CrO3 2p3/2 578.9 

  2p1/2 588.7 

 Metal-O O 1s 530.0 

 OHads O 1s 531.5 

 C=O O 1s 533.4 

Pt-CoTiO3/rGO2Cr Pt0 Pt 4f 7/2 71.6 

  Pt 4f 5/2 75.0 

 PtO Pt 4f 7/2 72.7 

  Pt 4f 5/2 76.8 

 PtO2 Pt 4f 7/2 73.8 

  Pt 4f 5/2 79.3 
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 C-O C 1s 286.2 

 C=O C 1s 288.2 

 O-C=O C 1s 290.7 

 C=C sp2 C 1s 284.5 

 C-C sp3 C 1s 285.0 

 C-Cr C 1s 284.0 

 Cr0 C-Cr 576.4 

 Cr2O3 2p3/2 577.2 

  2p1/2 586.5 

 CrO3 2p3/2 578.7 

  2p1/2 588.2 

 Metal-O O 1s 530.4 

 OHads O 1s 531.7 

 C=O O 1s 533.2 

Pt-CoTiO3/rGO-Crbz Pt0 Pt 4f 7/2 71.6 

  Pt 4f 5/2 75.0 

 PtO Pt 4f 7/2 73.0 

  Pt 4f 5/2 76.6 

 PtO2 Pt 4f 7/2 74.1 

  Pt 4f 5/2 78.7 

 C-O C 1s 286.8 

 C=O C 1s 288.7 

 O-C=O C 1s 291.2 

 C=C sp2 C 1s 284.5 

 C-C sp3 C 1s 285.3 

 C-Cr C 1s 284.0 

 Cr0 C-Cr 576.2 

 Cr2O3 Cr3+ 2p3/2 577.2 

  Cr3+ 2p1/2 586.7 
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 CrO3 Cr6+ 2p3/2 579.0 

  Cr6+ 2p1/2 588.7 

 Metal-O O 1s 530.2 

 OHads O 1s 531. 5 

 C=O O 1s 533.2 

 

8.3 Catalytic activity of the Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-
CoTiO3/rGO-Crbz catalysts for the ORR. 

8.3.1 ORR kinetics. 

The CVs of the catalysts in Figure 8.15 show the characteristic regions of Pt-

based catalysts (see Chapters V and VI), more clearly distinguished at Pt-

CoTiO3/rGO2Cr. The QH values have been determined by integrating the Hdes 

region from de CVs, after subtracting the double layer contribution. The Pt real 

surface area of the catalyst (APt) has been obtained with the aid of equation 

5.9. Moreover, the ECSA value of the catalysts has been determined with 

equation 5.5. The results are shown in Table 6.4.  

 

Pt-CoTiO3/rGO2Cr has the highest values of these three parameters. Its ECSA 

(36.32 m2 g-1) is even higher than that of Pt-CoTiO3/rGO (12.07 m2 g-1, shown 

also in Table 8.4). These results show that the functionalization of rGO with 

0.04 mmol of Cr-hexac (i.e., Cr(CO)6) influences to a lesser extent the 

electrochemical behavior of Pt nanoparticles at Pt-CoTiO3/rGO2Cr, by better 

defining the different Pt-regions than Pt-CoTiO3/rGO-Crtric (rGO functionalized 

with 0.22 mmol of Cr-hexac). Meanwhile, the use of Cr-bz (i.e., ƞ6-

C6H6)Cr(CO)3) as functionalizing agent seems to inhibit the Pt-regions to a 

larger extent at Pt-CoTiO3/rGO-Crbz. 
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Figure 8.15 CVs of Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-

CoTiO3/rGO-Crbz catalysts. Electrolyte: N2-satured 0.5 M KOH. Scan rate of 

20 mV s-1.  

 
Table 8.4 Electrochemical parameters of the Pt-CoTiO3/rGO-Crtric, Pt-

CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. 

Catalyst 
QH 

(µC) 
APt 

(cm2) 
ECSA 

(m2 g-1) 
Eonset 

(V/RHE) 
j0.9 V/RHE  

(mA cm-2) 
Pt-CoTiO3/rGO 533 2.54 12.07 0.99 -0.94 

Pt-CoTiO3/rGO-Crtric 522 2.48 13.79 1.01 -0.59 

Pt-CoTiO3/rGO2Cr 1450 6.90 36.32 1.03 -0.91 

Pt-CoTiO3/rGO-Crbz 411 1.96 10.31 1.02 -0.91 

 

Figure 8.16 shows the polarization curves of the ORR at the Pt-CoTiO3/rGO-

Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts, where the kinetic, 

mixed and diffusion-limiting regions are observed. The dependence of the 

oxygen reduction current on the rotation rate indicates that the process is in 

fact under mixed kinetic-diffusion control. 
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The onset potential (Eonset) and current density j at 0.9 V/RHE of each catalyst 

are summarized in Table 8.4. Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-

CoTiO3/rGO-Crbz catalyst exhibit Eonset values of 1.01, 1.03 and 1.02 V/RHE, 

more positive than Pt-CoTiO3/rGO (0.99 V/RHE). On the other hand, Pt-

CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz generate j0.9 V/RHE= -0.91 mA cm-2, 

slightly lower than the -0.94 mA cm-2 at Pt-CoTiO3/rGO. This value is clearly 

lower at Pt-CoTiO3/rGO-Crtric (Table 8.4). 

 

 
Figure 8.16 Polarization curves for the ORR on: a) Pt-CoTiO3/rGO-Crtric, b) 

Pt-CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz catalysts in O2-satured 0.5 M 

KOH electrolyte. Scan rate: 5 mV s-1. 
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Koutecky-Levich plots of the Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-

CoTiO3/rGO-Crbz catalysts obtained from mixed diffusion-kinetic limited region 

are shown in Figure 8.17. Straight and parallel lines are observed, suggesting 

that the electron transfer mechanism is constant at the different electrode 

potentials. The number of electrons involved in the overall ORR on Pt-

CoTiO3/rGO-Crtric, catalyst was calculated to be 2.3 and 2.7 for both Pt-

CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz. 

 

 
Figure 8.17 Koutecky-Levich plots of the ORR at different potentials of: a) Pt-

CoTiO3/rGO-Crtric, b) Pt-CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz. 

 

For a better understanding of the catalytic activity of the catalysts for the ORR. 

Tafel plots have been obtained following the procedure described in Chapter V 

(see equation 5.8 and discussion therein) by calculating the mass and specific 
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current densities (im and is, respectively). The results are shown in Figure 8.18 

as (a) mass and (b) specific activity. 

 

 
Figure 8.18 (a) Mass and (b) specific activity plots of the ORR on Pt-

CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. 

Electrolyte: 0.5 M KOH saturated with O2. ω = 2000rpm. 

 

The plots show two linear regions with well-defined Tafel slopes (b). Table 6.5 

shows the Tafel slopes at low ang high overpotentials (b at lop and hop, 

respectively). b at lop of 151, 115 and 125 mV dec-1 have been calculated for 

Pt-CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz, 
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respectively. Meanwhile, the catalysts have a b at hop values of 207, 239 and 

229 mV dec-1. These values are significantly higher than those of Pt-

CoTiO3/rGO and represent a significant deviation from the theoretical Tafel 

slopes of 60 and 120 mV dec-1 observed during the ORR at Pt catalysts in 

alkaline media.45 As discussed earlier (Chapter VII) several factors influence in 

the variation in the Tafel slopes values, such as, the change in the rate 

determining step of the ORR (O2 adsorption mechanism) and the participation 

of the carbon support on the reaction. Moreover, the presence of Cr may have 

also played a role on the kinetics of the ORR and therefore on the slopes. 

 

Table 8.5 show the values of catalytic activity derived from the Figure 8.18. The 

mass and specific activities at 0.9 V/RHE of Pt-CoTiO3/rGO-Crbz are the 

highest (0.001 A mg-1Pt and 116.13 µA cm-2Pt, respectively). As a comparison, 

these values are 3.6 and 4.1 higher that the performance shown by Pt-

CoTiO3/rGO. Pt-CoTiO3/rGO-Crtric and Pt-CoTiO3/rGO2Cr also show enhanced 

ORR parameters. Therefore, the functionalization of rGO with Cr 

organometallic compounds enhances the catalytic activity for the ORR, 

particularly with Cr-bz. Similar improvement has been reported elsewhere with 

different functionalization approaches of carbon nanostructures.46,47 

 

Table 8.5 Mass and specific activities data for ORR at Pt-CoTiO3/rGO-Crtric, 

Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz catalysts. 

Catalyst 
b at lop  

(mV dec-1) 
b at hop 

(mV dec-1) 

Mass activity 
at 0.9 V/RHE 

(A mg-1Pt) 

Specific activity 
at 0.9 V/RHE / 

(µA cm-2Pt) 
Pt-CoTiO3/rGO 70 176 0.003 28.2 

Pt-CoTiO3/rGO-Crtric 151 207 0.009 69.99 

Pt-CoTiO3/rGO2Cr 115 239 0.010 33.23 

Pt-CoTiO3/rGO-Crbz 125 229 0.011 116.13 
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8.3.2 Tolerance tests. 

The catalytic activity of the catalysts for the ORR in 0.5 M KOH with 0.1 M 

CH3OH or C2H5OH has been also investigated. The polarization curves in the 

absence and presence of the alcohols at Pt-CoTiO3/rGO-Crtric are shown in 

Figure 8.19a. The presence of both methanol and ethanol provokes peak 

current densities (j) of 0.85 and -0.54 mA cm-2, respectively (Table 8.6). It also 

causes a shift in Eonset towards more negative potentials by 90 and 70 mV, 

respectively. It is well known that this behavior is due to the competition 

between the ORR and fuel oxidation reactions on the cathode surface, which 

leads to a mixed potential.  

 

 
Figure 8.19 Polarization curves of the ORR at: a) Pt-CoTiO3/rGO-Crtric, b) Pt-

CoTiO3/rGO2Cr and c) Pt-CoTiO3/rGO-Crbz in the absence and presence of 

0.1 M CH3OH or C2H5OH. Electrolyte: 0.5 M KOH. Scan rate: 5 mV s-1. ω = 

2000 rpm.  
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Figure 8.19b shows the polarization curves at the Pt-CoTiO3/rGO2Cr catalyst 

at which j peaks associated to the methanol and ethanol oxidation are 

generated, while Eonset increases with CH3OH (Table 8.6). On the other hand, 

the polarization curves at Pt-CoTiO3/rGO-Crbz (Figure 8.19c) show also its low 

tolerance to methanol and ethanol by generating positive j peaks. Table 8.6 

summarizes the j values generated by the oxidation of the fuels, as well as the 

Eonset values of the reaction in absence and presence of methanol and ethanol 

at the catalysts. 

 

Table 8.6 Fuel oxidation current densities and Eonset of the ORR at Pt-

CoTiO3/rGO-Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO-Crbz in the 

presence of 0.1 M CH3OH and C2H5OH. 

 
Fuel oxidation  

j (mA cm-2) 
Eonset (V/RHE) 

Catalyst CH3OH C2H5OH O2-No fuel CH3OH C2H5OH 
Pt-CoTiO3/rGO-Crtric 0.85 -0.54 1.01 0.92 0.94 

Pt-CoTiO3/rGO2Cr 3.75 1.04 1.03 1.06 0.99 

Pt-CoTiO3/rGO-Crbz -0.62 1.44 1.02 1.09 0.99 

 

Overall, the tolerance shown by the catalysts in Figure 8.19 is lower than that 

of Pt-CoTiO3/rGO with 0.1 M CH3OH (Figure 7.14c). This effect may be 

correlated to the Cr species which promoted the oxidation of the organic 

molecules. 
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Chapter IX 
 

Conclusions 
 

 

9.1 Enhanced electrocatalytic performance for the Oxygen Reduction 
Reaction on Pt-MTiO3/C (M = Ni, Co) catalysts. 

 The NiTiO3 and CoTiO3 have a synergetic effect on Pt, increasing the mass 

and specific activity of Pt-NiTiO3/C and Pt-CoTiO3/C at some potential 

range, compared to Pt/C. 

 The ORR at Pt-NiTiO3/C and Pt-CoTiO3/C proceeds via a 4e- mechanism.  

 The presence of CoTiO3 enhances the tolerance of Pt to 0.1 M CH3OH and 

C2H5OH at Pt-CoTiO3/C. 

 

9.2 Electrocatalytic activity of the rGO-supported Pt-MTiO3 (M = Ni, Co) 
catalysts for the Oxygen Reduction Reaction in alkaline media. 

 From XPS analysis: Pt0 species are predominantly formed over Pt2+ and 

Pt4+.  

 The ORR at Pt-NiTiO3/rGO and Pt-CoTiO3/rGO proceeds via a 4e- 

mechanism. 

 Due to a synergetic effect between CoTiO3 and Pt, the specific activity of 

Pt-CoTiO3/rGO is higher than those of Pt/rGO and Pt-NiTiO3/rGO. 

 Due to a geometric effect, the tolerance of Pt-CoTiO3/RGO to 0.1 M CH3OH 

is significantly higher than those of Pt/rGO and Pt-NiTiO3/rGO. 
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9.3 rGO functionalized with chromium organometallic compounds as a 
novel support for highly active Pt-CoTiO3 catalyst for the Oxygen 
Reduction Reaction. 

 The proposed methodology successfully forms rGO structures 

functionalized with the Cr-hexac and Cr-bz organometallic compounds. 

 Functionalization with different stoichiometric amounts of Cr-hexac results 

in mono and bis-hexahapto complexes (rGO-Crtric and rGO2Cr) due to the 

displacement of the carbonyl groups. 

 Functionalization with Cr-bz eliminates the three carbonyl groups, while the 

arene unit is retained forming the rGO-Crbz complex. 

 The use of Cr-hexac as functionalizing agent increases the sp2 

nanodomains of rGO-Crtric and rGO2Cr, compared to rGO. In contrast, Cr-

bz shows no significant effect at rGO-Crbz related to the structural order of 

rGO. 

 Cr2O3 and CrO3 species are formed after functionalization with both 

organometallic compounds. The presence of Cr leads to the formation of 

Pt-Cr alloyed phases. 

 The use of the Cr-bz organometallic compound enhances the mass and 

specific activities of Pt-CoTiO3/rGO-Crbz, compared to Pt-CoTiO3/rGO-

Crtric, Pt-CoTiO3/rGO2Cr and Pt-CoTiO3/rGO. 

 The presence of Cr species reduces the tolerance of the catalysts related 

to Pt-CoTiO3/rGO. 
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