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ABSTRACT 

 

In the last decades, electrochemistry has been regarded as a powerful tool to address some of the 

key challenges that in the framework of sustainability and green energy. In particular, the 

application of smart, hierarchical materials as electrocatalysts is generating new opportunities for 

interesting developments. Nanostructured carbon has been heavily employed as a fundamental 

component for the proposed catalytic materials due to its outstanding electronic and textural 

properties. This thesis focuses on the exploitation of strategically designed materials based on 

carbon as electrocatalysts to be used in devices such as new generation fuel cells, electrolyzers for 

the production of hydrogen peroxide and sensors for its electrochemical detection. Each of these 

devices is envisioned as a way of reducing the environmental impact, by either being a sustainable 

source of energy, or substituting energy consuming and non-environmentally friendly processes. 

In particular, a hybrid Pd/CeO2/C material, prepared through a strategic protocol that allows an 

intimate contact among the three phases, has been employed as anodic electrocatalyst in both 

Anion Exchange Membrane Fuel Cells (AEM-FC) and Direct Alcohol Fuel Cells (DAFCs) working in 

alkaline media and fed with biomass derived polyalcohols. Concerning H2O2 electrosynthesis, N-

doped carbon embedding Co nanoparticles have been studied for the Oxygen Reduction Reaction 

(ORR) in acidic environment, and the material’s outstanding selectivity has been correlated to its 

N-type species distribution, as well as its porosity and the indirect electronic interaction between 

the doped carbon phase and the internal metal. Finally, a metal-free electrosensor for the 

detection of hydrogen peroxide has been produced exploiting the electronic properties of a -

COOH decorated graphene, obtained through a controlled functionalization protocol. In all cases, 

the strategic synthetic procedure gives rise to materials with enhanced catalytic performances in 

terms of activity, selectivity and stability, and the work has been communicated through 

publication (already published or in the process of being published) in peer-reviewed journals. 
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CHAPTER 1: Introduction 

 

1.1 Global energy challenges: Electrocatalysis as a tool towards the path of sustainable 

chemistry 

 

Throughout history, the civilization progress of human kind has been constantly driven by its 

ability to harness energy. All industrial and agricultural revolutions, that allowed an increasing 

fraction of the world population to access the possibility to heat and light their homes, fertilize 

and irrigate their crops, connect to one another, and travel around the world, are related to the 

ability to find, extract and use energy.1,2 The world energy consumption in 2012 was 549 

quadrillion British thermal units (or quad BTUs, where 1 quad BTU = 293 TWh). In the International 

Energy Outlook 2017 (IEO2017) Reference case, total world energy consumption is expected to 

rise from 575 quad BTUs in 2015 to 736 quad BTUs in 2040, that is, an increase of 28%. Most of it 

will occur in countries outside of the Organization for Economic Cooperation and Development 

(OECD), where strong, long-term economic growth is driving an increasing demand for energy. 

Non-OECD Asia (including China and India) alone accounts for more than half of the world’s total 

increase in energy consumption over the 2015 to 2040 projection period.3 Although consumption 

of non-fossil fuels is expected to grow faster than fossil fuels, fossil fuels still account for a 

projected 77% of energy use in 2040, with liquid fuels, mostly petroleum-based, remaining the 

largest world energy source.3 From the perspective of climate change, expansion of the current 

fossil fuel-based energy infrastructure to meet the projected energy demand is predicted to add 

2986-7402 Gt of CO2 to the atmosphere by 2100, resulting in a mean rise in global temperature of 

2.4–4.5 °C. The carbon dioxide (CO2) evolved by the fossil fuels use is the main player of the 

greenhouse effect, and its rising concentration in the environment has been related to climate 

change (temperature increase) and environmental issues such as increasing of sea water acidity 

and gradual erosion of coral reef. Given the graveness of the situation, the 2016 Paris Agreement 

on climate change has established strict rules for the decreasing of CO2 emission. The strategies to 

tackle the CO2 growing presence in the atmosphere involve the replacement of fossil fuels with 

renewable energy sources, and the capture and stocking of CO2. In this scenario, due also to the 

current fast depletion fossil fuels reserves, the world of research is looking at the development of 

new strategies for the efficient exploitation of renewable and alternative energy sources, leading 

humanity towards the path of higher sustainability. 
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Chemistry’s contribution can affect widely the possibility of walking this path, by proposing 

chemical processes that are energy-saving, selective and make use of nontoxic and recyclable 

reagents and, likewise, by introducing efficient processes that allow the harvest of renewable 

energy sources in the most efficient way. In this context, electrocatalysis gives us the opportunity 

to exploit two crucially useful tools:  

 Novel power source devices such as fuel cells (FCs); 

 Enviromentally friendly and less energy consuming ways of producing chemicals such as 

the use of electrolyzers. 

Fuel cells are electrochemical devices that continuously convert the chemical energy of a redox 

reaction into electricity. What is generally referred as fuel is the compound undergoing oxidation 

at the anode, generating the electrons that, flowing towards the cathode, produce an electric 

current. At the cathode, the reduction reaction occurs, with oxygen from air being generally the 

molecule involved. Finally, the anodic and cathodic compartments are in contact through a 

membrane that allows ion crossing. Their potential as renewable energy sources have been 

studied thoroughly throughout the last decades. An electrolyzer works on the same principle, but 

if the driving force of a fuel cell is the spontaneous occurrence of the redox process at the 

designated potential, in an electrolyzer, an external electric current is used to drive forward a non-

spontaneous redox reaction. If the source of the electricity is renewable, this device can be a valid 

strategy for substituting energy consuming industrial processing in the production of valuable 

chemicals. In order for both of these systems to work efficiently, they need to be equipped with 

smart electrocatalysts, that simultaneously are cheap and give adequate performances. Moreover, 

in the vision of lowering the energy consumption and environmental impact, substituting 

processes that are heavily energy consuming, complex and expensive is a critical path to follow. In 

this perspective, employing electrocatalysis as a way of detecting industrially relevant and 

ubiquitous molecules, such as hydrogen peroxide, represents an important asset for increasing 

sustainability. The present thesis has been dedicated to the design and development of novel 

nanostructured electrocatalysts in relation to the multi-disciplinary crusade for sustainability. The 

scope of the work targeted therefore different objectives, studying the possibility to increase 

efficiency in different crucial electrochemical reactions. The conceptual development of the 

nanostructured materials embraces the philosophy of multi-phase hierarchical approach. This 

strategy allows the assembly of smart materials where each phase plays a specific role, but also 
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links to the others in a synergistic way. The three key processes that were investigated are in 

connection with: i) fuel cell development, iii) synthesis of H2O2 and iii) detection of H2O2.  

 

1.2 Fuel cells 

 

As already mentioned, fuel cells are devices that generate electricity through a redox reaction. 

Their status as a very promising energy technology is guaranteed by their high efficiency compared 

to the internal combustion engines (around 50% for the proton exchange membrane fuel cells 

(PEM-FCs) comparing with 15% for the internal combustion engines) combined with zero 

emissions. Fuel cells can be compared to batteries as they both convert chemical potential energy 

into electrical energy. However, where a battery holds a closed store of energy within it and once 

this is depleted the battery must be discarded or recharged by using an external supply of 

electricity to drive the electrochemical reaction in the reverse direction, a fuel cell can run 

indefinitely, as long as it is supplied with a source of fuel and a source of oxygen (usually air).4 The 

history of fuel cells technology, dates back in 1839, when Sir William Grove discovered their 

operation principle. For 100 years, though, they remained little more than a scientific curiosity, 

until the first working 6kW fuel cell was built in the end of the 1950s by Francis T. Bacon. In the 

1960s, NASA’s Gemini Space Flights were the first space vehicles equipped with fuel cells: a 1kW 

PEM-FC was constructed and employed to provide auxiliary power requirements in the space 

vehicles and drinking water for the astronauts. The research and development of these technology 

devices kept going through the 1970s and 1980s, prompted by the national governments concerns 

over energy shortages and higher oil prices. In the beginning of the 1990s government policies to 

promote clean transport also helped driving the development of PEM-FC for automotive 

applications.5 This trend has continued to grow in the last decades until in 2007 they started to 

become commercial in wide variety of applications ranging from transportation, to large power 

plants, to powering small portable devices. Until now, different kinds of fuel cells have been 

developed. The general classification discriminates them according to the nature of the electrolyte 

involved. Each type has its specific characteristics and offers specific advantages for different 

applications (Table 1).5 
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Table 1: Different kind of fuel cells for different electrolytes 

 Proton Exchange 

Membrane Fuel 

Cells (PEM-FCs) 

Phosphoric 

Acid Fuel 

Cells (PA-FCs) 

Molten 

Carbonate Fuel 

Cells (MC-FCs) 

Alkaline 

Fuel Cells 

(AFCs) 

Solid Oxide 

Fuel Cells (SO-

FCs) 

Electrolyte Polymer 

Electrolyte  

Phosphoric 

Acid 

Molten 

Carbonate 

Alkaline 

solutions 

Solid Oxide 

Temperature 25-100°C  

 

160-220°C 600-650°C 

 

100-250°C 

25-75°C 

800-1000°C 

Fuels H2, alcohols, light 

hydrocarbons 

H2, light 

hydrocarbons 

H2, light 

hydrocarbons 

H2 H2, 

hydrocarbons 

Applications Residential 

Portable 

Transport 

Distribution Industrial 

Distribution 

Portable Industrial 

 

Proton exchange membrane fuel cells (PEM-FCs) are the most promising candidate as renewable 

power sources for transportation, stationary, and portable applications.6 Their advantages are 

connected to their low operating temperature, high power density, and easy scale-up. They are 

generally equipped with Pt-based electrocatalysts and a polymer electrolyte membrane (generally 

Nafion®) as proton exchange medium. The major application of PEM-FCs is for automotive: the 

major motor companies are considering PEM-FCs due to their high power density and excellent 

dynamic characteristics as compared with other kind of fuel cells. The first cars were developed 

and started hitting the market between 2002-2007, but the world’s first mass-market fuel-cell car, 

was the Mirai, that started being sold by Toyota in Japan between the end of 2014 and the 

beginning of the 2015. Soon, both Hyundai and Honda released their fuel cell model vehicles on 

large scale market.7 In 2017, Germany launched the first fuel cell powered train, which will 

connect the cities of Cuxhaven, Bremerhaven, Bremervoerde and Buxtehude in the northern part 

of the country.8 The functioning of a PEM-FC consists in a series of various and interrelated 

complex phenomena, including mass/heat transfer, electrochemical reactions, and 

ionic/electronic transport, as schematically shown in Figure 1. 
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Figure 1: Schematic representation of processes occurring in a PEM-FC.9 

 

The chemical reactions occurring in a PEM-FC are shown below: 

Anode: H2              2H+ + 2e- 

Cathode: 1/2O2 + 2H+ + 2e-               H2O 

Overall: H2 + 1/2O2               H2O 

 

As stated before, the main barrier hindering the widespread employment of PEM-FC technology in 

this area of market remains their exceptionally high cost. Such cost is to a large extent connected 

with the precious metal-based electrocatalysts and membrane, components that also are deemed 

with durability issues, due to degradation during long-term operation.10 In addition, there are 

important fuel-related aspects to consider to overcome the barriers to the commercialization of 

PEM-FCs. Hydrogen is an ideal fuel for PEM-FCs, although its production still leverages on typical 

reforming processes, thus jeopardizing the overall sustainability of fuel cell technology. The 
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hydrogen production from water electrolysis represents a valid alternative, generating the 

required highly pure hydrogen, but the efficiency of the process is still low and the cost of the 

electrolysis catalyst too high for a realistic translation to industrial set-ups. However, in principle 

electrolysis could be viable for generating the amounts of hydrogen for small devices such as FCs. 

 

1.2.1 Changing the pH environment: Anion Exchange Membrane Fuel Cells (AEM-FC) 

 

As already stated, state-of-the-art PEM-FCs are equipped with perfluorosulfonic acid polymer 

electrolyte and platinum catalysts. These two components are inherently depending on each 

other, since it is the harsh condition of working in corrosive acidic environment that makes 

necessary the employment of Pt catalysts. In fact, because of the working conditions, only noble 

metals can remain relatively stable, with even Pt sometimes not being stable enough.11 In the 

latest decades, a solution was proposed: to break the reliance on precious metal catalysts, solid 

polymer electrolyte fuel cells with cationic membranes, i.e., anion exchange membrane fuel cells 

(AEM-FCs), have been suggested.12–15 The idea of using alkaline electrolytes does not seem such a 

novelty, since alkaline fuel cells (AFCs) have already been developed and successfully applied in 

the NASA space programs a long time before. The concept here is different though, as a polymer 

version of alkali, rather than concentrated KOH solutions, is the target electrolyte, making this kind 

of cells closer to a PEM-FC than to the old version of AFCs. Operating under alkaline conditions, 

these cells can be equipped with non-noble metal catalysts, and on top of that, the pH 

environment can be kinetically favorable for the oxygen reduction reaction occurring at the 

cathode.15 The working mechanism of an AEM-FC is similar but not identical to that of a PEM-FC: 

at the cathodic side of an AEM-FC, O2 is reduced (ORR) and produces OH- ions, which transfer 

through the hydroxide ion-conductive polymer to the anodic side where they react with H2 to 

produce water (HOR). 16 The chemical reactions occurring in a AEM-FC are shown below: 

 

Cathode: O2 + 2H2O + 4e-                4OH- 

Anode: 2H2 + 4OH-                 4H2O + 4e- 

Overall: H2 + 1/2O2               H2O  

 

In the overall reaction, both PEM-FC and AEM-FC produce water as a byproduct. However, in 

contrast to PEM-FC technology, in an AEM-FC water is generated at the anode (twice as much as in 
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a PEM-FC, per electron), while at same time water is a reactant at the cathode. This distinctive 

water transport scenario, represent a unique feature of AEM-FCs, which needs to be addressed 

accordingly by tuning the properties of the membrane, in order to obtain the required hydration 

of the cathode, while preventing the flooding of the anode. Moreover, the use of a much more 

diverse selection of potential fuels is possible because their oxidation becomes kinetically 

favorable in alkaline media. In an attempt to make possible the development of liquid electrolyte-

free AFCs, a number of groups have devoted research effort to the fabrication and engineering of 

anion-exchange membranes and ionomer solutions.17–22 Over the last decade, developments in 

anion conducting polymers and membranes technology led to a significant increase in OH- 

conductivities, that now approach the levels of H+ conductivity observed in low-pH PEM 

equivalents.23 

 

1.2.1.1 AEM-FCs anodic electrocatalysts: state of the art 

 

The main desired advantage of AEM-FCs over PEM-FCs is the expected ability of the former to 

operate with platinum-free catalysts for both HOR and ORR. As far as the cathodic process is 

concerned, the inherently fast kinetics of ORR in alkaline media allowed the study of several 

different unsupported and supported platinum-free catalysts, from silver metal, which is precious 

by definition but abundant and relatively inexpensive,24 through metal oxides, including various 

forms of MnO2,
25,26

 Co3O4 grown on N-doped graphene27 and metal-free catalysts based on carbon 

nanostructures, including carbon nanotubes (CNTs) and graphene.28–30 Lately, major attention has 

been devoted to transition-metal-coordinating nitrogen-doped carbon materials, the so-called M-

N/C catalysts. Their use actually began in the 1960s, when it was discovered the ORR activity of a 

cobalt phtalocyanine.31 From then on, the pyrolysis of transition-metal macrocycles has been 

investigated in order to improve their ORR activity and stability in alkaline and acidic conditions.32–

34 More recently, the expensive macrocycle precursors were replaced with a wide variety of more 

common and cost-effective nitrogen precursors (ammonia, acetonitrile, amines, etc.) and metal 

coordinating polymers (polyacrylonitrile, polypyrrole, polyaniline, ethylenediamine, and 

cyanamide) and combined with different transition-metal salts (sulfates, nitrates, acetates, 

hydroxides, and chlorides), and carbon supports (Vulcan XC-72, Ketjenblack, Black Pearls, etc.).35–45 

While almost every combination of transition-metal, nitrogen, and carbon precursors, if 

simultaneously pyrolyzed, can yield materials with a certain ORR activity, in order to obtain 
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catalysts with truly remarkable performances, a careful choice of precursors and supports, as well 

as a fine tuning of the synthesis conditions is required.46 The research progress in this field finally 

led to the development of pyrolyzed Fe−N/C catalysts, which ORR activity is now in fact 

comparable to, or even higher than, that of Pt-based catalysts in basic media.47 The removal of Pt 

has been proven, however, to be significantly more challenging for HOR. The mechanism of HOR in 

alkaline media, has been widely agreed to proceed through a combination of the following steps: 

(A) dissociative adsorption of molecular H2,  

(B) electron transfer from molecular H2 to the catalyst, 

(C) discharge of the adsorbed hydrogen atom.  

The first step (A), which is known as the Tafel reaction,48 proceeds as reported in the equation 

below: 

 

H2 + 2* → 2(*−Hads) 

 

where H2 is molecular dihydrogen in the vicinity of the catalyst surface, * is an active site, and Hads 

is a chemisorbed hydrogen atom. In order for this step to occur, an oxide-free metal surface needs 

to be available for the chemisorption of H2 up to an anode potential of 0.1 V versus the reversible 

hydrogen electrode (RHE) and preferably higher, as it is required for the formation of the Hads 

intermediates in the relevant potential range.49 This requirement is not very easy for metals less 

noble than platinum. The electron transfer from molecular H2 to the catalyst, known as the 

Heyrovsky reaction50 proceeds as follows 

 

H2 + OH- + * → (*− Hads) + H2O + e- 

 

where OH- is a hydroxyl ion in the vicinity of the catalyst surface. The species is debated not to be 

OH- but more likely OHads, a chemisorbed hydroxide, with the assumption that the reaction to 

form water is preceded by hydroxide adsorption.51–53 If this is true, in alkaline media the catalyst 

surface is required to provide active sites for the co-adsorption of hydrogen atoms and hydroxide 

species, whereas all the accessible active sites in acidic environment are dedicated to the 

chemisorption of H2. This could be part of the reason why catalysts in general often exhibit several 

orders of magnitude lower electrochemical activity towards HOR at high pH compared with low 
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ones.54–57 The last step, the discharge of the adsorbed hydrogen atom is called the Volmer 

reaction58: 

 

(*− Hads) + OH- → * + H2O + e- 

 

Lately, substantial effort has been dedicated to understand the pH effect on Pt catalyzed HOR 

since the exchange current in the two different environments is very different, with the one at 

high pH being 100 times smaller.54–56,59 Lately it has been observed that higher catalytic for HOR in 

an alkaline medium is correlated to the combined presence of surface H binding sites and 

neighboring oxygen bearing sites in the relevant anode potential range, giving rise to the 

development of bifunctional catalysts containing an added oxophilic metal component working in 

tandem with Pt or Pd nanoparticles.51,53,60 Another interpretation involves hydrogen binding 

energy (HBE)55,59,61 on the surface of the catalyst as a relevant descriptor for HOR activity on 

several metals,62,63 and ascribe to its variation the two orders of magnitude difference in HOR 

activity of Pt in acid and in base. Stronger HBE in alkaline electrolytes was proposed recently as the 

reason for the slower kinetics. Following this line, enhanced HOR kinetics in base could be 

achieved by tailoring the structural properties of the surface of the catalyst or by combining Pt 

with other transition metals to obtain a weaker H bond. For example it has been proven that 

structures with extended surface structure like Pd and Pd nanotubes are more active than 

nanoparticles.64,65 In accordance with this principle, it has been observed that generally larger 

catalyst particles exhibit higher specific HOR activity.66–68 It has been proposed that even the 

enhanced activity obtained by adding an oxophilic component could be attributed to lowered Pt-

HBE by an electronic effect instead of by the presence of the added metal.69 Recent reports go 

further in enforcing this statement observing higher HOR activity at Ru@Pt or Ni@Pt core-shell 

nanoparticles and excluding a bifunctional mechanism since no Ru or Ni are detected on the 

surface of the catalyst.61,70 Anyway, considering HBE as the parameter for the activity of a catalyst 

for this reaction is to be considered debatable, since the adsorption of oxygenated species can 

also contribute to the pH-dependent shifts in the voltammetric peaks taken as evidence of this 

phenomenon.71,72 The development of catalysts not including Pt or Pd is still in its early days with 

only a few very recent reported studies, in contrast with the many more reports on noble metal-

free ORR catalysts. Active reported HOR catalysts of this kind include NiCoMo ternary alloys and Ni 

supported, nitrogen- doped carbon nanotubes (Ni/N-CNT).73,74 The reported activities, anyway, are 
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still far from the ones obtained with Pt. The main challenge in this case is designing a catalyst that 

do not passivate due to excessive surface oxidation at the working potential needed to promote 

HOR (0.1 V vs RHE), since this is the reason why the performance stability and achievable power 

density are limited with these materials.  

 

1.2.2 Switching to other renewable fuels: Direct Alcohol Fuel Cells (DAFCs) 

 

An interesting alternative to hydrogen as a fuel is represented by alcohols derived from renewable 

sources such as biomasses. The devices which use this kind of fuel are named Direct Alcohol Fuel 

Cells (DAFCs). DAFCs are acid-based fuel cells, while alkaline direct alcohol fuel cells (ADAFCs) 

operate in alkaline media and both directly oxidize alcohols, generating electricity in the process. 

The main advantages they guarantee when compared with their hydrogen fed counterparts (PEM-

FCs and AEM-FCs) are related to the liquid state of the alcohols, which makes them easily 

transportable and handled, as well as highly energy dense. Moreover, many of them can be 

obtained from biomass. Direct Methanol Fuel Cells (DMFCs) are considered the most promising 

DAFC systems for portable applications, with the main challenges before worldwide distribution 

being not different from those faced by hydrogen-fed FCs. Usually, in fact, the DMFC contains a 

membrane-electrode assembly (MEA) constituted by an anode catalyst based on Pt/C, a Nafion 

membrane and a Pt/C cathode, the parts known to be the reason for the exorbitantly high cost of 

PEM-FCs. Moreover, the poor kinetics of the anodic methanol oxidation reaction, poor proton 

conductivity, and methanol crossover through the polymer electrolyte membrane greatly affect 

the performance of the cell, which consequently exhibits lower power density compared to the 

PEM-FCs. As in the case of hydrogen fuel cells, the alkaline environment generates several 

advantages for DAFCs related to the better kinetics both at the anode and at the cathode,75,76 

including:  

(i) the faster kinetics of the ORR and alcohol oxidation reactions allow the employment of low-

cost, non-noble-metal electrocatalysts;  

(ii) alcohol oxidation reactions are allowed at low anodic overpotential;  

(iii) alcohol cross-over is reduced;  

(iv) reduced risks of corrosion, thus ensuring longer life to the electrode materials. 
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Moreover, while in acidic media CO poisoning is so strong that even Pt easily undergoes its effect, 

at high pH it is much weaker, making it possible to switch to cheaper electrocatalysts without the 

risk of them being poisoned. 77,78 

 

1.2.2.1 ADAFCs anodic electrocatalysts: state of the art 

 

The two most investigated primary alcohols are methanol and ethanol, while among the 

polyhydric alcohols, glycerol and ethylene glycol represent first choices. The popularity of the 

mentioned polyalcohols stems from their unique advantages of high gravimetric and volumetric 

energy densities, combined with the fact that they are nontoxic and can be obtained from 

biomasses. The alcohol oxidation reaction (AOR) is a complex multi-electron process, involving 6 

electrons for methanol oxidation up to 10 to 18 electrons for the other alcohol fuels to reach 

completion. Lately palladium-based catalysts have attracted major attention as anodic 

electrocatalysts for DAFCs. The interest in Pd stems from its enhanced electrochemical kinetics in 

alkaline media. In particular, much effort is being devoted to the understanding of the mechanism 

underlying its catalysis.79,80 The so-called bifunctional theory81 claims that the complete electro-

oxidation of primary alcohols in alkaline media requires the activation of water at OH adsorbed 

species (OHads) at the catalyst surface, in accordance with the equations below: 

 

Pd + RCH2OH                              Pd-(RCH2OH)ads      (1) 

Pd-(RCH2OH)ads +3OH-                                 Pd-(RCO)ads + 3H2O + 3e-    (2) 

Pd-OH-                                   Pd-OHads + e-       (3) 

Pd-(RCO)ads + Pd-OHads                                 Pd-(RCOOH) + Pd     (4) 

RCOOH + OH-                                   RCOO- + H2O      (5) 

 

It has been proven that the rate determining step is the one described by equation 4, leading to 

the strict dependence of the rate of the AOR on the coverage of the adsorbed acyl and hydroxyl 

species, RCOads and OHads, on the surface of the catalyst. Several papers report that 

nanostructured catalysts induce faster hydroxyl adsorption, and that combining Pd with metal 

oxides (such as NiO, CeO2, Co3O4, and Mn3O4) can greatly enhance their performance in terms of 

both activity and stability, as the metal oxide can promote OHads species formation on the surface 

of the material as well as the so-called spillover of the primary oxide.82–85 Therefore, much effort is 
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being devoted to the design of Pd-based bimetallic and ternary catalysts.86 As already stated, 

methanol is the first and most studied as fuel among the primary alcohols: its oxidation reaction 

(MOR) has attracted attention because of the simplicity of its electrocatalysis. A relatively small 

number of electrons is involved (6 for the complete oxidation), and the C-H activation is generally 

easier compared to the C-C activation. Its main disadvantage is its toxicity. Pt is still the metal that 

gives the best catalytic activity for the reaction, but it has been proven that Pd’s activity can be 

greatly enhanced by coupling it with another metal, often nickel, in the alloyed87,88 form or in the 

oxide form.83,89 The promoting effect of Ni is associated both to the surface transformation it 

undergoes in alkaline media, that generates a layer of nickel hydroxide, and the supposed anti-

poisoning properties in combined materials as PdNiO/C. Recently some non-precious metal oxides 

have been proposed as valid electrocatalysts for methanol oxidation. A material based on 

mesoporous zeolite homogeneously decorated with tin oxide nanocrystals was reported by Shi’s 

group90 as an active and stable electrocatalyst for MOR, with performances comparable to Pt/C. 

Wu et al. reported a Co3O4/NiO core–shell nanowire array, prepared through a combination of 

hydrothermal and electrodeposition techniques, whose synergistic behavior due to the core-shell 

architecture made MOR possible at low potential and with fast kinetics.91 As a deeper 

investigation on the electrocatalytic properties of NiOx and MnOx, Saleh’s group92 reported a study 

on the behavior of NiOx and MnOx nanocomposites electrodeposited on glassy carbon. Apparently, 

the enhanced catalytic activity is strictly related to the deposition order, with a preference for the 

configuration with NiOx sitting on the MnOx surface, because of the superior adsorption ability of 

MeOH on the MnOx. Due to the already mentioned toxicity issues, research efforts are being made 

towards the substitution of methanol with the nontoxic, renewable ethanol. Ethanol oxidation 

reaction (EOR) is definitely more complex than methanol’s, involving 12 electrons for the process 

to reach completion and partial 2-electron and 4-electron pathways for CH3CHO and CH3COOH 

production, respectively.93 Since the hardest step is the breaking of the C-C bond, the dominating 

process will be the partial oxidation, leading to a lower efficiency in the cell, since the number of 

electrons exchanged is lower.  

Pd has been proven to be a much more efficient catalyst than Pt for EOR in alkaline solution, for 

this reason, most of the recent literature consists in Pd-based bimetallic materials such as Pd–

Ag,94–97 Pd–Ni,98–102 Pd–Sn,103–105 Pd–Pb,106 Pd–Tb,107 Pd–Bi,108 Pd–In2O3,109 Pd–NiO and Pd–CeO2,85 

as well as ternary catalysts, such as Pd–Ir–Ni,110 Pd–Ru–Sn,104 FeCo@Fe@Pd,111 and Pd–

Fe2CoOx.112 
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Various in situ spectroscopic techniques have been successfully employed to investigate the 

mechanisms of Pd-catalyzed EOR, revealing the concurrent contribution of different factors such 

as the pH of the electrolyte, the potential applied, and the absorption of acyl and hydroxyl species. 

Recently, Fang et al.113 used in situ FT-IR spectroelectrochemistry to demonstrate that there is a 

correlation between the breaking of the C-C bond and the exact pH of the electrolyte. At pH 14 in 

fact only partial oxidation occurs, with acetate as the only oxidation product of the reaction, while 

at pH 13 the C-C bond breaks leading to the formation of carbonate. This observation leads to the 

conclusion that at higher pH the oxidation of ethanol on Pd is less efficient. Another study by Yang 

et al.114 is focused on the investigation of the role of the applied electrode potential on the C-C 

bond cleavage employing in situ attenuated total reflection surface enhanced infrared adsorption 

spectroscopy (ATR-SEIRAS). They propose two different mechanisms occurring whether working at 

open circuit potential (OCP) and lower (<0.1 V), or at high anodic potential (>0.4 V), leading 

respectively to the formation of either CO2 or CH3COO- through an adsorbed acyl species 

(CH3COads). The relevance of water and OHads species on the EOR mechanism in alkaline media has 

been recently demonstrated through an ab initio molecular dynamics simulations study by Sheng 

et al.115 The mechanism they propose for EOR in alkaline medium goes through a concerted-like 

dehydrogenation pathway in which OHads plays a critical role. A first step where OHads are formed 

is followed by water dissociation and subsequent formation of fresh OHads, giving rise to further 

dehydrogenation. Therefore, the complete catalytic cycle consists in ethanol decomposition and 

water dissociation. Observation from in-situ FT-IR spectroscopy validate this mechanism which 

does not involve the formation of several intermediates, that are indeed not observed 

experimentally.  As far as polyhydric alcohols are concerned, the most studied are ethylene glycol 

(EG) and glycerol (Gly), together with the lately introduced 1,2-propandiol, 1,3-propandiol and 1,4-

butandiol.116 Reports on EG and Gly oxidation come mainly from the group of Vizza.117 As occurred 

with ethanol, complete oxidation of polyalcohols has yet to be achieved, with general production 

of a mixture of species. Ozoemena et al. recently reported an FeCo@Fe@Pd core–shell–shell 

nanocatalyst, supported on carboxyl-functionalized multi-walled carbon nanotubes able to oxidize 

EG and Gly, with high selectivity, to carbonate.118 The study of the reaction mechanism led to the 

assumption that, compared to Pd/MWCNT-COOH, FeCo@Fe@Pd/MWCNT-COOH has a stronger 

ability to break the C–C bond, thereby producing a larger amount of carbonate. This results are 

quite remarkable, considering that the total oxidation of these alcohols was not achieved with any 

of the previously proposed Pd-based catalysts (including Pd/C, PdNi/C, and PdAu/C,119 PdRh/C,120 
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PdAu/C and PdNi,121 and PdPtBi/C122). The design of the Pd-CeO2/C hybrid material I will propose 

as anodic electrocatalyst for fuel cells working in alkaline media was the inspired by the 

rationalization of the information collected through the examination of the cited past studies. 

 

1.3 The ORR reaction: not only Fuel Cells 

 

The main fuel cell cathodic half reaction is the reduction of oxygen. For this reason, it has been 

extensively studied throughout the years. The oxygen reduction reaction (ORR), as reported in the 

equations below, can in general lead to two different products: H2O2 through a 2-electron 

pathway and H2O through a 4-electron pathway. For fuel cell performance, the desired mechanism 

is the direct 4-electron reduction process leading to H2O, with the formation of hydrogen peroxide 

considered as an undesired side reaction that can often affect the stability of the proton exchange 

membrane.123 However, in the last decades, the electrochemical selective production of H2O2 is 

becoming increasingly popular as an alternative to the industrial process currently employed.124 

ORR is considered a challenging process, whose mechanism goes through a proton coupled 

electron transfer, where the comparative rate of the proton and electron transfer can strongly 

affect the selectivity. Moreover, the obtained product is affected to large extent by the pH of the 

solution in which the reaction takes place.125 

 

Table 2: O2 reduction half-reactions in acidic and alkaline aqueous medium. 

 

 

A recent study by Tse et al.126 goes deep into the role of proton transfer kinetic in the product 

formation, controlling the proton transport to the Cu-based catalyst through a lipid-modified 

electrode. The results suggested that the formation of hydrogen peroxide is linked to a mismatch 
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between proton and electron transfer rates, where, specifically, faster proton transfer favors H2O2 

evolution, while sluggish proton flux favors O2
- formation. In order to selectively obtain H2O, the 

proton transfer rate must match the rate of O-O breaking. This insight on the complexity of the 

task of obtaining selectively one single product through this reaction supports the need to design 

materials with tunable properties, capable of acting on the proton transfer rate. Lately, density 

functional theory (DFT) calculations have been employed as a tool for designing catalysts by 

rationalizing their behavior towards oxygen reduction. Since the electroreduction of O2 to H2O2 

involves two coupled electron and proton transfers127 

 

O2 + ∗ + (H+ + e−) → HOO∗         (1) 

HOO∗ + (H+ + e−) → H2O2 + ∗         (2) 

 

where ∗ denotes an unoccupied active site, and HOO∗ denotes the single adsorbed intermediate 

for the reaction, in order for the catalyst to provide high activity and selectivity, the kinetic 

barriers for (1) and (2) need to be minimized, and the reduction or dissociation of HOO* needs to 

be inhibited, in order not to favor the formation of O* and OH*, which are the intermediates of 

the four-electron reduction to water. The effects playing their part in this process, are therefore 

both ensemble and electronic. The binding energy of HOO*, which is a key parameter for the 

catalyst activity, is controlled by electronic effects, which can be tuned by varying the catalyst 

materials. Selectivity, on the other hand, can also be controlled by geometric (or ensemble) 

effects, which are associated with the geometric arrangement of atoms on the catalyst 

surface.128,129 By controlling the geometry of the binding site it is possible to destabilize O∗ with 

respect to HOO∗, improving the selectivity. Computational modelling of the adsorption of HOO* 

and O* on a Pt(111) and Pt3Ni surface has provided information on the preferred binding sites for 

the two.130 As HOO∗ normally binds onto atop sites whereas O∗ binds onto hollow sites, 

eliminating hollow sites will specifically destabilize O∗, without necessarily changing the activity.131 

Putting together experimental and computational studies, a Volcano plot was produced in order to 

pinpoint the most promising materials.132 The experimental overpotentials required to reach a 

current density of 1 mA/cm2 were compared with the theoretical overpotential for the formation 

of the intermediate HOO* (∆GHOO), and these considerations were employed to develop a catalyst 

based on Pt-Hg nanoparticles.131,133 Selectivities as high as 92%, at positive potentials and under 

acidic conditions, have been reached with other noble metals such as Pt,134 or alloys of them such 
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as Au-Pd,135 proving that ORR is indeed a successful approach for H2O2 production, giving though 

overall not satisfying performances for market translation, also considering the cost and 

geopolitical dependence of the precious metals  

 

1.3.1 Combining metal nanoparticles with carbon-based materials for ORR: state of the art 

 

Throughout the latest decades, the potential application of carbon nanostructures as electro-

catalysts for ORR has been investigated extensively, either in combination with metals or as 

completely metal-free catalysts. Although pure carbon catalysts are known not to be efficient for 

ORR, the doping of the carbon with heteroatoms, particularly N, is a powerful strategy to boost 

their catalytic activity of the carbon material, for the mentioned reaction29,136 as well as for other 

electrocatalytic conversions.137–139 There are several synthetic approaches to access N-doped 

carbon nanostructures, such as arc discharge,140 laser ablation,141 chemical vapor deposition,142 

injection,143 autoclave systems144 and pyrolysis.145 Among these methods, pyrolysis of N-

containing organic precursors has certainly the advantage of simplicity. Typically, it is performed 

by using high temperature treatments under inert atmosphere of a suitable organic molecule in 

presence of a carbon nanostructure acting as a scaffold or more frequently of a metal acting as 

catalytic seed. Various parameters affect the quality of the doping, including final temperature, 

the ramp rate, the time of residence and the inert gas flow; consequently, different types of N-

species with variable % distribution can be generated: a) graphitic N, b) pyridinic N, c) pyrrolic N, 

d) pyridonic N, e) N oxides. The ratio between the different types of N atoms can affect ORR 

catalysis both in terms of activity and selectivity. Many studies have been devoted to the 

unraveling of the intimate role of the N atoms in the activation of oxygen. The enhanced activity 

has been associated to the electron deficiency of the carbon atoms surrounding the N moieties, 

which is able to facilitate the ORR by attracting electrons from the anode.145 More so, the 

modified band structure resulting from the N-doping lowers the work function at the C/O2 

interface as compared to undoped nanocarbons.146 As far as selectivity is concerned, N content 

and type of N species are still involved: there seems to be a correlation between the N content, 

the selectivity towards H2O2; moreover, reports indicate that the pyrrolic N atoms are the ones 

responsible for favoring the two-electron pathway. In fact, materials treated at higher 

temperature, with a lower content in pyrrolic N atoms showed lower H2O2 production. The surface 

area and porosity of the carbon also play a critical role in selectivity, with mesoporosity reportedly 
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favoring H2O2 formation. Regarding the importance of N atoms distribution, Qu et al.147 reported 

their study on how the pyrolysis temperature and the thickness of the N-doped graphitic layer 

affected the catalyst selectivity. They prepared a N-doped mesoporous carbon network deriving 

from polydopamine-graphene oxide, and when the precursor was pyrolysed at 900°C, the authors 

observed an enhanced selectivity towards water production, as a consequence of converting most 

of pyridinic and pyrrolic N, that are less thermally stable, to graphitic N. Carbon nanostructures 

can be combined with metal components to create hybrids or composites with improved 

performance toward ORR. Wang et al.148 have studied extensively the ORR catalytic activity of 

carbon supported Pt nanoparticles. Their work investigates systematically the influence of the 

type of carbon nanoscaffold (amorphous carbon, carbon nanotubes and graphene) on the catalytic 

performance. They observed in full cell testing that when the catalyst is compressed in the 

membrane electrode assembly, the fast stacking of graphene sheets inhibits the catalytic activity 

of the composite material by locking away the Pt active sites, while carbon nanotubes due to their 

tridimensional structure proved to be the best support for the metal center, yielding very high 

ORR performances. This is likely correlated to the ability of MWCNTs to construct an ordered 

catalyst layer, that increases the accessibility of the catalytic metal centers to the O2 molecules. 

More cost-effective materials were proposed consisting in non-precious transition-metal oxides, 

such as manganese oxide149,150 and iron oxide151,152 supported on CNTs or graphene. Co3O4, 

another non-precious metal oxide, is known as a poor electrocatalyst for ORR. However, upon 

combination with N-doped carbon supports, the performances can be considerably improved, 

presumably, following synergistic coupling effects between the metal oxide nanoparticles and the 

carbon phase, with the latter providing excellent electrical conductivity. A representative example 

was published by Liang et al.153 who reported N-doped graphene supported Co3O4 nanoparticles 

as a highly efficient ORR catalyst. Such catalytic system was later outperformed by substituting the 

CNTs support with graphene.154 As already mentioned, an entire class of materials based on 

transition-metal-coordinating nitrogen-doped carbon obtained by pyrolysis, called M-N/C 

catalysts, has been studied extensively as electrocatalysts for the ORR reaction. Despite having 

high activity and stability, the exact nature of the active sites in acidic media is still under debate 

for this kind of materials, especially as far as the role of the metal is concerned. It is unclear 

whether the transition metal has an active role in the catalysis or it only facilitates the formation 

of the active nitrogen-carbon functional sites.37,41,46,155 Moreover specific surface area and porous 

structure, which determine the accessible part of active sites and the transport properties of ORR-
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relevant species are implied to play an important role in the catalytic behavior of this kind of 

materials. The traditional method for preparing M-N/C catalysts though, involves direct pyrolysis 

of the mixture of nitrogen, carbon, and transition-metal precursors which frequently fails in 

controlling the features of the porous structure. An additional feature of some of the materials 

belonging to this class, is having metal particles encapsulated in graphitic carbon shells.32 It was at 

first assumed that the encapsulated phases contributed very little to the ORR activity,156 however, 

Bao and coworkers reported a series of studies157,158 demonstrating that when a metal 

nanoparticle is confined inside carbon nanotubes (CNTs), a unique host–guest electronic 

interaction changes the local work function of the CNT walls. For example Deng et al.159 reported 

that encapsulating Fe nanoparticles within N-doped CNTs, can increase their ORR performance. 

Another interesting example was reported by Li et al.160: by pyrolysis under high pressure they 

obtained a material consisting in hollow spheres comprising Fe3C nanoparticles encased by 

graphitic layers with a negligible amount of nitrogen or metal on the surface, which exhibited 

excellent ORR activity and stability in both acidic and alkaline media. Although the Fe3C 

nanoparticles were not in direct contact with the electrolyte, it was proven that they still had a key 

role in the catalysis, most likely correlated to the synergetic interaction between the carbide and 

the protective graphitic layers. Even with negligible surface nitrogen or iron functionalities, in fact 

the catalyst was very active towards ORR, suggesting that the presence of the encased carbide 

nanoparticles was the reason for the activation the graphitic layer. This study provides a unique 

model material for probing the ORR active sites of this type of encapsulated materials. Meanwhile, 

Mukerjee et al.161 and Gewirth et al. 162 synthesized novel core-shell structured catalysts that were 

devoid of any Fe-N species and proved that FeN4 sites are not required to generate an active ORR 

catalyst. In the first case, in particular, the majority of the ORR activity is attributed to the N-doped 

carbon structure, while iron is supposed to act as a catalyst for the graphitization of the N-doped 

carbon during the heat treatment and then enhancing its electrocatalytic properties by enabling 

the 4e- reduction of oxygen. A similar conclusion was reached by Xu et al.163 regarding cobalt: they 

report a material consisting in N-doped carbon nanosheets embedded Co NPs exhibiting enhanced 

ORR activity, which is attributed exclusively to the N-doped carbon, by experimentally confirming 

the absence of Co-N species. DFT calculations suggest that this feature is guaranteed by the 

electron transfer from Co nanoparticles to the outer N-doped carbon sites, leading to a decreased 

local work function on the carbon surface. Even though the studies regarding this kind of systems 

activity is rapidly increasing, most of them are focused on the development of catalysts with 
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selectivity towards H2O, to be employed as cathodic electrocatalysts for fuel cells. Only recently 

the scientific community is focusing its attention towards the development of catalytic materials 

specifically designed for H2O2 production, hence the need to rationalize and understand the 

factors involved in this specific mechanism. These considerations brought me to design a material 

based on embedded Co nanoparticles to be studied for the selective electrochemical production 

of H2O2. 

 

1.4 H2O2 sensing 

 

As already mentioned, hydrogen peroxide (H2O2) is a molecule that bears great importance, in 

many manufacturing applications.164 Due to its cytotoxic effects, H2O2 must be absent in food 

products, while for cosmetic and personal care products where it acts as bleaching agent, its 

concentration must not be higher than 0.1% for oral hygiene products, and 12% in hair care 

products.165 In living organisms, besides the cytotoxic effects, H2O2 is also known to act as a 

signalling molecule in the regulation of various biological processes and is a side product 

generated from some biochemical reactions catalyzed by enzymes.166,167 Therefore, the 

development of a fast, sensitive and inexpensive method for H2O2 detection is of great significance 

for both academic and industrial purposes. While highly sensitive, most of the conventional 

techniques for H2O2 determination such as spectrophotometry168 fluorimetry,169 fluorescence170 

and chemiluminescence,171 require complex and expensive instrumentation and long detection 

times. Since H2O2 is an electroactive molecule, electrochemistry can be exploited to develop a 

simple, rapid, sensitive, and cost effective method, able indeed to overcome the major drawbacks 

of the previously mentioned techniques.172 Both the reduction to water and the oxidation to 

molecular oxygen can be exploited for the electrochemical detection of H2O2 using a conventional 

solid electrode like a glassy carbon electrode (GCE), but the process suffers from slow electrode 

kinetics and high overpotentials. More so, a lack of selectivity of the sensing electrode can lead to 

underestimation or overestimation of the analyte in real samples, due to the natural presence of 

other electroactive species, like ascorbate, urate, glucose, paracetamol and bilirubin. Hence the 

interest in the design of novel electroactive materials, able to sense H2O2 selectively and with 

improved kinetics. The most studied and widely used catalyst in the field of electrochemical 

sensors for H2O2 is ferric hexacyanoferrate, also known as Prussian Blue (PB). Being capable to 

catalyze the reduction of oxygen peroxide at low potentials (50 mV vs Ag/AgCl), it has earned the 
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title of “artificial peroxidase” from the peroxidase enzymes.173,174 Its value stems also from its 

selectivity for the target molecule due to its polycrystal structure, which does not allow 

penetration of larger molecules such as ascorbate and other interferents.175 It has been used in 

coupling with several enzymes, to modify carbon nanostructures, and both, but still, its major 

drawback remains its lack of operational stability in neutral and alkaline solutions, due to the fact 

that its reduced form, Prussian white, can be dissolved by hydroxide ions.176,177 To overcome this 

issue, other metal hexacyanoferrates, including copper, cobalt, chromium and vanadium have 

been investigated: their electrocatalytic activity as sensors resulted similar or lower than that of 

PB, but with a higher electrochemical stability over a wide pH range.178 As most physiologic 

activities occur at neutral pH, this is an important feature for biosensors development through 

enzyme modification. A lot of research efforts have been devoted to the development of 

biosensors based on heme-proteins, a class of metalloproteins containing iron-centered 

porphyrins as their prosthetic groups. Their great potential for biosensing is related to the 

capability of iron to undergo easily oxidation and reduction over a wide range of potentials, and, 

being able to operate in a potential range closer to the redox potential of the protein itself, they 

give less exposure to interfering reactions.179,180 The main challenge in the development of this 

kind of biosensors is the optimization of the electron transfer between the heme-protein and the 

electrode, since the prosthetic group of heme-proteins is shielded by the polypeptides, and, due 

to the length of the electron transfer distance, it is highly unlikely for the tunnelling mechanism to 

happen.181 Because of their cost and low stability over long time use due to protein denaturation, 

the scientific interest has lately moved towards a non-enzymatic approach, involving the use of 

nanostructured metals and metal oxides.182 Their multiple oxidation states and ability to activate 

small molecules absorbing them on their surface, make transition metals well known for their 

good catalytic performances. Moreover, nanosized transition metals, due to their size-controlled 

chemical and physical properties and high surface area can be made even more performing by 

finely tuning their specific features.183,184 Many transition metals have been studied for the 

development of H2O2 electrosensors, including platinum185, palladium185, copper,186–188 

rhodium,180 iridium189,190 and iron.191 Great scientific efforts have been devoted to the study of 

gold’s many differently shaped nanostructures such as nanoparticles,192 nanowires,193 

nanocages194 and nano-porous Au,195 with the last two slightly outperforming the others. Other 

strategies to fully exploit transition metals potential include combining them in nano-alloys: in 

particular, Xiao et al.196 reported an advantageous synergy between Pt and Au. Their work 
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highlights the ability of Au to promote the formation of the electroactive Pt-OH species, lowering 

the reduction potential of H2O2 while increasing the sensitivity. Later an amorphous ternary FeNiPt 

nanomaterial with tunable length was reported by Liu et al.197 Ternary FeNiPt nanorods with large 

axial ratio were employed to construct an electrochemical sensing platform showing enhanced 

electrocatalytic activity towards both the oxidation and reduction of H2O2. As far as transition 

metal oxides are concerned, some of them have showed electrocatalytic activity towards the 

oxidation of H2O2 such as manganese oxide,198–202 cobalt oxide,203 titanium oxide,204 copper 

oxide205,206 and iridium oxide.207 The main drawback affecting their successful employment in 

sensing is related to the high potential needed for the oxidation of hydrogen peroxide, which 

makes these materials difficult to use in real samples due to interference issues.  

 

1.4.1 Carbon nanostructures application in H2O2 sensing 

 

The employment of carbon materials in electrochemistry dates back to the historical discovery of 

their application for electrochemical production of alkali metals. From then on, due to their low 

cost, wide potential window, and electrocatalytic activity for a variety of redox reactions, they 

have been widely exploited both in analytical and industrial electrochemistry.208 The combination 

of the properties of carbon materials with those of nanostructured materials gave rise to the 

development of carbon-based nanoscaled materials, which have been extensively used for the 

preparation of modified electrodes.209–211 In addition to their extraordinary electrochemical 

features, differently from metal electrodes, they can also provide a platform for easy modification, 

supplying additional benefits for electrocatalysis and sensing. Indeed carbon nanostructures have 

been extensively studied in the field of electrochemical sensors208 due to their high surface area, 

high electric conductivity and ability to accumulate analyte. A recently investigated strategy 

involves the development of hybrid nanomaterials in which CNSs are coupled with metal NPs or 

metal oxides, which feature high sensitivity, simple immobilization protocols and improved 

stability. Modern trends are moving toward the utilization of cheaper and more available metals 

or metal oxides and exploiting the synergistic effect arising when they are combined with 

nanostructured carbon materials such as carbon nanotubes (CNTs) or graphene (G).182,212 Studies 

have shown, though, that carbon nanostructures can electrocatalyze themselves both the 

oxidation and reduction of H2O2. Table 3 summarizes the electroanalytic performances of some of 
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the most recently reported hydrogen peroxide sensors based on carbon nanomaterials both 

combined with metal and metal oxides and metal-free. 

 

Table 3: Summary table of electrochemical performance of recently published hydrogen peroxide sensors 

based on carbon nanomaterials both combined with metal and metal oxides and metal free. 

Nanostructured carbon-
based materials 

Linear range [μM] 
Detection limit 

[μM] 

Sensitivity 

[μA mM−1 cm−2] 
Ref. 

Au-PEI/GO 0.5–1680 0.2 460.0  213 

PDDA-RGO/MnO2/AuNPs 5.0–500 0.6 1132.8  214 

NG-hAuPd 0.1–20 0.02 5095.5  215 

TiO2NTs/r-GO/AgNPs 15,500– 50,000 2.2 1152  216 

PtAu/G-CNTs 2.0–8561 0.6 313.4  217 

graphene-MWCNT 20–2100 9.4 32.91  218 

rGO/Tyrosine 100–2100 80 69.07  219 

Nafion/EGO/Co3O4 1–100 0.3 560  220 

CoOxNPs/ERGO 5–1000 0.2 148.6  221 

Fe3O4/rGO 1– 20,000 0.17 387.6  222 

PFECS/rGO 10–190 1.253 117.142  223 

MnO2-ERGO 100– 45,400 10 59.0  224 

 

Focusing on some metal-free examples, CNT/Nafion225 modified electrodes and CNT/Teflon226 

modified electrodes have been reported by Wang’s group. These materials based on the 

dispersion of MWCNTs within Nafion and Teflon as binders, respectively, showed significant 

oxidation and reduction currents at very low overpotential. To further investigate the 

electrocatalytic behavior of CNTs towards H2O2, Xu et al.227 compared them with N-doped CNTs. 

The doping has been proven to largely improve the activity of the material, and this effect has 

been related to the presence of a large number of defective sites acting as active centers for the 

electron transfer, introduced by this type of modification. In recent years, graphene has been 

studied for a variety of different applications due to its unique physicochemical properties. Its 

advantages in comparison with CNTs, are related to its low cost, safety, and easier industrial 

processing.228 The cost advantage derives from the process: nanotube synthesis usually requires a 
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higher energy input, a high-purity gaseous feedstock and catalysts.229 Graphene is also better 

suited as a metal-free platform for electrochemical research as it is free from the contamination of 

transition metals which is apt to exist in CNTs. Moreover, the possibility of obtaining chemically 

reduced graphene oxide as a single sheet230–232 has led to its wide application, as it is a cheap and 

scalable process. Its versatile applications233 are correlated to the remarkable structure defects 

(vacancies, holes) and surface functional groups (hydroxyl, epoxy, carbonyl, phenol, etc.), that can 

be exploited as sites for immobilizing various active species through covalent or noncovalent 

bonds. Zhou et al.234 reported a chemically reduced graphene oxide (CR-GO) modified electrode as 

hydrogen peroxide electrosensor showing wide linear range (0.05-1500 µM), and improved 

activity compared to the CNTs previously reported systems. This behavior was attributed to the 

high density of edge-plane-like defective sites on CR-GO leading to enhanced electron transfer to 

H2O2. The same consideration was made by Takahashi et al.,235 who tested a reduced graphene 

oxide electrode prepared through electrodeposition on a glassy carbon electrode. The 

electrochemical testing revealed enhanced activity towards H2O2 sensing with respect to the 

unmodified electrode. One of the issues linked to the utilization of CR-GO, though, is that the 

sheets produced this way, when treated to become hydrophobic CR-GO from hydrophilic GO, tend 

to aggregate and this makes them very difficult to disperse in water, restricting their practical 

applications.236,237 In order to facilitate the dispersion in aqueous environment, it was recently 

reported a strategy that involves the employment of substances that aid the dispersion, such as 

surfactants (dodecyl sulfate, cetyltrimethyl ammonium bromide) or even DNA. Lv et al.238 reported 

stable graphene-DNA hybrids based on the non-covalent π-π stacking between aromatic rings of 

graphene and N-containing groups of DNA. This simple self-assembled material has revealed itself 

to be not only more dispersible in water but also an efficient sensor in terms of detection range 

and sensitivity due to the enhanced electron transfer properties. Another study by Woo et al.218 

proposes a composite of graphene and multiwalled carbon nanotubes as hydrogen peroxide 

electrochemical sensor where the nanotubes create a network between the graphene sheets both 

enhancing the conductivity of graphene and preventing its aggregation. Combining graphene with 

a polymer is also gaining attention as a strategy to obtain electrochemical sensors with increased 

electron transfer rate, conductivity and stability. More so, such materials can be prepared through 

simple chemical procedures like in situ chemical or electrochemical polymerization and non-

covalent functionalization. For example, a reduced graphene oxide/nanopolypyrrole (CR-GO/nPPy) 

composite synthetized by oxidative polymerization of pyrrole on graphene sheets using glucose 
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oxidase in aqueous solution was reported as H2O2 sensor by Zor et al.239 The sensor showed rapid 

and sensitive amperometric response due to the fast heterogeneous electron transfer of CR-GO 

combined with the enhanced electron transfer rate from nPPy and has been successfully 

employed for the determination of hydrogen peroxide in urine. Another work by Luo et al.240 

reported a composite made through an electrostatic layer-by-layer assembly of positively charged 

ionic liquid functionalized graphene sheets and negatively charged sulfonated polyaniline. This 

work shows that the presence of PANI is able to significantly enhance the electron transfer 

between graphene sheets, giving rise to an electrochemical sensor with fast response time (under 

2 s), wide linear range and low detection limit. Since then, other polymers have been employed for 

the fabrication of graphene-based hydrogen peroxide sensors, due to their ability to improve 

sensitivity, selectivity and stability, such as tyrosine219 and poly-o-phenilenediamine.241 The 

interesting properties of a newly developed functionalized graphene inspired the collaboration 

that led to its investigation as metal-free non-enzymatic hydrogen peroxide electrosensor. 

 

1.5 Motivation and research objectives  

 

Energy related processes have been intensively studied in the last decades, and in the field of 

electrochemistry there is a growing interest the in finding new strategies to address the challenges 

hindering the development of technologies that could lead to a more sustainable society. The 

possibility to exploit smart, hierarchical materials to be applied in electrochemical devices such as 

fuel cells, allowed us to explore interesting developments in this research field. The main object of 

this project revolves on the development of smart electrocatalytic carbon-based materials to be 

employed in the processes that are at the core of the functioning of new generation fuel cells. In 

order to tackle the main issue hindering the worldwide scale production of these devices, which is 

their high cost, platinum is substituted with less noble metals. The instability in harsh acidic 

conditions of non-precious metals is addressed by either working in alkaline environment or 

shielding the metal center by encapsulating it in a nanostructured carbon matrix. The project 

spans from the preparation of the materials, their complete characterization both morphologic 

and electrochemical, to their test in full fuel cells. The secondary goal of this research project is 

related to the development of a sensor for the amperometric determination of hydrogen 

peroxide. Since the best performing electrochemical sensors in literature are either using precious 

metals or enzymes, both very expensive, there is a need of finding cheaper and more stable 
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systems. The goal of this section is the development of a metal-free nanocarbon-based material 

with performance that can be competitive with the state of the art. 

 

1.6 The scope of the dissertation 

 

This thesis aims to demonstrate how the smart design of nanostructured materials can be crucial 

in determining their electrocatalytic properties. On the side, it’s making a point on how 

electrochemistry is an invaluable tool for leading towards paths that will lower the consumption of 

energy.  
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CHAPTER 2: Nanostructured smart electrocatalysts for alkaline fuel cells 
applications 
 
2.1 Introduction 

 

The main issue hindering the large-scale application of fuel cells is their high cost. Recent analyses 

have shown that among PEM-FCs components around 45% of the cost comes from the platinum 

electrocatalyst.1 Therefore, in order to allow this technology to become an affordable solution for 

automotive as well as other applications, it is crucial to try and find ways of substituting Pt with 

metals that are less expensive and more abundant in nature.2,3 As an alternative to PEM-FCs that 

operate under corrosive acidic conditions, anion exchange membrane fuel cells (AEM-FCs) are 

receiving increasing attention, as this technology has the potential to ease the replacement of 

expensive platinum and platinum alloys. Significant progress is being obtained in improving 

material components for AEM-FCs, in particular, cell hardware, membranes, ionomers and 

cathode catalysts for the oxygen reduction reaction (ORR).4,5,6,7 As far as the anodic electrocatalyst 

is concerned, the interest is shifting towards Pd, and stems from its better electrochemical kinetics 

in alkaline media. A number of different strategies have been investigated to prepare Pd-based 

electrocatalysts with higher activity, including controlling the morphology of Pd8,9 and combining 

palladium with other metals to prepare Pd-M catalysts.10–13 CeO2 has been the subject of many 

studies because of its oxygen storage capacity, rapid saturation with OH- ions in alkaline media and 

spillover of OH- to supported metal nanoparticles.14 Its ability to enhance Pd catalysis has been 

associated to the Pd-CeO2 interfacial structure, and is remarkably improved by maximizing the 

contact between the two phases. It is therefore highly important to develop smart synthetic 

techniques to afford composites with optimum Pd-CeO2 interface. 

 

2.2: Nanostructured carbon supported Pd-ceria as anode catalysts for anion exchange 

membrane fuel cells 

It has been recently proven that the two main obstacles to the development of high performance 

AEM-FCs are the low efficiency and poor stability of anion exchange membranes combined with 

the high overpotential for the hydrogen oxidation reaction (HOR) in alkaline media.15,16 Due to the 

well-known kinetic slowness of HOR at higher pH,17,18 the catalytic activity of carbon supported 

noble metals decreases by around two orders of magnitude when changing from low to high pH.19 
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Researchers are addressing this issue in a systematic manner, by investigating the mechanism in 

detail, and, most importantly the role of the hydroxyl anion, which is still unclear. There are two 

possible mechanisms in which the adsorbed hydrogen species (Hads) on the surface of the metal 

catalyst can interact with OH-. The one that typically occurs in an acidic environment, involves first 

the desorption of Hads as a proton, and then its combination with OH- to generate water. The sole 

determining factor for the HOR in this case is the hydrogen binding energy (HBE). 

𝐻 →  𝐻 + 𝑒          [1] 

 𝐻 + 𝑂𝐻( ) → 𝐻 𝑂         [2] 

A second mechanism considers the simultaneous adsorption of a OH- ion, and the combination of 

OHads with Hads to form water occurring on the surface of the metal. In this case, HOR activity 

would be affected by both HBE and the OBE (OH- Binding Energy). 

𝑂𝐻 →  𝑂𝐻 + 𝑒          [3] 

𝐻 +  𝑂𝐻 →  𝐻 𝑂         [4] 

The general opinion derived from a series of careful studies on Pt and Pt alloys catalysts is that 

HBE is the main descriptor for HOR activity on noble metals.20,21 Markovic and co-workers22 were 

the first to propose the bifunctional mechanism involving adsorbed OH groups. They were able to 

demonstrate that improving the HOR is possible through a careful balance of the active sites 

required for respectively the dissociation and adsorption of H2 and the adsorption of OH-.22 This 

was achieved through the preparation and testing of multiple bimetallic catalysts with increasing 

OH- adsorption characteristics, and allowed to conclude that the presence of both types of 

adsorption sites is highly beneficial in terms of HOR activity. Further proof of this mechanism was 

recently provided for a Ru doped Pt/C catalyst.23 The promoting effect on the oxidation of Hads 

provided by the presence of OHads species on the surface of Ru in the HOR potential region was 

demonstrated thereby, and is an experimental proof of the bifunctional mechanism occurrence 

under alkaline conditions. While these considerations can explain why certain nanostructured 

metal alloys display enhanced HOR activity, they do not give any information on why metal oxide 

supported nanoparticles such as Pd NPs on CeO2 or nickel oxides show the same enhancement in 

activity.2,3,12 This chapter is a collaboration with Vizza’s group of the ICCOM-CNR of Sesto 
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Fiorentino (FI), who recently reported a catalyst based on Pd NPs deposited on a mixed support of 

Vulcan carbon and CeO2 and observed enhanced HOR activity in base, as well as high power 

densities when deployed in a Pt-free AEM-FC.2,3 The study presented herein is dedicated to the 

investigation on how the HOR activity is directly related to the interfacial structure between Pd 

and CeO2, and how it can be remarkably improved by maximizing the contact between the two 

phases. The material presented as anodic electrocatalyst is obtained through a smart and scalable 

synthesis involving the integration of CeO2 starting from an alkoxide precursor followed by the Pd 

NPs deposition. This strategy allows to improve the interfacial structure between Pd and CeO2, as 

demonstrated by scanning transmission electron microscopy with energy dispersive X-ray 

spectroscopy (STEM/EDX). Furthermore, density functional theory calculations (DFT) were 

performed in order to support the bifunctional mechanism. We were able to demonstrate that the 

adsorption of H on Pd-CeO2 is weaker than that on Pd(111), and that this is the reason why the 

catalytic activity for the HOR reaction is enhanced. Finally, more than 1.4 W cm-2 peak power 

density was obtained in fuel cell testing. 

2.2.1 Results and Discussion 

2.2.1.1 Catalyst preparation 

The Pd-CeO2/C catalytic system was prepared in three steps: first, the carbon support (C) Vulcan 

XC-72 was modified by mild oxidation with HNO3. This step is necessary for the functionalization of 

the carbon surface with oxygen bearing groups, which can act as anchor points for the deposition 

of ceria nanoparticles and also to improve dispersibility of the carbon phase in liquid media. CeO2 

was attached through a sol-gel technique already known to our group24, employing Ce(ODe)4 as 

precursor. The functionalized carbon black interacts with the cerium alkoxide, guaranteeing 

uniformity of coverage and intimate contact between the two phases. The most crucial step, 

however, is the subsequent controlled hydrolysis to form CeO2, as it needs to be conducted very 

slowly in order not to disrupt the organized system just assembled. The Pd nanoparticles were 

then reduced and deposited on this mixed support by a polyol method with ethanol as reducing 

agent (Pd content 10 wt%). The sample was prepared with nominal weight ratio of (C:CeO2:Pd) 

50:40:10. Finally the combined material was treated by calcination at 200 °C under air in order to 

crystallize the CeO2 and remove any organic residues.  
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2.2.1.2 Morphologic characterization 

In order to investigate the morphologic distribution of the three components, the catalyst sample 

was first characterized by TEM, HAADF-STEM and EDX. The images reported in Figure 1 show a 

homogeneous thin layer of nanostructured CeO2 covering the carbon support. STEM-EDX mapping 

confirms that the three components are distributed homogeneously throughout the material. 

Since the objective of this new synthetic strategy was to improve the phase contact between the 

Pd NP and the CeO2 layer, in Figure 2 more details are reported, including EDX maps, as well as the 

images for a previously reported catalyst integrating the same three components but prepared via 

a different synthetic method as a comparison.2,3 It is noted that the images and maps (top row) 

show a fine dispersion of the Pd NPs on the carbon support particles, and a homogeneous 

coverage with CeO2 nanocrystals, leaving uncoated a relatively low portion of the carbon support. 

The pictures on the row below show the old Pd-CeO2/C catalyst imaged under the same 

conditions. The morphology is quite different: Pd NP are not homogeneously distributed, and CeO2 

forms large crystalline aggregates that stand isolated from the carbon phase, leaving it largely 

uncovered. It is plausible that these differences in morphology and distribution of the three 

phases are responsible for the observed difference in performance, with the improved contact 

between Pd and CeO2 being a key factor for the enhanced HOR activity. 

 

Figure 1: STEM images of Pd-CeO2/C: HAADF micrograph (left side) and STEM-EDX mapping (right side) of 

the selected area showing the Ce (red), Pd (green) and C (blue) elemental maps. 

 



50 
 

 

Figure 2: Comparative TEM, HAADF images, and EDX elemental maps of the new (top row) and old (bottom 

row) Pd-CeO2/C catalyst showing the Ce (green), Pd (red) and C (blue) regions. 

XRD patterns were collected for CeO2/C and Pd-CeO2/C and are reported in Figure 3. For both 

materials, the reflections associated to the cubic structure of CeO2 are the most prominent, and 

the breadth of the lines suggest that the nanoparticles are small and crystalline. In the pattern of 

Pd-CeO2/C the signal representative of metallic Pd(0) at 2θ = 40° is only barely visible; this suggests 

that the NPs are small, non-crystalline and highly oxidized. 

 

Figure 3: XRD patterns of CeO2/C and Pd-CeO2/C. 
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In order to investigate with increased depth the features of Pd-CeO2/C, in particular regarding the 

electronic state and local coordination environment of Pd, X-ray absorption near edge structure 

(XANES) was collected and combined with the Fourier Transform of the extended X-ray absorption 

fine structure (FT-EXAFS) of the spectra recorded at the Pd L3-edge. Figure 4 reports the spectra of 

Pd-CeO2/C compared with those performed at the same conditions using a Pd metallic foil as a 

reference. In the XANES spectrum (Figure 4a), the prominent white line confirms that the Pd in Pd-

CeO2/C is highly oxidized, together with the presence of a prominent peak around 1.5 Å (without 

phase correction) in the FT-EXAFS spectrum, associated to Pd-O. The existence of some metallic Pd 

is suggested by the small peak at around 2.5 Å, which should be either a small amount, or very 

small in particle size, which is further supported by a reasonable EXAFS fitting without including 

the Pd-Pd scattering path (Figure 4b). EXAFS fitting parameters show that Pd is surrounded on 

average by 3.9 oxygen atoms in the first shell, with a typical bond distance of 2.0 Å (Table 1). The 

X-ray absorption spectroscopy results together, convey the image of a single Pd atom embedded 

in CeO2 as the most frequent structure in the Pd-CeO2/C catalyst, with the palladium mostly in 

contact with the oxygen from CeO2. This feature considerably diversifies this material from the 

previously reported one, in which a significant portion of the Pd nanoparticles were accumulated 

on bare carbon because of the incomplete ceria coverage.2,3 The exclusive interaction between Pd 

nanoparticles and the ceria layer in this new version of the catalyst is guaranteed by the 

homogeneity of the layer obtained through the sol-gel synthetic protocol. This optimized Pd-O 

interfacial structure leading to the maximization of favorable electronic interactions results in 

enhanced HOR activity. In particular, Pd-H interaction appears to be weakened by this kind of 

configuration, as demonstrated below through H2-TPD analyses and DFT calculations. 

 

Figure 4: (a) XANES and (b) FT-EXAFS of the Pd L3-edge spectra of the Pd reference foil and the Pd-CeO2/C 

with curve fitting. 
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Table 1: Summary of EXAFS results* 

Scattering path Edge (eV) Bond length (Å) Coordination number D-W factor (Å2) 

Pd-O 3.9±1.8 2.00± 0.01 3.9±0.4 0.002±0.001 

*S0
2 fixed at 0.62 as obtained by fitting the reference foil. Fits were done in R-space, k1,2,3 weighing at the Pt L3-edge 

with the windows of 1.0 < R < 2.4 Å and Δk = 2.93 - 12.86 Å-1. Statistical errors of the least-squares fits were 

determined by ARTEMIS. 

 

Overall, the X-ray absorption analysis indicates that Pd-CeO2/C presents a unique structure 

resulting in an unusually highly oxidized Pd closely coordinated to the oxygen atoms of CeO2. 

In order to determine the way this feature is involved in the reported enhancement of HOR 

activity, the catalyst was studied through Temperature Programmed Desorption (TPD) analysis, 

and the results compared with those obtained with a Pd/C catalyst with the same metal loading. 

Figure 5 shows the spectra for the two different materials: in both distinguishable low 

temperature ( < 200 °C) and high temperature ( > 200 °C) hydrogen desorption peaks are visible 

and were appropriately deconvoluted. 

 

 

Figure 5: Deconvolution of H2-TPD spectra for Pd-CeO2/C and Pd/C catalysts. Temperature ramp 10 °C min-

1. 
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Table 2: Comparison of H2-TPD for Pd-CeO2/C and Pd/C used as a reference. 

 

Peak 

10% Pd/C 10% Pd-CeO2/C 

t °C mmol(H2)/gcat Ratio H/Pda t °C mmol(H2)/gcat Ratio H/Pd 

I 91.5 0.00706 0.016 0.015 95.8 0.00954 0.016 0.020 

II 121.7 0.04747 0.083 0.101 

ΣI+II - 0.00706 0.016 0.015 - 0.05701 0.099 0.121 

III 292.0 0.20307 0.470 0.432 275.9 0.06447 0.113 0.138 

IV 370.3 0.12546 0.290 0.267 313.8 0.30893 0.537 0.658 

V 411.5 0.09641 0.284 0.205 405.8 0.08673 0.151 0.185 

ΣIII+IV+V - 0.42494 0.984 0.904 - 0.46039 0.801 0.980 

Σ - 0.42494 1.00 0.919 - 0.57441 1.00 1.223 

a Amount of H atoms per one Pd atom. 

 

Table 2 reports the data collected for the two Pd-based materials. It is noticeable that the mass 

specific amount of H2 desorbed from Pd-CeO2/C (~0.57 mmol gcat
-1) is higher than that measured 

for Pd/C (~0.42 mmol gcat
-1). Moreover, at temperatures lower than 200 °C the ratio of hydrogen 

desorption is higher for Pd-CeO2/C (9.9%) than for Pd/C (1.6%). Two different thermal shifts are 

observed for the two different materials: the desorption peaks I and II appear at higher 

temperature values for Pd-CeO2/C than for Pd/C, on the other hand, peaks III, IV and V present the 

opposite trend, the maximum desorption rate temperatures are higher for Pd/C. For Pd/C, the 

peak showing the highest intensity is peak III (292 °C) while for Pd-CeO2/C is peak IV (311.8°C). In 

Pd-H binary systems, two phases can coexist below a critical temperature of 298 °C: the α-phase, a 

solid solution of H in Pd, and the β-phase, also known as Pd hydride.25 At room temperature, if the 

partial pressure exceeds 0.013 atm, Pd can absorb H2 to form Pd hydride, when the H2 partial 

pressure is lower it will dissolve to form α-phase but only sparingly. Decomposition of Pd hydride 

from supported Pd at temperatures between 50-100 °C has been reported in literature.26 

Therefore, based on the literature data27, peaks I and II at temperatures lower than 150 °C (Figure 
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5), can be associated to the β-phase decomposition. Since in this region, the amount of atoms of H 

per one Pd atom is 0.015 for Pd/C and almost one order of magnitude more for Pd-CeO2/C (H/Pd 

ratio, Table 2), comparison between these data and DFT calculations (reported below) led us to 

explain that the higher affinity of Pd-CeO2/C to hydrogen dissolution might result in its lower 

affinity to hydrogen chemisorption. Earlier reported results are in good agreement with this 

theory, showing that that H binds less strongly to Pd hydride than to Pd.25 Peaks arising at higher 

temperature (III, IV and V) are associated to strong adsorption of hydrogen. This can be correlated 

to the well-known phenomenon of spillover, transport and storage of chemisorbed H atoms on 

the ceria phase.27,28 Also, the higher overall adsorption ratio of H2 in Pd-CeO2/C (1.223) compared 

to Pd/C (0.919) reported in Table 2 can be the result of the spillover capacity of CeO2.29–32 

Nonetheless, literature reports a wide range of values associated to the H/Pd ratio for Pd/C 

catalysts, ranging from 0.005 to 0.77.33 

2.2.1.3 DFT calculations 

Pd atoms deposited on the top of the CeO2 (110) surface was used as model for the supported Pd 

system. Different adsorption sites were investigated for the Pd binding on the CeO2 (110) surface: 

the results led to the conclusion that Pd prefers to be absorbed at the bridge position between the 

O atoms of CeO2 (Figure 6a), which is consistent with previously reported data.34,35 Similarly, we 

discovered that H adsorbs preferentially in the site bridging between two Pd atoms (Figure 6b). 

We calculated the HBE of the Pd-CeO2 as compared to Pd, as one possible descriptor for the 

HOR.36,37 Its value relative to the gas phase resulted more positive for Pd(111) (-0.80 eV) than for 

the Pd/CeO2 surface (-0.46 eV), as shown in Table 3, and this might be related to the enhancement 

of the HOR activity. In fact, the HBE of Pd is located on the left side of the volcano curve of HOR 

activity; therefore, the weaker adsorption of H on Pd-CeO2 is consistent with the experimental 

activity we observed for the catalyst. We also investigated how HBE varies with the number of Pd 

layers on the CeO2 (110) surface. The monolayer of Pd on CeO2 appears from our calculations to 

be catalytically more active for HOR than multiple layers (Table 3). In fact, it is the first layer of 

metal that most undergoes the effect of H-bond deactivation due to the interaction with the O 

atoms in CeO2, whereas the second and third layers of Pd tend to behave almost like bulk Pd since 

they lack the direct metal-substrate contact. Nevertheless a difference in behavior with respect to 

Pd(111) is noticeable even for layers two and three, suggesting that the effect of HBE deactivation 

is still relevant, and so, that very small particles on CeO2 will produce the highest HOR activity in 
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this kind of system. We confirmed through XAS data that the Pd in the Pd-CeO2/C is perfectly 

represented by this description. Moreover, this results in an actual enhancement in activity for 

HOR in alkaline conditions, as reported in the following electrochemical studies. 

 

Figure 6: (a) Adsorption of Pd on bridge site between the O atoms of the CeO2 (110) (b) Adsorption of H in 

between the Pd atoms. Green, grey and orange color ball represents Ce, Pd and H atoms, respectively. O 

atoms are in red and blue color, in order to distinguish the surface O atoms (blue) from other O atoms (red) 

in the slab. 

 

Table 3: H binding energy on Pd-CeO2 substrate. The HBE is in eV per H atom. 

Structure Eads HBE (1/2 H2 as ref)  U=0 (1/2 H2) 

Pd(111) -4.14  -0.80 -1.03 

Pd-CeO
2
 -3.80  -0.46 -0.67 

2 layer of Pd on CeO
2
 -4.05 -0.71 -0.94 

3 layer of Pd on CeO2 -4.03 -0.70 -0.93 

 

Side view 

Top view 
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2.2.1.4 Electrochemical characterization 

In order to investigate how the CeO2-Pd interaction affects the electrochemical performance of 

the material, a cyclic voltammetry (CV) study was performed on Pd–CeO2/C both in N2 saturated 

0.1 M KOH and N2 saturated 0.2 M HClO4. As seen in Figure 7a, the usually well-defined Pd redox 

transitions are very broad and include a much higher capacitive current density. In the H uptake 

zone, the contribution from CeO2 is large under alkaline conditions, but absent in acidic media. For 

the determination of the Electrochemically Active Surface Area (EASA), CO stripping voltammetry 

was undertaken in both alkaline (Figure 5C) and acidic (Figure 5D) conditions. The EASA 

determined by integration of the CO stripping peak had an average value of 63 m2 gPd
-1. 

 

Figure 7: A) Cyclic voltammetry of Pd-CeO2/C in (A) N2-saturated 0.1 M KOH and (B) N2-saturated 0.2 M 

HClO4 (50 mA s-1), (C) CO stripping voltammetry in 2 M KOH and (D) in 0.2 M HClO4 (20 mA s-1). 

The HOR activity of Pd-CeO2/C and in a fuel cell environment was evaluated through H2 pump 

electrochemical tests. Two known catalysts were used as comparison: commercial 40% Pt/C (Alfa 

Aesar) and the Pd-CeO2/C catalyst previously reported.3 The membrane electrode assemblies 

(MEAs) were formed by pressing together within the cell hardware the anode containing the 

selected HOR electrocatalysts, a cathode made with 40% Pt/C, and an anion exchange membrane. 

They were tested at 60 °C with humidified gases at fixed flow of 0.1 L min-1 at both electrodes, N2 

at the cathode and H2 at the anode. Table 4 reports the details for each catalyst and relevant 
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experimental data, while Figure 4 shows polarization curves and constant current density test 

results. The polarization curves in Figure 8a make clear how the activity of the new Pd-CeO2/C 

catalyst outperforms both the previously reported version and the Pt/C electrode with half the 

metal loading (0.20 vs 0.44 mg cm-2) at current densities above 150 mA cm-2. Moreover, both the 

catalysts containing CeO2 operate at a lower cell potential (lower overpotential) than Pt/C, under a 

current density load of 300 mA cm-2 and in the same conditions (Figure 8b). 

 

Figure 8: (a) Polarization curves of the hydrogen pumping tests comparing cell performance with the Pd-

CeO2/C catalyst of this work as compared to both the previously reported Pd-CeO2/C3 and Pt/C; (b) cell 

performance at a constant current density of 300 mA cm-2 for 1 h (Tcell 60 °C, anode H2 0.1 L min-1 and 

cathode N2 0.1 L min-1). 

 Table 4: H2 pump test data 

Catalyst mgmetal cm-2 mV @ 200 mA cm-2 mV @ 400 mA cm-2 mV @ 300 mA cm-2  

(after 1 h) 

Pt/C (40%) 0.44 265 542 510 

Pd-CeO2/C (this 

thesis) 

0.20 246 488 440 

Pd-CeO2/C 

(previous work)3  

0.20 321 624 455 
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2.2.1.5 Fuel cell testing 

Fuel cell testing was carried out combining the Pd-CeO2/C anode catalyst reported here with a 

state-of-the-art anion exchange membrane (AEM) of the benzyltrimethylammonium-type, 

prepared by the radiation grafting of vinylbenzyl chloride onto a thin (15 μm) low density 

polyethylene. This class of AEMs has been reported to be extremely effective in fuel cells equipped 

with commercial Pt as the cathode and PtRu as the anode, producing exceptional maximum power 

density values, as high as 1.4-2.0 W cm-2). 38–42 Catalyst inks were obtained by mixing the catalyst 

with an anion-exchange ionomer (AEI) powder, sprayed onto the gas diffusion electrode (GDE) and 

pressed together with the membrane within the cell hardware to form the MEA. The cell was 

tested with the two different versions of Pd-CeO2/C with the same Pd loading as anodic catalyst, 

while all the other cell conditions and materials were kept constant including the cathode 

electrode and membrane. The compared performances at 80 °C are reported in Figure 9 (left), and 

show the higher densities obtained with the newly designed catalyst (1.4 vs 1.0 W cm-2). The 

better performance is especially evident in the ohmic and mass transport limited regions and can 

be associated to the higher Pd-CeO2 contact obtained through this new synthetic protocol: we can 

hypothesize that in this case all of the Pd present is in contact with CeO2 and active, thus can 

operate at higher current densities with less mass transport losses. An Ag/C (40%) cathode catalyst 

was used to evaluate the performance of Pd-CeO2/C in a Pt-free fuel cell MEA. The preliminary test 

results are presented in Figure 9 (right) showing a peak power density of over 0.6 W cm-2. 
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Figure 9: H2/O2 AEM-FC performance data: (Left) with Pd-CeO2/C (the one described in this work and the 

one reported previously3) as anodic catalysts (0.3 mg cm-2 Pd loading), and a 40 % Pt/C cathode (0.4 mg cm-

2 Pt loading). Both electrodes contain 20 wt % powder ionomer. H2 was provided to the anode at 1.0 L min-

1. O2 was fed to the cathode at 2.0 L min-1. The cell temperature is 80 °C and anode/cathode dew-points are 

76 °C/ 76 °C. (Right) Comparison of AEMFC performance with a Pt/C cathode and an Ag/C cathode (0.75 

mgAg cm-2) both with the herein reported Pd-CeO2/C as anode. 

2.2.2 Conclusions 

In conclusion, the study presented in this first part of the chapter highlights the importance of a 

smart, hierarchical design and synthesis of nanostructured electrocatalysts in order to optimize 

their efficiency in the selected application. We demonstrated that non-platinum HOR 

electrocatalysts can be developed for high power density AEM-FCs and endeavored to understand 

the origin of this activity enhancement and well as designing the catalyst structure and synthesis 

method to maximize the activity of this new class of fuel cell catalysts. Having discovered that 

certain Pd-CeO2 interactions can enhance the HOR activity of Pd, we used a synthetic procedure 

involving a cerium alkoxide precursor that allowed us to obtain an optimized Pd-CeO2 contact on 

the nanoscale. The combination of XAS techniques and DFT calculations indicates that this type of 

structure is related with a weakened interaction with adsorbed H. Moreover, the H2 spillover 

capacity of CeO2 facilitates the adsorption of more H2 per Pd for this catalyst compared to Pd/C. 

The HOR activity is therefore greatly enhanced with respect to the previously studied version of 

the catalyst and allowed us to obtain a peak power current of 1.4 W cm-2 in AEM-FC testing. 
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2.3: Nanostructured carbon supported Pd-CeO2 as anode catalysts for anion exchange 

membrane fuel cells fed with polyalcohols 

Direct alcohol fuel cells are gaining attention in the recent years as a viable option for combining 

sustainable energy and chemical production from biomass.43,44,45 The possibility for co-production 

of electrical energy from renewable sources with simultaneous selective formation of value added 

chemicals represents an interesting pathway for sustainability and human life quality.46 The use of 

alcohols as fuels shows a variety of advantages with respect to hydrogen due to their easier 

handling, storage, and transport.47 This is mainly due to the fact that they are liquid at room 

temperature, and they have high energy density. Moreover, alcohols with molecular weights 

higher than ethanol, such as ethylene glycol and 1,2-propanediol, are lately attracting a lot of 

attention as fuels in direct alcohol fuel cells (DAFCs) for various reasons, such as their relatively 

low toxicity, high boiling point, high specific energy, the capacity of some of them to be renewable 

as well as their interesting partial oxidation products.48,49,50,51 To obtain these valuable chemicals 

though, the anode electrocatalyst needs to be finely tuned to favor the partial oxidation of the 

polyalcohol with high selectivity.52 Moreover, when the DAFC is operated under alkaline 

conditions, polyalcohols can be effectively converted into various oxygenates, such as 

monocarboxylates, providing at the same time high power densities. The direct methanol fuel cell 

(DMFC) has been described in the literature as the most promising DAFC system for portable 

applications.53 However, their high cost due to precious catalyst and membrane-electrode 

assembly (MEA) parts, still challenges their widespread commercialization. Moreover, the toxicity 

of methanol is pushing the research towards its substitution with the less toxic and less volatile 

ethanol, due also to the fact that the latter can be obtained from biomass.13,54 The large majority 

of direct ethanol fuel cells (DEFCs) described in the literature employs Pt-based electrocatalysts at 

both electrodes and operates in acidic environment with cation-exchange membranes, typically 

Nafion.55 Their efficiency, however, is strongly hindered by the slow kinetics of the oxidation 

reaction, and the propensity of Pt-based anode catalysts to be poisoned by intermediates like CO. 

This, together with the high price and low availability of platinum, gives rise to the necessity of 

replacing it with less expensive and more efficient substitutes. As already mentioned, the 

possibility of employing palladium in alkaline conditions, has pushed the scientific efforts towards 

its employment for manufacturing anodes for fuel cells equipped with anion exchange 

membranes. Vulcan XC-72 supported nanostructured Pd electrocatalysts have already proven to 

be effective in DEFCs. Moreover, it has been demonstrated that the addition of CeO2 is effective in 
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enhancing the energy efficiency of the DEFC. 56,57 Such an increase in efficiency appears to be 

related to the cerium oxide driven formation of Pd-OHads species at lower potentials, which leads 

to the lowering of the Eonset of ethanol oxidation.56,58 The material investigated in this chapter has 

been designed following a hierarchical approach, in order to combine the properties and possible 

interactions of nanostructured Pd and nanostructured CeO2 and using an inexpensive yet effective 

nanostructured C material, Carbon Vulcan X-72, as a support. A Pd-CeO2/C hybrid nanostructured 

material has been synthesized, and then fully characterized by means of HR-TEM, EDX, XRD, TGA, 

Raman, N2 physisorption and CO chemisorption. The novel Pd-CeO2/C material has been tested in 

full active direct alcohol fuel cells equipped with an anion-exchange membrane and fed with two 

different polyalcohols (ethylene glycol and 1,2-propandiol). It has been compared with a state-of-

the-art Pd/C electrocatalyst, and the energy produced by the alkaline DAFCs and its selectivity for 

various valuable partial oxidation products has been evaluated. 

2.3.1 Results and discussion 

2.3.1.1 Catalyst preparation 

The Pd-CeO2/C catalytic system was prepared in the same way as the one reported in the previous 

chapter, but decreasing the Pd loading: after a mild oxidation of the carbon support, the CeO2 

layer was deposited by sol-gel.24 The Pd nanoparticles are then added by a polyol method with 

ethanol as reducing agent (Pd content 5 wt%). The sample was prepared with nominal weight ratio 

of (C:CeO2:Pd) 50:45:5. The combined material was finally treated by calcination at 200 °C under 

air. The carbon supported catalyst Pd/C (5 wt% Pd) used as a reference was prepared as described 

elsewhere.56 

2.3.1.2 Morphologic characterization 

The obtained material Pd-CeO2/C was fully characterized using several techniques. 

Thermogravimetric analysis (TGA) was used to evaluate the carbon/metal composition in terms of 

weight. The reported plot (Figure 10) shows a weight loss of 56% at around 400 °C that can be 

related to the complete combustion of the carbon phase. It is also consistent with the nominal 50 

wt% of carbon in the sample. It is interesting to note that the presence of cerium oxide, a very 

powerful oxidant, significantly lowers the burning temperature of the Carbon Vulcan, whose 

combustion normally occurs around 650 °C, as also shown in Figure 10. The decreased combustion 
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temperature is an indication of the intimate interfacing between the carbon phase and the CeO2 

layer.  

 

Figure 10: TGA analysis in air of ox-Vulcan and Pd-CeO2/C calcined sample 

Raman analysis of Pd-CeO2/C in Figure 11 shows that, together with the nanostructured carbon 

signature (D, G and 2D bands), a band assigned to CeO2 is visible at 455 cm−1. The other Raman 

band at 637 cm-1 can be attributed to PdO that is known to be characterized by two allowed 

Raman modes at respectively 651 and 445 cm-1.59 The latter, being of weaker intensity, is likely 

obscured by the much stronger ceria band. It is also noticeable that the band related to CeO2 is 

broad and asymmetric, both of which are signs of the small size and high crystallinity of the 

nanostructured particles. In addition, the fact that the peak is shifted to lower energy with respect 

to the characteristic band for cerium oxide (464 cm-1) is another indication of small size for the 

nanoparticles.60 

 

Figure 11: Raman spectra of Pd-CeO2/C calcined sample (red) and the bare oxidized carbon support as a 

reference (black) 
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The results obtained with the X-ray diffraction (XRD) experiments carried out on the Pd-CeO2/C 

material (Figure 12) are consistent with those obtained with Raman spectroscopy. The XRD 

pattern predominantly shows the reflections associated with the cubic structure of CeO2; the 

breadth of the reflections is consistent with the small dimension of the prepared nanostructured 

particles. The presence of Pd in its metallic state is revealed by the reflection at 40°, although it 

was not visible in the Raman spectrum. It appears that the metal nanoparticles are partially 

oxidized with some metallic Pd present. Moreover, the shoulder with maximum near 25.5° is in 

agreement with the main reflection of graphite (26.6°) and can be safely assigned to the carbon 

component of the sample. 

 

Figure 12: Powder XRD patterns of the sample calcined at 200 °C in air (red) and of the bare oxidized 

carbon support (black). 

High angle annular dark field (HAADF), high-resolution transmission electron microscopy (HR-TEM) 

and energy dispersive X-ray analysis (EDX) were employed to investigate with more detail the 

morphology and composition of the sample. The average diameter of both CeO2 and Pd 

nanoparticles has been estimated from the HR-TEM micrographs, (Figure 13) as well as the 

distribution of the two species on the surface of the carbon nanostructures. Both CeO2 and Pd 

nanoparticles present crystalline structure, with average diameter around 3-6 nm for the cerium 

oxide ones and between 5-7 nm for the Pd ones. The cerium oxide nanoparticles partly cover the 

carbon structures quite uniformly, while part of them form free-standing aggregates. From the 
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EDX maps it is clear that the Pd nanoparticles deposit preferentially on the ceria portions of the 

sample. This observation concurs with our previous studies on similar Pd/C-CeO2 catalysts. 2,3 

 

 

Figure 13: a) HR-TEM of the catalyst showing the tight contact between the carbon phase and the metal 

oxide phase; inset: higher magnification showing the crystalline character of the oxide phase b) HAADF and 

EDX maps of the sample showing the collocation of Ce and Pd atoms 

The surface area and pore distribution were investigated by means of N2 physisorption at 78 K. 

Figure 14 shows the N2 adsorption-desorption isotherm of the sample. The isotherm appears to be 

type IV, indicating presence of some very large mesopores, with the distribution maximum around 

62 nm, (Figure 14b). The small relative maximum around 3.6 nm indicates a very small 

contribution of microporous component. The interstitial space between the structures is likely 

constituting the bigger pores portion, while the micropores can be ascribed to the crystalline 

phase. The accessibility of the Pd metal surface was assessed by CO chemisorption experiments. 

The results are summarized in Table 5.  
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Figure 14: a) N2 physisorption isotherm and b) BJH pore size distribution 

Table 5: Summary of the textural properties of the investigated material 

Specific surface area (m2/g)  249 

Cumulative pore volume (mL/g) 87,8 

Micropore volume (mL/g) 0,04 

External surface area (m2/g) 62 

Metal surface area (m2/g) 47 

 

2.3.1.3 Electrochemical characterization 

Cyclic voltammetry (CV) was performed on Pd-CeO2/C in both N2 saturated 2 M KOH and 2 M KOH 

+ 2 M ethylene glycol and 1,2-propanediol solutions to evaluate the effect of the CeO2-Pd 

interaction on the electrochemical performance of the material. As a comparison, the 

performance of an analogous Pd/C catalyst prepared with the same Pd loading was also 

investigated. All the potential values in this chapter are referred to the RHE. The CVs of both 

catalysts in 2 M KOH are shown in Figure 15. The interpretation of the Pd/C voltammogram is 

straightforward as this material has been widely investigated in the past.56 Briefly, in the low 

potential region it is possible to observe a broad anodic peak attributable to oxidation of adsorbed 

hydrogen. At higher potentials, the slight increase of current density accompanies the oxidation of 

the palladium surface. The formed surface Pd-O species start to be reduced during the reverse 
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cathodic scan giving rise to a well-defined peak at 0.62 V. The cathodic peak at 0.1 V is assigned to 

the adsorption of hydrogen. As far as the CeO2-containing material is concerned, the CV in 2 M 

KOH shows a very pronounced broad peak at around 0.3 V due to oxidative hydrogen desorption. 

Moving toward more positive potentials on the anodic scan, peaks ascribable to the formation of 

surface-adsorbed Pd-hydroxide species (Pd-OHads) can be noticed and then current-density slowly 

increases as Pd is further oxidized. In the cathodic scan, the peak at 0.62 V can again be assigned 

to the reduction of Pd-O, whereas the signals appearing in the cathodic region at potentials lower 

than 0.5 V can be attributed to the hydrogen uptake by both Pd and ceria. 

 

Figure 15: Cyclic voltammetry in 2 M KOH, scan rate 50 mV s-1 

The Electrochemically Active Surface Area (EASA) of Pd for both samples was calculated using the 

charge associated with the reduction peak of the first monolayer of PdO at 0.62 V.61 The results 

are reported in Table 6. 

Sample EASA Pd (m2 g-1) 

Pd–CeO2/C 81 

Pd /C 103 

Table 6: Electrochemically Active Surface Area of both Pd/C and Pd-CeO2/C samples 

The cyclic voltammetries performed on the Pd/C and Pd-CeO2/C coated electrodes in 2 M KOH + 2 

M alcohol solutions (ethylene glycol and 1,2-propanediol) are shown in Figure 16. Table 7 reports 
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the electrochemical data relevant for assessing the activity of the catalysts towards the targeted 

reactions such as peak current density per gram of Pd for each catalyst and for each alcohol fuel. 

The oxidation peak in the forward scan is related to the progressive coverage of the electrode 

surface by inactive Pd-O.62 The alcohol oxidation peak appears in the signal observed on the return 

scan as the fresh Pd surface is liberated of oxide species. The Pd-ceria catalyst shows significantly 

higher mass specific current density compared to the Pd/C material for both polyalcohols. The 

enhanced performance of the ceria containing catalyst for alcohol oxidation in basic media is due 

to the ability of ceria to promote the formation of active Pd-OHads species at low potentials. This is 

the first time that this phenomenon has been observed for polyol oxidation.  

Table 7: CV data for the electrooxidation of 2 M ethylene glycol and 1,2-propanediol in KOH 2 M on Pd-

CeO2/C and Pd/C. 

Catalyst Eonset (V) Eforward peak (V) Saforward peak (mA µgPd
-1) JECSA forward peak (µA m-2g-2) 

Ethylene glycol 

Pd/C 0.50 0.92 3.5 190.0 

Pd-CeO2/C 0.50 0.86 10.6 181.3 

1,2-propanediol 

Pd/C 0.55 0.95 3.94 227.8 

Pd-CeO2/C 0.45 0.80 6.07 75.2 

 

 

Figure 16: CV in 2 M KOH 2 M ethylene glycol (a) or 2 M 1,2-propanediol (b) on Pd-CeO2/C (●) and Pd/C (■) 

electrodes. Scan rate 50 mV s-1 
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2.3.1.4 Full Cell Testing 

The performance of Pd-CeO2 and the reference material Pd/C in an active fuel cell was evaluated 

by recording potentiodynamic and power density curves at 60°C with MEAs containing either 

anodic electrocatalyst, a Tokuyama A-201 anion-exchange membrane, and Fe-Co/C as cathode 

electrocatalyst (Figure 17).63 An aqueous 2 M KOH solution containing either 2 M ethylene glycol 

(EG) or 1,2-propanediol (1,2-P) was used as fuel. It is clearly visible from the reported curves that 

both the cells with the Pd-CeO2/C electrocatalyst exhibit a considerably higher peak power density 

compared to the cell with the Pd/C electrocatalyst at the same Pd loading (Table 8). This is 

evidence that the use of the CeO2-C as support for the Pd nanoparticles increases significantly the 

fuel-cell power density output when compared to a simple carbon support, confirming the high 

activity for polyalcohol electrooxidation.  

Table 8: Product distribution of exhausts after galvanostatic experiments, max power density, fuel 

conversion, energy delivered and energy efficiency. 

Fuel Max Power 
Density (mW cm-2) 

Fuel conversion % 
[mmol of products] Selectivity Energy 

delivered (J) 
Energy 

Efficiency % 

EG 53.9 28% 
[16.9] 

 
79% glycolate 

10.5% carbonate 
2.6% oxalate 
7.9% formate 

1231 1.5% 

1,2-P 45.2 44.2% 
[26.5] 

57.6% lactate 
23.3% carbonate 

13.3% acetate 
6.7% formate 

2411 2.0% 
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Figure 17: Potentiodynamic and power density curves of the cell fed with 30 mL of 2 M KOH 2 M Ethylene 

glycol (A) or 2 M 1,2-propanediol (B). Operating temperature: 60 °C; oxygen flow: 0.05 mL min-1; fuel flow: 

1 mL min-1; cathode: 5 cm2 of FeCo/C (2 mg cm-2) brushed on carbon cloth, anode: 1 mg cm-2 of (●) 

Pd/C:CeO2 or (■) Pd/C, spread on 2.25 cm2 of nickel foam. 

In addition to the power output, the selectivity for the different intermediates derived from the 

partial oxidation of the two polyalcohols was investigated. Galvanostatic experiments were 

performed on single fuel loads, that were recycled through the anode compartment until the cell 

potential reached 0 V. Two typical runs for each fuel are reported in Figure 18. The key parameters 

obtained from this study, such as fuel conversion (%), energy delivered on a single fuel load (J) and 

overall energy efficiency (%) are reported in Table 8. Despite the cell running on EG being the one 

producing higher peak power density, the cell fueled with 1,2-propanediol showed higher fuel 

conversion, energy delivered and energy efficiency. 

 

Figure 18: Chronopotentiometries (45 mA cm-2 current load) of the DAFCs fed with 30 mL of 2 M KOH 2 M 

Ethylene glycol (●) or 2M 1,2-propanediol (■). Operating temperature: 60°C; oxygen flow: 0.05 mL min-1; 

fuel flow: 1 mL min-1; cathode: 5 cm2 of FeCo/C (2 mg cm-2) brushed on carbon cloth, anode: 1 mg cm-2 of 

Pd-CeO2/C spread on 2.25 cm2 of nickel foam. 
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After each chronopotentiometry, the fuel exhausts were collected and examined by HPLC and 13C 

NMR spectroscopy. These techniques allowed us to determine the oxidation products obtained 

both qualitatively and quantitatively. The results are reported in Table 8. Glycolate was the major 

product as far as EG is concerned, with 79%. It is the result of the oxidation of a single OH group. 

Three other products were identified: formate, carbonate and a small amount of oxalate, that is 

the product obtained when both alcohol groups of ethylene glycol undergo oxidation. When 1,2-

propanediol was the fuel, lactate was the major product (57%), together with significant formation 

of further oxidation products (formate, acetate and carbonate). Therefore, in both cases the main 

product is the one where only one OH group is oxidized. 

2.3.2 Conclusions 

In this second part of the chapter, a Pd-CeO2/C material is discussed as electrocatalysts for the 

electrooxidation of ethylene glycol and 1,2-propanediol in electrochemical cells and complete fuel 

cells. The material was first fully characterized by means of TEM, HR-TEM, EDX, XRD, N2 

adsorption-desorption, CO chemisorption, Raman and TGA techniques. The data reported suggest 

that the presence of the CeO2 phase in close contact with Pd enhances significantly the 

performance of the catalyst, if compared with a carbon-supported palladium catalyst with the 

same metal loading. The promoting effect of the ceria in the support was associated to the 

formation of Pd-OHads species, that are active in the oxidation of polyalcohols, at lower 

overpotentials. Moreover, this catalyst appears to be selective for the oxidative formation of 

glycolate and lactate, which are molecules of industrial relevance as intermediates. For the first 

time, these particular alcohols have been tested for energy efficiency and fuel selectivity, allowing 

us to demonstrate that this kind of fuel cells can be used effectively to combine energy production 

with selective formation of valuable chemicals. 
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CHAPTER 3: N-doped carbon encapsulated Co nanoparticles for selective 

H2O2 electrocatalytic generation  

 
3.1 Introduction 

 
In the last decades, consistent scientific efforts have been dedicated to the design and 

development of novel electrocatalysts for the electroreduction of oxygen, because of its high 

relevance for fuel cells efficiency.1,2 Most of known fuel cells in fact, as mentioned before, operate 

with oxygen reduction occurring at the cathode while the selected fuel gets oxidized at the anode. 

The possible reduction products obtained by O2 reduction are two, H2O and H2O2, formed 

respectively from an overall 4-electron reduction process and a 2-electron reduction process. In 

the context of fuel cells, the selective conversion to water is definitely the desired pathway, as the 

current efficiency is maximized (4 electrons involved), and the product (water) is benign and does 

not interfere with the fuel cell operation. From this perspective, the formation of H2O2 is regarded 

as an undesirable by-process, and the vast majority of reports have focused on the development 

of new efficient and selective catalysts for the 4-electron ORR. On the other hand, a very recent 

trend has recognized that the selective production of hydrogen peroxide can represent an 

interesting development of the ORR process. H2O2 is in fact a highly relevant compound for several 

industrial sectors such as pulp and paper, food, mining, textile bleaching, waste water treatment, 

packaging and chemical synthesis, as justified by the over 2 megatons produced annually 

worldwide.3–6 Despite this central role, hydrogen peroxide in currently produced industrially 

through a process called “anthraquinone process” which is both energy intensive and non-

environmentally friendly.7 More sustainable alternatives have been proposed,8 and using cheap 

catalysts to perform electrocatalytic ORR to obtain H2O2 selectively is an appealing alternative.9 

Anyhow, in the process of developing a new electrocatalytic system for selective O2 reduction, 

many factors need to be considered, since, as mentioned before its kinetics strongly affects the 

selectivity of the process and, for this reason, most catalysts show low selectivity, leading to mixed 

mechanisms. Moreover, the strict dependence on the pH affects the reaction mechanism and 

consequently the products distribution. While the selective reduction of O2 to H2O has been 

thoroughly investigated in the field of fuel cells electrocatalysts development, with Pt/C catalyst 

representing the benchmark for the process,1,10,11 there are still very few examples of materials 

showing both high activity and selectivity for the reduction of O2 to H2O2. Bimetallic nanoparticles 
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based materials, combining Pd, Pt, Au with several other transition metals have been recently 

tested and reported as selective electrocatalysts for hydrogen peroxide production.12,13 Among 

them, Au-Hg and Pt-Hg have been identified as the most promising candidates leading to highly 

selective H2O2 formation.14 However, the industrial viability of these catalysts is hampered by the 

high cost and low availability of noble metals, combined with a low long-term stability and easy 

poisoning. In order to find a way around this issue, there is a growing interest in developing metal-

free catalysts.15 Most of the results found in literature involve heteroatom-doped carbon 

nanomaterials, especially with nitrogen as the dopant. Several different structures including N-

doped carbon nanotubes (CNTs),16,17 N-doped graphene,18 carbon nitride (g-C3N4),19 nanofibers (N-

CNFs)20 or N-doped mesoporous carbons21 have been tested, but they were reported to provide 

mostly mixed 4-, (2+2)-, and 2-electron ORR mechanisms, with H2O being often the prevalent 

product. Recently, our group reported a metal-free carbon nanocatalyst showing very high H2O2 

selectivity in a wide range of pH, whose catalytic features are correlated with the type and 

distribution of the N dopant atoms and on the porosity of the carbon.22 Moreover, integrating 

non-noble metal nanoparticles, particularly if the latter are embedded in the carbon matrix seems 

to be an efficient strategy to boost stability and tune selectivity. Both our group23 and Deng et al.24 

separately reported materials based on endohedrally Fe-modified CNTs as ORR electrocatalysts. 

More recently the embedding of cobalt nanoparticles within porous carbon has been studied by 

Wu et al.25 and Jiang et al.26 The material reported in this chapter was designed building on these 

concepts: it consists in cobalt nanoparticles embedded within porous N-doped graphitic carbon 

shells. Its behavior towards ORR has been correlated to its specific microstructure: through a fine 

tuning of the N-type species distribution and the porosity of the material, the catalyst displays an 

almost complete selectivity to H2O2 in acidic electrolytes (~100% Faradaic Efficiency (FE)) at a 

relatively positive potential (0.5 V vs RHE). 

 
3.2 Results and discussion 
 
3.2.1 Catalyst preparation 
 
The synthetic protocol for the carbon encapsulated cobalt nanoparticles consists in the pyrolysis of 

the precursors, imidazole and cobalt acetate, in Ar atmosphere. This step is crucial as the 

morphology and properties of the composite depend on several parameters that are set during 

this phase. The temperature ramp, the final upper temperature, the time of residence of the 

precursor in the furnace, the gas carrier and its flow are all in fact contributing in the final 
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morphology of the graphitized carbon phase that is produced in this step. After a 2h pyrolysis at 

900°C the as obtained powder is washed with diluted perchloric acid in order to remove any trace 

of metal on the surface. The final material Co-NC-im, has been characterized both structurally and 

morphologically with several techniques. Four materials have been prepared for comparison 

following this protocol using a different nitrogen bearing carbon precursor, phenantroline, and 

different metals, iron, manganese and nickel, and called respectively Co-NC-phen, Fe-NC-im, Mn-

NC-im and Ni-NC-im.  

 
3.2.2 Morphologic characterization 
 
The morphology of Co-NC-im was first inspected by TEM (Figure 1). The micrographs clearly reveal 

the presence of metal nanoparticles encapsulated within onion-like graphitic shells, though the N-

doped carbon phase does not look geometrically well-defined. This can be correlated to the high 

argon flow used in the synthesis, as lower argon carrier flows are reported to generate carbon 

nanotube-type architectures.27  

 
Figure 1: TEM images showing Co-NC-Im morphology 

 
High angle annular dark field (HAADF), high-resolution transmission electron microscopy (HR-TEM) 

and energy dispersive X-ray analysis (EDX) were used to investigate with more detail the 

morphology and composition of Co-NC-Im (Figure 2, 3, 4 and 5). The overall size distribution of the 

Co NP appears quite broad, ranging from 3 to 30 nm with a maximum around 10 nm (Figure 3). 

FFT analysis of the embedded cobalt nanoparticles indicates that the cobalt is not oxidized and 

that all the nanoparticles exhibit a fcc crystal system (Figure 2D). HAADF and EDX confirm the 

composition and distribution of the phases in the material showing spatially well dispersed metal 

NP embedded in the carbon phase while also ruling out any residual unshelled cobalt 

nanoparticles, confirming the effectiveness of the acid washing (Figure 4 and 5). 
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Figure 2: A) Typical TEM image of the Co-NC-im material; B) and C) representative High resolution TEM 

showing cobalt nanoparticles (blue) encapsulated within a N-doped graphitic shell (purple); D) FFT of the 

inner cobalt nanoparticle of C), showing the diffraction pattern of the cubic fcc crystal system. 

 

 
Figure 3: Co NP particle size distribution in Co-NC-im 
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Figure 4: HAADF-STEM images of Co-NC-im; the bright regions correspond to Co NPs. 
 

 
Figure 5: HAADF-STEM and EDX maps of Co-NC-im showing the collocation of C (blue) and Co (green) atoms 
 
Raman analysis confirmed this assumption with no detected signal attributed to Co oxides, 

underlining the zero oxidation state; the only bands observed are related to the graphitic carbon 

(Figure 6). The 1:1 ratio of the intensities of the D and G bands, attributed respectively to the 
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structural disorder of the graphitic framework and to the graphitic domain suggests a high defect 

distribution across the graphitic layers. 

 
Figure 6: Raman spectrum of Co-NC-im 

 
In order to evaluate the metal load, Co-NC-Im was characterized both through thermogravimetric 

analysis (TGA) (Figure 7) under air flow and inductively coupled plasma-optical emission 

spectrometry (ICP-OES). There is a slight discrepancy between the two results, since TGA reports 

85% weight loss relative to the carbon phase with the remaining 15% accountable to the inorganic 

phase, while ICP-OES provides a weight load of the cobalt equal to 6%. This difference is likely due 

to the formation of Co oxide during the TGA analysis which leads to weight gain. 

 

 
Figure 7: TGA analysis in air of Co-NC-im 
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X-Ray Photoelectron Spectroscopy (XPS) was employed to investigate quantitatively the surface of 

the Co-NC-im sample, since the amount and type distribution of N-doping atoms is a key 

parameter to consider in ORR catalysis. As far as metals are concerned, the sample did not display 

any peak for cobalt or any other metal on its surface, confirming the efficacy of the acid washing, 

and, being XPS a technique that reaches only about 12nm depth, the deep encapsulation of the 

cobalt nanoparticles in the multi-layered carbon matrix (Figure 8A). The dominant signal in the C1s 

binding energy (BE) region is the one at 284.4 eV, which is characteristic for C=C aromatic patterns 

and confirms the graphitic nature of the carbon phase (Figure 8C). The peaks associated to C-O 

and C=O display quite low intensity, indicating moderate levels of oxidation (Figure 8D). Two peaks 

can be observed in the N1s range, confirming the successful N-doping with an atomic percentage 

of 2.92% (Figure 8B). The two peaks, respectively at 400.6 eV and 398.6 eV indicate the sole 

formation of respectively pyrrolic (C-N bonds) and pyridinic (C=N bonds) N atoms.18 This is an 

interesting feature, since most of materials prepared by pyrolysis reported in literature are 

characterized by a percentage of quaternary, oxidized or other types of N28 and pyrrolic and 

pyridinic N have been shown to be unstable after high temperature treatments.29 In a recently 

reported study by our group, the same unusual composition was observed for a graphite-covered 

carbon nanohorns material. In that case, too, the presence of a certain ratio of pyrrolic N and 

pyridinic N (Npyridinic/Npyrrolic = 0.89) and absence of other N type atoms has revealed itself to be 

crucial to obtain a totally selective 2-electron mechanism under acidic conditions.22 Co-NC-im has 

a Npyridinic/Npyrrolic atomic ratio of 0.93, which is very close to the value of the previously reported 

material.  
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Figure 8: A) XPS survey of Co-NC-im; B), XPS in the N1s BE range; C) XPS in the C1s BE range; D) XPS in the O1s 

BE range 
3.2.3 Electrochemical tests 
 
Co-NC-Im electrochemical activity in acidic environment was first evaluated through cyclic 

voltammetry (CV). All the potential values reported in this chapter are referred to RHE. The 

electrochemical response was studied in the potential range between +0.8 V and -0.1 V in Ar-

saturated 0.10 M H2SO4 (pH 1) at a scan rate of 0.05 V s-1. The CV recorded in nitrogen (Figure 9, 

black curve) showed only capacitive current (icap) in the investigated potential range. The 

capacitive current is the current necessary to charge and discharge the electrical double layer at 

the interface between electrode and electrolyte. This observation suggests that the cobalt 

nanoparticles are either electrochemically inaccessible, or do not undergo redox reactions in the 

selected potential range. The CV collected with the same setup and conditions in presence of O2 

(Figure 9, red curve) show a distinct increase in cathodic current, that begins at 0.75 V and is 

associated to the reduction of oxygen. Notably, this onset value is very close to the one observed 

for Pt/C (0.8 V), the benchmark catalyst for this reaction, suggesting the great prospect of the 

proposed material. 
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Figure 9: CVs under Ar (black line) and O2 (red line) collected on a glassy carbon slide modified with Co-NC-

im (scan rate 50 mV s-1); 
 
The material’s selectivity was evaluated performing chronoamperometric experiments at several 

different potentials and calculating the Faradaic yield in H2O2 after permanganometric titration. 

The trend observed correlates a decrease in selectivity towards H2O2, together with an increase of 

the current density, when the potential shifts towards more negative values. This result is in line 

with what previously observed with a graphitized PDA layers based material recently studied by 

our group.22 

 
 
Figure 10: Current density/time profiles at different fixed potentials in H2SO4 0.1 M and corresponding H2O2 

Faradaic Efficiency. 
 
As reported in Figure 10, the material displays complete H2O2 selectivity (almost 100%) at 0.5 V, 

while decreasing the potential value leads to a drop in FE.  
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It has been reported that to achieve such high selectivity with N-doped carbon materials, it is 

crucial to obtain a specific relative distribution of pyrrolic and pyridinic nitrogen atoms. Pyridinic 

atoms have been proven to be the most efficient ORR sites, because of their ability to weaken the 

O-O bond, by either enhancing the N-Cα bond polarization,30 or through exploitation of the 

electron pair to facilitate charge transfer into the O-O antibonding orbital.31 Since the formation of 

H2O2 is promoted by the preservation of the O-O bond, controlling the Npyridinic sites by tuning their 

characteristics appears to be instrumental to alter their ability to rupture such bond. Therefore, 

the fact that basic nitrogen sites are protonated in acidic environment strongly influences their 

properties. This assumption was confirmed by performing the same selectivity screening in 

alkaline environment (pH 13), where the material displayed a much lower selectivity towards H2O2 

(Figure 11). 

 
Figure 11: Current density/time profiles at different fixed potentials in KOH 0.1 M and corresponding H2O2 

Faradaic Efficiency. 

As already mentioned, though, Npyridinic sites are indeed the most active for oxygen reduction, 

therefore it is not desirable for them to be completely quenched. To confirm that the selectivity is 

strictly correlated to the correct tuning of the N atom type distribution, a parent material Co-NC-

phen was prepared, using phenantroline as a precursor. Co-NC-phen displays a morphology 

comparable to Co-NC-Im, as TEM images show (Figure 12) but results richer in pyridinic N atoms, 

with a Npyridinic/Npyrrolic ratio of 1.65.  
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Figure 12: TEM images showing Co-NC-phen morphology 
 

Its electrocatalytic activity and selectivity at pH 1 was tested at 0.5 V as a comparison. The FE 

calculated was 59%, significantly lower than the one obtained with Co-NC-Im working in the same 

condition and at the same potential, suggesting, as hypothesized, that the higher content in 

pyridinic N atoms is detrimental for H2O2 production at low pH.  In order to further investigate the 

mechanism of the oxygen electroreduction catalysed by Co-NC-Im, rotating disk electrode (RDE) 

experiments were performed (Figure 13) and the number of electrons involved calculated 

according to the Koutecky-Levich theory.32 The average number of electrons calculated for the 

potential range between 0.2 and 0.5 V was 1.9, confirming the high selectivity of the process 

through a 2-electron step leading to H2O2 formation. The drop in FE occurring at more negative 

potentials can be rationalized with the promotion of a second, fast 2-electron step that furtherly 

reduces H2O2 to water, lowering the FE. On the other hand, the same experiment performed in 

alkaline environment gave an average ne- value of 2.5 in the potential range between 0.8 and 0.3 

V, suggesting a competition between the 2-electron pathway and the 4-electron one, leading, 

again, to a lower selectivity towards H2O2. 

 
 

Figure 13: A) Rotating disk electrode (RDE) linear sweep voltammetries at different rotation speed (scan 
rate 5 mV s-1) in H2SO4 0.1 M and B) in KOH 0.1 M. 
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In a recent work33 first principle calculations were employed to investigate the mechanism 

involved in the ORR catalysis by N-doped carbon materials. The study suggested the possibility for 

this kind of materials to give rise to an indirect mechanism, with H2O2 as intermediate, when 

working in acidic environment. Following this assumption, we explored the possible mechanisms 

that the process can follow. A very relevant theoretical study by Nørskov et al.34 describe a 

pathway, called the associative mechanism, that doesn’t involve the dissociation of hydrogen 

before its hydrogenation. Given the high amount of hydrogen peroxide found at low 

overpotential, we assumed that our catalyst may proceed through this kind of pathway:  

 

O2 + * → O-O* 

O-O* + (e- + H+) → H-O-O* 

H-O-O* + (e- + H+) → H2O2 + * 

 

Where * represents a catalytic site on the surface of the material where O2 adsorbs in a chain 

configuration, which makes favorable the preservation of the O-O bond.35  The catalytic behavior 

of this catalyst is likely complex and connected to different factors, one of which derives from the 

strength of O2 absorption on its surface.36 For this reason the porosity of the material was studied, 

as its influence on mass transfer can have a role in the selectivity of the process, likely promoting 

strong O2 and poor H2O2 adsorption. N2 physisorption experiments were performed on Co-NC-im 

and Co-NC-phen as a comparison. Co-NC-im’s presents a type IV isotherm with a hysteresis loop 

characteristic of the presence of mesopores (Figure 14). The surface area was calculated 

employing the Brunauer-Emmet-Teller (BET) theory and resulted as high as 337 m2 g-1, with a 

bimodal pore size distribution with two relative maxima at around 2.4 and 77 nm, implying that 

there is also a small contribution from micropores. On the other hand, Co-NC-phen, which also 

exhibits a type IV isotherm, displays a lower BET surface area of 246 m2 g-1 and a significant 

microporous volume of (0.04 cm3 g-1). The microporous surface area associated of 62 m2 g-1 was 

calculated as the difference between the BET surface area and the external surface area. Pore size 

distribution, with the bimodal pattern consisting of two relative maxima at 2.4 and 7 nm, is also 

quite different. We concluded that the presence of larger pores and higher mesoporosity of Co-

NC-im is another factor contributing to the increased selectivity towards H2O2 in the working 

conditions. These considerations fit perfectly in the landscape of older37,38 and newer39 studies 
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involving mesoporous carbon, and correlate the extensive mesoporosity with high H2O2 selectivity. 

High surface area has also be linked to high activity before.40  

 
Figure 14: N2 physisorption isotherm (left) and Barrett-Joyner-Halenda (BJH) pore size distributions (right) 

of Co-NC-im and Co-NC-phen. 

 
Electrochemical impedance spectroscopy (EIS)32 was performed on Co-CN-im and Co-CN-phen 

catalysts, in order to gain a deeper insight on the different electrochemical properties of the two 

materials. EIS studies of ORR in a three-electrode RDE setup were seldom reported in the 

literature, except for a few examples restricted to Pt-based electrocatalysts.41,42 ORR kinetic 

studies for a wide range of electrocatalysts, including Pd- and non-precious metal- based 

materials, have been deepened by the use of RDE hydrodynamic technique, without EIS being 

employed.43–47 Since complete fuel cells and half-membrane electrode assembly (MEA) 

configurations involve several interfaces, the method based on the single electrode study with TF-

RDE is convenient and cost-effective: in fact, a reduced quantity (micrograms) of the catalyst is 

enough for the characterization of the electrode; moreover, the complications arising from the 

other components of the fuel cell system (i.e. anode and membrane electrolyte) are eliminated. 

Notably, the EI spectra of ORR in RDE configuration are completely different from those of the 

theoretical and experimental impedance spectra reported in literature on fuel cell cathodes with a 

porous gas-diffusion electrode and it is strongly affected by both the ionomer content in the ink 

formulation and the film thickness.48 For this study, the EIS characterization of the ORR process 

was performed in a three electrode system with an optimized Nafion (5 mL) containing thin-film 

catalyst. The spectra were recorded for Co-CN-im and Co-CN-phen in different regions of the ORR 

polarization curve, spanning from the kinetic to the diffusion/mass transport-controlled region: (i) 

open circuit potential (OCP); (ii) + 0.7 V; iii) + 0.5 V; iv) + 0.2 V. Figure 15 reports two typical 

polarization curves for the two materials, evidencing the different potential regions. 
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Figure 15: LSVs on RDE for Co-NC-im (blue trace) and Co-NC-phen (black trace) in O2-saturated acid 

electrolyte at 0.7 V at 1600 rpm and a 5 mV s-1 scan rate. 
 

For both materials, the measurement at OCP in Ar-saturated acid solution produced a curve that is 

almost parallel to the y-axis, coincident to a Bode plot in which the low frequency region to the x-

axis with a constant phase angle of around 80° (Figure 16). Two main reason for this very high 

phase angle were hypothesized: it could be due to the high capacitive nature of the carbon phase, 

as noticeable from the shape of the CVs (Figure 9), or because of the H+ ion transport limitations 

through the distributed resistance/capacitance in the porous carbon electrode; it is worth 

reminding carbon’s hydrophobicity and Nafion’s poor conductivity at room temperature. 

 

 

Figure 16: Bode diagrams for Co-NC-im (blue trace) and Co-NC-phen (black trace) in Ar- saturated acid 

electrolyte at OCP. 
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The spectra recorded at OCP in presence of oxygen, exhibit the same behavior, which is not 

dependent on O2 diffusion limitations, despite the Nyquist plot being slightly tilted towards the x-

axis because of the arise of diffusion limitations related to oxygen in the low frequency (LF) 

regime. When shifting to the mixed-controlled kinetic and diffusion region (0.7 V), the polarization 

resistance (Rp) of the electrochemical process calculated from the diameter of the Nyquist plot 

semi-circle is 166 Ω cm2 for Co-NC-im (Figure 17A). The value of Rp calculated for Co-NC-im, 

(Figure 17B) on the other hand, is slightly lower (143 Ω cm2) and constituted by a series of 

different resistance contributes. An increase in Rp for both materials is otherwise noticed when 

lowering the working potential. Since the pure charge-transfer resistance should decrease with the 

potential, this phenomenon can be explained considering mass-transfer resistance to be higher in 

this case.  

 

Figure 17: Nyquist plots of: A) Co-NC-im and B) Co-NC-phen. Red trace: Ar- saturated acid electrolyte at 

OCP.  Blue trace: O2- saturated acid electrolyte at OCP. Black trace: O2-saturated acid electrolyte at 0.7 V. 

For the fitting of both materials spectra in this region, a simple equivalent circuit (EQ) of four (R, 

CPE) elements along with the series resistance Rs (Table 1) was employed. Although the charge 

transfer contributes result comparable, the mass-transport limitations in the LF region are 

different, especially at frequency values lower than 0.05 Hz. 
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Table 1: Summary of equivalent resistance data (Ω cm2) obtained from the EQ reported in the Scheme 

below. EIS experimental conditions: O2- saturated acid electrolyte at 0.7 V. 

Sample Rs R1 R2 R3 R4 
Co-NC-im 2.9 3.9 29.2 112.8 20.0 

Co-NC-phen 2.9 4.1 24.3 77.7 37.1 
 

 
The Nyquist plots acquired at 0.5 V (Figure 18) and 0.2 V (Figure 19), where diffusional limits 

predominate, confirm the identified trend. The lower mass-transport limitation when approaching 

the frequency value of 0.01 in the case of Co-NC-im appears related to its higher selectivity for 

H2O2 with respect to Co-NC-phen, in good agreement with the results of porosimetry analysis and 

bulk electrolysis tests. 

 

 
 
 

Figure 18: Nyquist and Bode diagrams of Co-NC-im (blue trace) and Co-NC-phen (black trace) in O2- 

saturated acid electrolyte at 0.5 V. 
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Figure 19: Nyquist and Bode diagrams of Co-NC-im (blue trace) and Co-NC-phen (black trace) in O2- 

saturated acid electrolyte at 0.2 V. 

 
Finally, the role of the metal was investigated since its possible contribution to the electron 

transfer rates and the O2 binding strength seems plausible. For this reason, parent composites, 

featuring respectively Fe, Ni and Mn as the incapsulated metal (Fe-NC-im, Ni-NC-im and Mn-NC-

im) were prepared, using a synthetic strategy that allowed the formation of materials with a 

morphology similar to the one of the Co analogue, as shown by the TEM micrographs (Figure 20). 

 

 

Figure 20: TEM images showing A) Ni-NC-im, B) Fe-NC-im and C) Mn-NC-im morphologies 

 

The same electrocatalytic tests were run for the three samples, and it was found that Fe-NC-im and 

Mn-NC-im show a much more negative onset potential than Ni-NC-im (0.55 V for the formers and 

0.50 V for the latter) (Figure 21).  
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Figure 21: LSV profiles at pH 1 under O2 saturation conditions of Co-NC-im, Fe-NC-im, Mn-NC-im and Ni-NC-

im showing the different onset potentials 

 
Moreover, the Faradaic Efficiency for all three comparative materials, calculated after chrono 

amperometries at different potentials, was significantly lower compared to the cobalt-based 

material. Note that since their onset potential is lower, the chosen fixed potentials were 

necessarily different than those selected for the Co-NC-im catalyst (Figure 22) 

 
Figure 22: FE(H2O2) of A) Fe-NC-im, B) Ni-NC-im and C) Mn-NC-im at the respective explored potentials 
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XPS analysis was performed on the three new samples. A difference in terms of N-type distribution 

has been observed, suggesting that the templating ability of each metal has an influence on this 

parameter. The results have been summarized in Table 2. 

Table 2: XPS calculated atomic ratio of the catalysts prepared with the different metals, Co, Fe, Mn, Ni. 

Sample Pyrrolic N-C (%) Pyridinic N=C (%) N1s atomic ratio 
(%) 

Metal atomic ratio 
(%) 

Co-NC-im 54.6 45.34 2.9 - 
Fe-NC-im 49.9 50.1 2.1 - 

Mn-NC-im 47.5 52.5 2.2 - 
Ni-NC-im 37.8 62.2 4.4 Ni2p3/2 = 2.6 

The Npyridinic/Npyrrolic relative ratio for Fe-NC-im, Mn-NC-im and Ni-NC-im where calculated as 

respectively 1.0, 1.1 and 1.6. Notably, Fe-NC-im and Mn-NC-im show very similar Npyridinic/Npyrrolic 

relative ratios, and this reflects on their similar catalytic activity, in terms of both onset potential 

and H2O2 selectivity. Different is the case of Ni-NC-im, but since a small fraction of Ni has remained 

in the outer layers of the carbon phase, the metal could be participating directly in the catalysis, 

and this could explain also the higher current densities observed in the LSV. Otherwise, the direct 

participation of the metal in the catalytic process is likely to be ruled out, given that the 

encapsulation in the thick carbon layers isolates them from the reaction environment. It has been 

reported though that embedded metals in carbon nanotubes can facilitate electron transfer 

processes to the carbon surface through an interlayer electron hopping mechanism, therefore 

some kind of active participation of the metal cannot be completely excluded.23 In an additional 

hypothesis, the internal metal can modify the orbital energies of the outer doping N atoms, thus 

indirectly contributing to the selectivity of the process, as a result of different alteration 

depending on the nature of the metal. In order to evaluate the stability of Co-NC-im, recycling 

tests were performed by doing successive 1.5 h chronoamperometric experiments. The electrolyte 

solution was titrated and refreshed each time. Between the first and the second cycle, a small 

decrease of current is noticeable, likely assignable to a physical detachment of some catalyst from 

the electrode, but the material reveals an overall good stability. Interestingly, as far as selectivity 

towards H2O2 is concerned, the FE remain very similar and close to 100% throughout the cycles 

(Figure 23). 
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Figure 23: Chronoamperometry over 1.5 hours repeated for three cycles (left) and corresponding Faradaic 

Efficiency toward H2O2 (right). 

 

3.3 Conclusions 
 
In conclusion, the performance towards ORR achieved with the proposed catalyst based on Co 

nanoparticles encapsulated within N-doped graphitic carbon have been investigated under acidic 

and alkaline conditions. At low pH and higher positive potentials, an almost total selectivity 

towards H2O2 production have been observed, likely correlated to a series of concomitant factors 

such as the pH itself, the N-type species relative distribution and the textural properties of the 

material. The chemical identity of the encapsulated metal has also revealed itself as crucial in 

determining the final distribution of the N doping atoms, or possibly to indirectly participate to the 

reduction process. The absence of precious metals and scalable synthetic protocol makes this 

material a highly promising catalyst for the sustainable production of hydrogen peroxide. 

Moreover, the results presented contribute to a deeper understanding of the characteristics 

needed in the design of carbon-based electrocatalyst able to selectively trigger the 2-electron 

reduction of O2, opening an important field that goes beyond the application in fuel cells. 
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CHAPTER 4: Highly sensitive non-enzymatic metal-free H2O2 sensor 
based on covalently functionalized acid graphene 
 
4.1 Introduction 
 
Several different methods have been employed to determine the industrially and biologically 

highly relevant H2O2 molecule, mostly based on titration or spectrophotometry.1–3 However, these 

methods are all affected by either lack of selectivity, or other inherent problems that often 

compromise their direct utilization in real sample matrices. This has inspired the development of 

electrochemical sensing methods, that are indeed becoming a trending topic on account of their 

simplicity, robustness and sensitivity.4 The topic of this chapter is the application of an acidic 

graphene-based material prepared with an innovative functionalization technique as a highly 

sensitive and selective electrosensor for hydrogen peroxide. The material, thanks to the exclusive 

controlled functionalization with carboxylic acid groups, shows improved sensitivity and stability, 

outperforming many previously reported carbon-based electrosensors. The control on the 

functionalization step turns out to be a key aspect for the resulting performance, as proven by a 

comparative study with samples subjected to diversely strong acidic treatments. Moreover, the 

selectivity and reliability has been assessed through an investigation in the presence of 

interferents or in real commodity matrices, such as milk.  

 
4.2 Electrocatalytic graphene-based systems for H2O2 sensing 
 
Different classes of electrochemical sensors based on graphene for the detection of H2O2 have 

been reported. One big categorization discriminates them between enzymatic and non-enzymatic. 

Several graphene-supported enzymatic sensors have confirmed that graphene can provide a 

suitable microenvironment to retain the redox bioactivity of proteins while facilitating the 

electron-transfer between the active centers of the redox proteins and the underlying electrode.5,6 

Enzymatic sensors are generally characterized by excellent selectivity because the commonly used 

enzymes, such as horseradish peroxidase, catalase, cytochrome c, hemoglobin, microperoxidase 

and myoglobin show specific active sites for the involved reaction.7,8 However, some disadvantage 

include the relatively high cost, susceptibility to temperature and pH value, complicated 

immobilization procedures and inherent instability of hemeproteins.9 The poor stability of natural 

enzymes, in fact, together with their high price even in mass manufacturing, has limited the 

fabrication process of biosensors and their long-time usage in real applications.10 On one hand, the 
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scientific community is trying to address this issue by developing artificial enzymes, which can be 

more robust and more easily tailored to the desired properties.11,12 On the other hand, numerous 

efforts have been devoted to the development of non-enzymatic H2O2 sensors. As already 

mentioned in the introduction, many of them involve the utilization of metal and metal oxide 

nanoparticles, although the recent emergence of non-enzymatic, metal free graphene-based 

sensors sets an intriguing stage for cost-effective strategies. Some examples of their performances 

are summarized in Table 1. 

 

Table 1: Summary table of analytical performance of metal free graphene-based H2O2 electrosensors  

Catalyst Linear range (µM) Sensitivity LOD (μM) Ref 

CR-GO 0.05-1500 - 0.05 13 

Graphene-MWCNTS 20-2100 32.91 μA mM-1 cm-2 9.4 14 

rGO/nPPy 0.1-4 47.69 μA µM-1 0.034 15 

IL-GR-s-PANI 0.5-2000 280.0 μA mM-1 0.06 16 

rGO/Tyrosine 100-2100 69.07 μA mM-1 cm-2 80 17 

Poly(o-phenilenediamine)/GO 2.5-25 16.2 μA M-1 cm-2 0.84 18 

BGNs 1000-20000 266.7 μA mM-1 cm-2 3.8 19 

NB-G 0.5-5000 - 0.05 20 

 

As previously mentioned, the high quality of graphene is crucial for the electrosensing purpose. Its 

direct functionalization, that might be strategic for improving its properties in terms of 

dispersibility in liquid media and electrocatalytic activity towards specific reactions, is often a 

challenging process due to graphene’s intrinsic low reactivity.21,22 Often, the harsh reaction 

conditions required to achieve its covalent functionalization, forbid to control finely the product’s 

structure and composition. The widely employed graphene oxide itself, for instance, is prepared 

through oxidation in harsh conditions, that deeply affects its stoichiometry, chemical structure and 

properties without a good control.23 In fact, the resulting material is normally characterized by a 

non-homogeneous distribution of different oxygen containing groups. In this chapter, a new type 

of graphene developed by our collaborator Prof Zboril at the Regional Centre for Advanced 

Technologies and Materials of Olomouc, Czech Republic, following a synthetic scheme that allows 
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the introduction on the graphene surface of only carboxylic acid groups without disrupting the 

structure of the graphene sheets was applied in the framework of H2O2 electrosensing.  

 

4.3 Results and discussion 

 

4.3.1 Material preparation and morphologic characterization 

 

The proposed material has been designed, prepared and characterized by prof. Zboril’s group.24 

The synthetic process is a multi-step sequence that starts from fluorographene, a stable, 

stoichiometric and well-defined graphene derivative.25 For a long time, being a perfluorinated 

hydrocarbon, fluorographene has been considered unsuitable for further derivatization because of 

its low reactivity, but lately it’s been proven that it can indeed react as an electrophile under mild 

conditions.26–30 This discovery allows its exploitation as a synthetic platform for the preparation of 

other graphene derivatives. In our case, fluorographene was subjected to nucleophilic substitution 

with NaCN, leading to a fluorine-free G-CN. The second step of the synthesis consisted in its acid 

hydrolysis with HNO3 in order to convert the -CN groups in -COOH groups. This step was optimized 

by testing different acid concentrations and times of treatment; the optimal conditions for sensing 

were determined to be 20% in HNO3 at 100°C for 24 h. The success of this synthetic step was 

checked through FT-IR, by comparing the spectra of the intermediates of the reaction and the final 

product. The gradual disappearance of the -CN band at 2200 cm-1 and the emergence of a new 

band at 1725 cm−1 corresponds to the total conversion of CN groups into carboxylic units. 

Characterization with HR-XPS allowed to estimate from the relative atomic ratio of carboxylic 

oxygen atoms and carboxylic carbon atoms, the functionalization degree, which sets at 13%, which 

is quite high if compared with other covalently functionalized graphene derivatives.31–39 

The high functionalization degree was confirmed by the Raman spectrum, which showed broad G 

and D bands with a ratio ID/IG of around 1.1, indicative of a disruption of the graphene sp2 

framework.36,40,41 HR-TEM showed highly transparent sheets and EDX mapping indicates a 

homogeneous distribution of -COOH groups on the graphene surface. AFM and TGA also support 

the successful achievement of a two-dimensional acid. The material is able to form stable aqueous 

dispersions at high concentrations, due to the hydrophilicity guaranteed by the high degree of 

COOH-functionalization. Furthermore, the acid behavior was precisely investigated via titration of 

the acid groups. It is worth noticing that this last possibility is largely precluded to traditional 
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graphene oxide, where titration curve is poorly defined because of the more complex and irregular 

surface chemical functionalization.23,42 A combination of DFT calculations and electrochemical 

measurements including impedance spectroscopy indicated the high conductivity of the sample 

despite its high degree of functionalization. This is relevant because generally electronic properties 

of oxidized graphene are severely deteriorated. As far as functionalized graphene is concerned, 

the electronic properties are intimately connected to the nature of the functional group, 

arrangement of functionalities and sublattice symmetry, with formation of impurities, defects, 

atom vacancies and structural distortion. Their presence can indeed influence the electronic 

properties of the material, including its conductivity.43–48 DFT was employed to calculate the 

average band gap for acid graphene, revealing a smaller band gap with respect to the precursor 

fluorographene, and a pronounced density of states near the Fermi level, suggesting appreciable 

conductivity. This hypothesis was corroborated by electrochemical impedance spectroscopy, 

which allowed to measure the resistivity of the sample. The result obtained corresponds to a value 

of resistivity to charge transfer of 81 Ω, which is 40 times lower to the one calculated for regular 

graphene oxide (3542 Ω). 

 
4.3.2 Electrochemical characterization 
 
Three samples prepared employing a different HNO3 concentration in the hydrolysis step, 20%, 

40% and 65%, named GA-20, GA-40 and GA-65, were compared in order to determine the 

influence of the different functionalization degree on the electrosensing performance. 

First, the electrochemical behavior of the three materials was investigated by cyclic voltammetry 

using a three-electrode system. All potentials in this chapter are reported vs the saturated calomel 

electrode (SCE). The working electrode, a glassy carbon electrode modified by drop casting with 10 

µl of a 2.5 mg mL-1 ink (50% water 50% ethanol 1% Nafion) of GA-20, GA-40 and GA-65 was tested 

within a potential window of -0.5 V to 0.9 V in a N2-saturated buffer solution of 0.1 M PBS pH 7, 

with a scan rate of 0.05 V s-1. The comparison between the different electrochemical responses of 

the three materials is reported in Figure 1. The three samples all show two broad peaks, one 

anodic and one cathodic, likely ascribed to the redox processes of the carboxyl groups. It is 

noticeable, however, a drop in current when moving from GA-20 to GA-65, confirming the 

importance of the mild acid treatment in preserving the conductivity properties of the graphene. It 

should also be noted that GA-65 was the sample whose ink was significantly less stable; an initial 
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detaching of part of the material from the electrode was noticed and was indication of a lessened 

coherence of the carbon phase. 

 

 
Figure 1: CVs obtained on GCE modified with GA-20 (black line), GA-40 (redline) and GA-65 (green line) in 

0.10 M PBS buffer solution pH 7 under N2 between -0.50 V and 0.90 V. Scan rate: 0.05 V s−1. 

 
In order to determine the electrocatalytic response of the materials towards  

H2O2, CVs in the absence and presence of a 5 mM concentration of H2O2 were  

compared in N2-satured buffer solutions 0.1 M of PBS at pH 7. All three samples show an increase 

in cathodic current in presence of H2O2 with an onset potential of -0.15 V indicating the activity of 

the materials towards its reduction (Figure 2). As expected though, the current response 

decreases dramatically going from GA-20, to GA-40, to GA-65, with values at -0.4 V of respectively 

-0.12, -0.04 and -0.01 mA. 
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Figure 2: CVs at GCE modified with GA-20 (A), GA-40 (B) and GA-65 (C) in 0.10 M PBS buffer solution 

without (black line) and with (red line) 5mM H2O2. Scan rate: 0.05 V s−1. 
 
Again, this result is hypothesized to be related to the enhanced conductivity of GA-20. As already 

mentioned, graphene oxide is a widely employed functionalized graphene material, but the harsh 

conditions required to obtain it often disrupt the graphene sheets generating a high number of 

defects, that while might constitute an interesting feature for other type of catalysis, can result 

detrimental in the framework of electrosensing applications by lowering the conductivity 

properties of the material. As a comparison, we prepared graphene oxide and tested its 

electrocatalytic response to hydrogen peroxide in the same way as we proceeded for the other 

materials. The cyclic voltammetries in absence and presence of H2O2 are reported in Figure 3. 
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Figure 3: CVs at GCE modified with Graphene oxide in 0.10 M PBS buffer solution without (black line) and 
with (red line) 5 mM H2O2. Scan rate: 0.05 V s−1. 
 

As expected, the capacitive current is noticeably lower, and although an increase in cathodic 

current in presence of hydrogen peroxide is visible, it is very low even with respect to the worst 

performing GA sample. To investigate with increased depth the electrochemical properties of the 

GA modified electrodes, EIS was employed. In this contest, EIS characterization has been 

conducted in a three-electrode configuration with an optimized Nafion containing thin-film 

catalyst. The experiments were carried out in a solution 25 mmol of H2O2 in 0.1 M PBS pH 7 at -

0.40 V using a RDE modified with GA-20 and GA-40. The resulting Nyquist plots are reported in 

Figure 4. Note that it was not possible to perform the tests on the GA-65 sample due to its 

instability when drop-cast. In this case, adding more Nafion to increase its adherence to the 

supporting electrode would have compromised the result, since it has been proven that the 

amount of Nafion in the ink has major effects on the impedance of the system. 
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Figure 4: Nyquist plots obtained for GA-20 (black line) and GA-40 (blue line) 

 

The equivalent circuit (EQ) used to fit both the electrodes impedance response is reported in Table 

2, and it consists in three (R, CPE) elements along with the series resistance Rs, associated to the 

solution resistance. The next element (R1, CPE) describes the charge transfer resistance in parallel 

with the double layer capacitance, while the following two elements (R2, CPE and R3, CPE) are 

correlated with the diffusion processes. The values obtained through the fitting are reported in 

Table 2. As far as the charge transfer resistance is concerned, the value associated to the GA-20 

modified electrode (8,34 Ω cm2) resulted much lower with respect to the value obtained for the 

GA-40 modified one (25,82 Ω cm2). This result is in good agreement with the higher current 

density generated by the former. 

 

Table 2: Summary of equivalent resistance data (Ω cm2) obtained from the EQ reported in the scheme 
below. EIS experimental conditions: Ar- saturated PBS 0.1M (pH = 7) electrolyte with H2O2 25 mmol at -0.4 
V vs SCE. 

Sample Rs R1 R2 R3 

GO-20 18.74 8.34 19.14 13.33 

GO-40 16.904 25.82 195.15 54.01 
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The analytical performance of the GA-based materials was evaluated by chronoamperometry, 

collecting the current-time profile obtained at -0.40 V for successive additions of 20 µL of a 50 mM 

H2O2 solution. In Figure 4A a typical amperometric plot for GA-20 is reported as an example. The 

response for the three materials were compared and the calibration plots obtained are reported in 

Figure 4B. 

 

 
Figure 4: A) Typical amperometric plot for additions of 50 mM H2O2 solution using GA-20/GCE. Arrows 

indicate the addition. B) Calibration plots obtained from the amperometric response presented in A with 

GA-20 (●) GA-40(●) and GA-65 (●). (─) is the linear fit to the data and (─) indicate the 95% confidence 

bands. 

 
The calibration plots obtained present a linear relationship between the current density and the 

H2O2 concentration in the range investigated for all the samples. The experiment has been 

repeated using the same working electrode multiple times and an average sensitivity for each 

material has been calculated and reported in Table 3.  

Table 3: Sensitivity calculated for GA-20, GA-40 and GA-65 

Sample Sensitivity (µA cm-2 mM-1) 

GA-20 525 ± 105 

GA-40 94 ± 25  

GA-65 40 ± 9 
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As expected GA-20 presents the highest sensitivity, more than one order of magnitude with 

respect to GA-65. This result has been rationalized in terms of better quality of the graphene 

sheets obtained by treating the sample more mildly, which gives rise to a material with excellent 

conductivity properties as suggested by impedance spectroscopy measurements. The linear range 

of the electrosensor obtained was also evaluated by performing the same experiments in various 

concentration windows. The sensor is able to detect H2O2 with the reported sensitivity between 

20 to 2000 µmol, making it a good candidate for different kind of applications. Since H2O2 can 

degrade and its degradation products, such as oxygen radicals, can interfere with the performance 

of the catalyst, the stability of the material has been evaluated by checking the analytical 

performance of the same working electrode with amperometric experiments at -0.40 V for 7 

consecutive days. The sample shows excellent stability since no drop in average sensitivity has 

been noticed. This data makes acid graphene very promising for H2O2 real sensor development. 

The selectivity of the GA-20 containing sensor was evaluated by testing the response to the 

interfering presence of easily oxidizable compounds usually present in commercial samples such 

as ascorbic acid, glucose and paracetamol as it is a crucial parameter to assess the reliability of a 

sensor.49 Figure 5 reports the amperometric recordings at −0.40 V obtained a er addition of H2O2 

in order to reach a final concentration of 2.00 × 10−4 M, followed by the same additions of ascorbic 

acid, glucose and paracetamol. While there is a definite sudden drop of current upon addition of 

H2O2, there is no obvious current response observed with the addition of these interfering 

substances, indicating high selectivity towards the target molecule. 

 

 
Figure 5: Current-time profile at GA-20/GCE for one addition of H2O2 in order to reach a final concentration 

of 0.2 mM, followed by the same additions of ascorbic acid (AA), glucose (Glu) and paracetamol (Par). 
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Finally, the reliability of the sensor was validated in a real sample, in this case by adding 

commercial milk to the electrolyte solution. Hydrogen peroxide is widely employed in dairy 

manufacturing industry because it inhibits microbial proliferation and milk spoilage, and 

concentration levels of H2O2 in milk must be carefully controlled for safety reasons. However, milk 

is a complex mixture of different compounds that may interfere with the electrosensor’s 

functioning. To investigate its behavior in this complex matrix, 10 µL of Italian UHT milk (3.5% fat 

content) was diluted in 10 ml of 0.1 M PBS buffer. The same amperometric tests employed to 

verify the analytical performance of the sensor were performed in presence and absence of milk 

and the recovery percentage was calculated. The recovery percentage of a sensor corresponds to 

the percent ratio between the response obtained from an amount of analyte in a matrix and the 

response obtained for the same concentration of analyte in the pure electrolyte. For GA-20 we 

calculated a recovery percentage of 102% in the milk containing solution. This result demonstrates 

that the selectivity and reliability of the material as a sensor allows its application also in 

commercial products bearing complex matrices. 

 
4.4 Conclusions 
 
The reported results demonstrated the superior performance achieved by functionalizing 

graphene in a controlled way. The high quality of the sample allowed to obtain a metal-free non-

enzymatic sensor which is sensitive to and selective for H2O2 and can compete with similar 

systems reported in literature. The sensitivity towards H2O2 detection obtained for GA-20 was ten 

times higher than the one corresponding to GA-65 suggesting that the fine tuning and milder 

treatment during the synthetic protocol deeply affects the conductivity properties of the material. 

Moreover, the obtained material exhibits high stability and reproducibility. The test carried out in 

presence of interfering compounds and in real samples such as milk confirmed its high selectivity, 

and the good tolerance towards matrix effects. In the light of the obtained results, and the already 

reported biocompatibility of the material24 it is possible to consider its employment for the 

development of a novel class of commercial sensors for H2O2 detection. 
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Chapter 5 
 
Conclusions 
 
This research project has tackled the synthesis and electrocatalytic application of several 

nanostructured materials, sharing the common feature of bearing carbon (with various 

morphologies) as the essential component. In particular, the investigated applicative fields have 

included fuel cells, H2O2 sustainable synthesis and H2O2 sensing. The designed composites were 

synthetized using strategic synthetic protocols in order to obtain specific structural and chemical 

features, enabling the enhancement of their catalytic performances. The project relied on the use 

of a combination of characterization techniques such as TEM, HR-TEM, EDX, STEM, XRD, TGA, XPS, 

N2-phyisisorption and Raman spectroscopy to in order to define the relevant properties of the 

proposed catalysts. On the other hand, the electrochemical behavior of all materials was 

unraveled through systematic electrochemical experiments in relation to the specific catalytic 

process under investigation. In more details, the work objectives and outcomes were the following 

for the three catalytic topics: 

1) Development of catalyst for fuel cells. Fuel cells working in alkaline media have attracted great 

interest in the last decades due to the possibility to equip them with metals less precious than 

platinum, lowering considerably the fabrication cost. Although the substitution with non-precious 

catalysts has already been successful for the cathodic side of this type of cells, there is still a need 

for the development of anodic electrocatalysts, where the oxidation of the fuel takes place. The 

catalytic system proposed in the first chapter of this thesis consists in a Pd/CeO2/C hybrid obtained 

through a synthetic procedure that allows a tight contact between the three phases, especially 

CeO2 and Pd. This feature has been evidenced by performing a series of characterizations including 

HR-TEM, EDX and XRD. The catalytic system has been applied first to the hydrogen oxidation 

reaction (HOR) in alkaline media and provided high power density in full anion exchange 

membrane fuel cells (AEM-FC). I endeavored to understand the origin of this activity enhancement 

and associated it to the weakened interaction with adsorbed H guaranteed by certain Pd-CeO2 

interactions. This hypothesis was corroborated by XAS experiments and DFT calculations carried 

out by collaborators of the project. For this reason, vis-à-vis the H2 spillover ability of cerium oxide, 

that allows more H2 to be adsorbed per Pd site, the HOR activity was considerably enhanced, 

producing a peak power current of 1.4 W cm-2 in AEM-FC testing, exceeding that obtained with a 

similar system where the phases where not in the same tight contact. The same material has been 
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employed as electrocatalyst for the oxidation of biomass derived polyalcohols in the framework of 

developing polyalcohol-fed direct alcohol fuel cells (DAFCs). Again, the enhanced catalytic 

performance has been associated to the promoting effect of CeO2, in this case in terms of 

formation of Pd-OHads species, which are active in the oxidation of polyalcohols, at lower 

overpotentials. The full fuel cells equipped with the proposed material as anodic electrocatalyst 

displayed higher peak power density compared with the ones equipped with a carbon-supported 

palladium catalyst with the same metal loading, upon feeding with either ethylene glycol or with 

1,2-propanediol. The main oxidation products obtained for each cell were glycolate and lactate, 

which are molecules of pronounced industrial relevance. This feature allows to combine energy 

production with selective generation of added-value chemicals, giving new perspectives to the 

application of these kind of fuel cells. 

2) ORR for the synthesis of H2O2. ORR is a multi-electron reduction reaction, that can lead to the 

formation of two different products: H2O2 or H2O. The importance of H2O2 is stated by its 

ubiquitous presence in daily used products, wide employment in clinical applications as well as in 

industry. The selectivity of the process has been proven to be related to many different factors, 

including the pH of the solution. The designed material was prepared by pyrolysis of an 

appropriate precursors under Ar atmosphere driven by Co centers, and resulted in the formation 

of Co nanoparticles embedded within N-doped carbon shells. HR-TEM, Raman and XPS confirmed 

the deep encapsulation and the metallic nature of the nanoparticles. At low pH and highly positive 

potentials (0.5 V vs RHE), the material achieved an almost 100% selectivity towards H2O2 

generation, and this feature has been correlated, by comparing it with several comparative 

samples, to the pH itself, the relative N type distribution and the textural properties of the 

material. The role of the metal was also investigated and determined to be crucial for directing the 

final N species distribution. It has also been hypothesized a possible electronic interaction with the 

carbon phase leading to different activity and selectivity towards ORR. In the framework of 

developing new strategies for sustainable chemicals production, the simple synthetic protocol and 

absence of precious metals make this material interesting for possible application in 

electrocatalytic generation of hydrogen peroxide.  

3) Sensors for H2O2. As for the synthesis, the detection of H2O2 is very important, given the 

ubiquity of this molecule in industrial products and the regulated maximum levels. For this reason, 

there is a need to be able to efficiently monitor its concentration in a cheap, fast and easy way. 

The material proposed as metal-free non-enzymatic electrosensor, consisting in a -COOH 
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functionalized graphene, has proven to be sensitive to and selective for H2O2 and able to compete 

with similar benchmark catalysts reported in literature. The high quality of the sample obtained 

with the correct tuning of the synthetic protocol demonstrated higher sensitivity than the 

comparative materials, in particular, ten times higher than the catalyst with lowest performance. 

The consecutive measure over 7 days allowed us to positively assess its robustness, while its 

selectivity towards hydrogen peroxide was tested against several common interfering molecules 

such as ascorbic acid, glucose and paracetamol, and was proven solid since their presence did not 

affect the material’s sensing ability. The acid graphene-based sensor was also successfully 

employed for detecting H2O2 in a milk containing solution, simulating its interaction with a real 

sample, confirming its high selectivity towards the target molecule even in complex matrices.  

In conclusion, this project framework can be seen as a way to underline the importance of 

tailoring the properties of electrocatalytic materials through a careful evaluation of synthetic 

pathways, and how these properties are crucial in determining their electronic behavior. In 

particular, it demonstrates how the employment of different kinds of nanostructured carbon, 

which feature different chemical and textural properties, can greatly affect the catalytic 

performance of the material in terms of both activity and selectivity towards the target reaction. 

Hopefully, this research work can be used as a platform for the development of new generation 

electrocatalysts to be employed in energy related and sensing processes. 
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Appendix A: Review of the experimental methods used  

 

A1. Electrochemical techniques. 

 

Electrochemical techniques such as Cyclic Voltammetry (CV), Linear sweep Voltammetry (LSV), 

Chrono-amperometry (CA) and Impedance Electrochemical Spectroscopy (EIS) have been widely 

employed for the characterization and the electrocatalytic testing of the materials reported in this 

thesis.1 

 

A.1.1 WE preparation 

 

Here the procedure used to assembly the modified GCE electrodes using the materials presented 

in this thesis are reported. Before the ink drop casting, the glassy carbon electrode (GC) has been 

mechanically polished using in the sequence 1 µm and 0.3 µm alumina slurry for 1 minute, 

followed by milliQ water washing. 

 

A.1.2 Set-up of the electrochemical cell used 

 

The set-up cell used for the experiments was a three-electrode system consisting of: a commercial 

GC (CH instruments) modified with the prepared electrocatalysts as working electrode (WE), a 

platinum wire as the counter electrode (CE) and a saturated calomel electrode (SCE) that was 

separated from the solution by a bridge equipped with a Vycor frit as reference electrode (RE). 

Each ink was prepared as a 2.5 mg mL-1 dispersion of the selected catalyst in an ethanol/water 

mixture 1:1 and 1% of Nafion® 117 solution. 

 

 

A.1.3 Cyclic Voltammetry 

 

Cyclic Voltammetry (CV) is a potential sweep technique in which the current evolved at the 

working electrode is collected while scanning the potential using a triangular impulse (Figure 1 
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left), and studying it using a selected scan rate v, depending on the designed experiment. The scan 

rate influences the shape of the current potential profile.  

 
Figure 1: CV potential-time profile for 3 cycles (left). CV recorded signal, current-potential profile for one 

cycle (right). 

 

CV has been employed to characterize the redox behavior of each material presented in this 

thesis. It is a very powerful technique, as it is non-destructive, fast and sensitive towards low 

concentration of the ionic species in solution. Through the forward scan (Figure 1), following the 

oxidation sweep, the current peaks, and then decreases as the potential reaches the value at 

which the process is limited by the diffusion of the substrate to the electrode surface. The reverse 

scan can be discussed in the same way. The redox process represented in Figure 1 is that of a 

reversible system, as the ratio of the anodic and cathodic current peaks is 1. 

 

A.1.4 Rotating disk electrode technique (RDE) 

 

Rotating Disk Electrode (RDE) experiments have been employed to investigate the number of 

electrons involved in the ORR process.  

RDE is a hydrodynamic working electrode, which can be rotated at different speeds through an 

electric motor. When the electrode rotates, a laminar flow of the solution towards the electrode is 

generated. In this way, a constant flow of fresh solution from the bulk to the electrode surface is 

assured, and, taking the rotating electrode as reference system, the solution nearby can be 

considered stagnant, a condition known as hydrodynamic boundary layer. The bulk solution far 

from the electrode surface remains well-stirred, meanwhile the solution closer to the electrode 

rotate with it. This way, the flow can reach conditions in which the steady-state current is 
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dominated by the solution flow rather than diffusion, in contrast with the still and unstirred 

experiments where the steady-state current is limited by the diffusion of species in solution. LSV is 

carried out at a very slow scan rate (usually 5 mV s-1) and can be used to observe electrochemical 

phenomena including the kinetics of a slow electron transfer, adsorption/desorption steps, and 

electrochemical reaction mechanisms. The Levich equation is the model for the diffusion and 

solution flow conditions around a RDE. It is named after Veniamin Grigorievich Levich who first 

developed an RDE as a tool for electrochemical research. Its mathematical formulation is reported 

below  

 

𝑖 = 0.062𝑛𝐹𝐴(𝐷 ) / 𝑣 / 𝐶 𝜔 /  

 

where iL is the limiting current observed at the rotating electrode, 𝐶 is the concentration of the 

bulk solution, 𝑛 is the number of the electrons, A is the electrode geometric area, 𝐷 is the 

diffusion coefficient, ν is the viscosity kinematic coefficient, F is the Faraday constant and 𝜔 is the 

rotation speed of the rotating electrode. This equation can describe efficiently a process that is 

reversible and not complicated by sluggish electron transfer kinetic or chemical reaction coupled 

to the redox reaction. When the studied reaction is complicated by these factors, the LSVs have no 

longer the regular sigmoidal shape correctly described by the Levich equation, and the Koutecky-

Levich equation needs to be used 

 

1

𝑖
=

1

𝑖
+

1

0.062𝑛𝐹𝐴(𝐷 ) / 𝑣 / 𝐶
𝜔 / =  

1

𝑖
+

1

𝐵
𝜔 /  

 

In this equation, together with the other terms already present in the Levich equation, a term 

related to kinetic current is present, ik. This term describes the current observed in absence of 

mass transport limitation. B is normally referred as the Levich constant. 

 

A.1.4.1 Experimental procedure for the determination of the number of electrons involved in 

ORR 

 

The Koutecky-Levich plots can be obtained by plotting the inverse of the measured current density 

jm at fixed potentials, in function of the square root of the rotation rate ω-1/2. The K-L plots can be 



125 
 

used to calculate the number of electrons involved in the redox process. In Figure 2 (left) is 

reported a graph with LSV collected at different 𝜔, and in Figure 2 (right) the relative K-L plot. 

  
Figure 2: (Left) LSVs collected at different 𝜔, the black curve is the background LSV collected in absence of 

the reactive species and (Right) the relative K-L plot. 

 

The slope of the curve obtained by fitting the K-L plot corresponds to 1/B, and from this value, the 

number of electrons involved in the slow step of the redox process at a determined potential can 

be determined. For the rotating disk electrode (RDE) tests a catalyst-coated glassy-carbon rotating 

disk electrode (Autolab RDE, Metrohm) with surface area of 0.196 cm2 modified with 10 µL of 

catalyst ink was used as working electrode. Linear sweep voltammetries (LSV) were collected at 

different rotation speeds (from 400rpm to 2800rpm) and scan rate of 5 mV s-1. 

 

A.1.5 Chronoamperometry 

 

Chronoamperometry (CA) is an electrochemical technique where a potential value is fixed and the 

current generated is followed through time. CA has been employed to determine the efficiency 

and stability of ORR electrocatalysts investigated in this thesis. This experiment allows to compare 

the quantity of current produced in a determined amount of time with the moles of product 

generated, calculating the yield of the redox reaction involved. The yield, called faradaic efficiency 

(FE %) is described by the equation below as the ratio between the charge employed to form the 

selected product (Qp) and the total charge that flowed through the cell (Qtot) 

𝐹𝐸% =
𝑄

𝑄 
 

Where: 
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𝑄 = 𝑛 × 𝐹 × 𝑚𝑜𝑙  

 

n is the number of electrons involved in the product formation, F is the faraday constant (96485 C 

mol-1) and molP is the moles of product evolved during the experiment. 

𝑄 = 𝑖 𝑑𝑡 

For chronoamperometry experiments, the working electrode was prepared by drop casting of 5 

drops of 10 µL on each face of a glassy carbon slide (0.5 cm x 1.0 cm). Each ink was prepared as a 

2.5 mg Ml-1 dispersion of the selected catalyst in an ethanol/water mixture 1:1 and 1% of Nafion® 

117 solution. Bulk electrolysis tests were conducted in a 20 mL solution of electrolyte for ca. 2 h 

for every different potential (0.1, 0.2, 0.3, 0.4, 0.5 V). Permanganometric titration was used to 

determine the H2O2 obtained immediately after each electrolysis test. Each test was repeated 

three times at each potential, and the values averaged.  

 

A.1.6 Impedance electrochemical spectroscopy  

 

Electrochemical Impedance Spectroscopy (EIS) was employed in order to gain a deeper knowledge 

of the redox behavior of some materials. EIS provides information about the resistive and 

capacitive properties of materials as response to a perturbation of the system caused by a small 

alternate current (AC) sinusoidal excitation signal. Collecting the impedance value varying the 

perturbation frequency, the Nyquist plot and the Bode plot can be obtained. By the fitting of the 

Nyquist plot the equivalent circuit can be determined, from which resistive and capacitive 

parameters can be calculated. 

 

A.1.6.1 Basic Knowledges 

 

The concept of electrical resistance is well known: it is the ability of a circuit element to resist the 

flow of electrical current. Ohm’s law defines resistance as the ratio between voltage, E and 

current, I. 

𝑅 =
𝑉

𝐼
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This law anyway is accurate to describe only a one-element circuit: an ideal resistor. To be able to 

describe circuits with elements that exhibit a more complex behavior, a more general circuit 

parameter is needed. Like resistance, impedance is a measure of the ability of a circuit to resist the 

flow of electrical current, but unlike resistance, it does not follow the classic Ohm law, but a 

modified one: 

𝑍 =
𝑉 (𝑡)

𝐼(𝑡)
=

𝑉 cos (𝜔𝑡)

𝐼 cos (𝜔𝑡 − 𝜙)
= 𝑍

cos (𝜔𝑡)

cos (𝜔𝑡 − 𝜙)
 

 

where Z is the impedance, t is the time, ω is the radial frequency and φ is phase shift. Z has a real 

component and an imaginary component, as the following equation reports:  

 

𝑍 =
𝑉 

𝐼
= 𝑍 exp(𝑗𝜙) = 𝑍 exp(𝑐𝑜𝑠𝜙 − 𝑗sin𝜙) 

 

If the real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis of a chart, 

the so-called Nyquist plot is obtained. 

 

Figure 3: Representation of Nyquist plot. 

 

Each point on the Nyquist Plot is the impedance at one frequency: Figure 3 has been annotated to 

show that low frequency points are on the right side of the plot and higher frequencies are on the 

left. At each region of frequency, there is one contribution from the electrode’s behavior that 
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prevails. For example, at high frequencies, the diffusion effect is the one most affecting 

impedance.  

 

A.1.6.2 Equivalent circuits 

 

In order to rationalize the different contributions to the impedance profile, the system considered 

needs to be associated to an electric circuit, called the equivalent circuit. It may be composed of 

different elements, the most common are: R, the resistive element, C, the capacitive element and 

L the inductive element. The elements in the model should have a basis in the physical 

electrochemistry of the system. For example, most models include a resistor that models the cell's 

solution resistance. This value depends on the ionic concentration of the solution and geometric 

area of the electrode and can be defined by the following equation:  

𝑅 = 𝜌
𝑙

𝐴
 

 

where ρ is the solution resistivity, l is the length carrying a uniform current and A is the geometric 

area of the electrode surface. Another element that needs to be represented in the equivalent 

circuit is the resistance to charge transfer. The resistance to the charge transfer is dependent on 

the exchange current and the number of the electrons involved, it can be calculated using the 

equation reported below:  

𝑅 =
𝑅𝑇

𝑛𝐹𝑖
 

where R is the gas constant, T is the temperature, n is the number of the electrons involved, F is 

the Faraday constant and i0 is the current density. The electrical double layer that generates at the 

interphase between electrode and solution can be described as a capacitor as the charged 

electrode is separated from the charged ions by an insulating space. Since real capacitors don’t 

behave like ideal ones, an element called CPE (constant phase element) is normally used to refer 

to this effect. Diffusion can create a different effect called a Warburg impedance. It is calculated as 

reported below: 

𝑍 = 𝜎(𝜔) / (1 − 𝑗) 

 

where σ is the Warburg coefficient and ω is the radial frequency. 
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In Table 1 the most common circuit elements are reported with their current versus potential 

relationship, and their impedance.  

 

 

Circuit 

element 
Relationship Impedance 

R 𝑉 = 𝐼𝑅 𝑍 = 𝑅 

C 𝐼 = 𝐶
𝑑𝑉

𝑑𝑡
 𝑍 =

1

𝑗𝜔𝐶
= −

1

𝜔𝐶
 

L 𝑉 = 𝐿
𝑑𝐼

𝑑𝑡
 𝑍 = 𝑗𝜔𝐿 

Table 1: List of the common circuit elements. 

 

A1.6.3 Data elaboration 

 

There are three different plots representing EIS data, the Nyquist plot and two Bode plots. As 

mentioned before, the Nyquist plot shows the relation between the imaginary and the real 

component of Z. The Bode plots report how either the modulus or the phase of Z varies with 

frequency. 

 

 
Figure 4 Representation of the Randles model circuit and the relative Nyquist and Bode plots. 
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The Randles circuit is the simplest equivalent circuit. Its associated Nyquist and Bode plots are 

reported in Figure 4. The elements composing the circuit are a resistive one, representing the 

solution resistance, in series with a constant phase element representing the double layer 

capacitance, in parallel with another CPE associated to the charge transfer resistance. From the 

fitting of the plots with the model circuit, the values of capacitance and resistance associated with 

the specific system can be determined. EIS spectra were recorded in the just described three-

electrode thin film rotating disc electrode (TF-RDE) configuration. EIS spectra (single sine 

measurements) were acquired at various constant potential values, under pure Ar or O2 

atmosphere or in presence of 25mmol H2O2 with a 10 mV amplitude voltage perturbation in the 

maximum frequency range from 100 kHz to 0.001 Hz, at a rotation speed of 1600 rpm. The 

resulted plots were fitted by using Z View Software from Scribner Corporation. The ink formulation 

used to prepare the TF-RDE was optimized in terms of the ionomer loading in order to minimize 

the equivalent diffusion resistance at high frequency, mainly due to protonic diffusion limitation. 2 

mg of catalyst were dispersed in a solution of 300 µL of water, 100 µL of isopropyl alcohol and 5 µL 

Nafion suspension in alcohol (5%), and sonicated for 30 minutes to get a uniform dispersion of the 

catalyst (5 mg mL-1 of catalyst). Two drops of 10 µL of the catalyst ink were drop-cast on the RDE 

surface and dried in air at 200 rpm in order to obtain a catalyst load on the electrode of ca. 0.1 mg. 

 

A.1.7 EASA calculation 

 

The electroactive surface area (EASA) of the Pd-based materials catalyst has been measured using 

a technique based on the assumption that when the potential reaches 1.4 V vs RHE a monolayer of 

Pd oxide is generated homogeneously on the surface of palladium. Using the electrode modified 

with our material as WE, we collected a CV between 0 V and 1.4 V vs RHE in KOH 0.1 M. After that, 

the peak associated to the reduction of PdO has been integrated and the EASA calculated using 

the equations below 

𝑄 =  
𝐴𝑟𝑒𝑎

𝑣
 

 

𝐸𝐴𝑆𝐴 =  
𝑄

420 ∗ 10
 

 
 
Where Q is the charge associated to the reduction of a PdO monolayer, and 𝑣 is the scan rate of 

the experiment.  
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A.2 Thermogravimetric Analysis 

 

Thermogravimetric Analysis (TGA) has been used to quantify the amount of metal oxide deposited 

onto the nanostructured carbon supports or in general the % weight metal load of the reported 

catalysts. TGA is a of thermal analysis technique in which the mass of a sample is measured over 

time as the temperature changes. It can be used for monitoring different temperature related 

processes, but in this case, the information acquired is the temperature of decomposition of the 

carbon phase and the consequent weight loss of the sample. For this purpose, TGA was operated 

using oxygen flow. The metal in the sample was therefore converted into the correspondent oxide 

and associated to the residual weight at the end of the experiment. The accuracy of the technique 

relies on the precision of the power supply in providing the temperature ramp to the furnace, and 

of the internal balance. The analysis procedure adopted in this thesis is the same for all the 

samples: an equilibration step followed by the linear temperature ramp. After a 20 minutes 

equilibration step at 100 °C allows the removal of adsorbed water molecules on the sample, the 

linear temperature ramp (10 °C min-1) starts and data are collected until it reaches 830 °C. 

 

A.3 Raman Spectroscopy 

 

Raman spectroscopy is a powerful tool for carbon nanostructured materials investigation. This 

technique was employed to characterize most of the materials investigated in this thesis. Raman 

spectroscopy belongs to the group of non-linear spectroscopic techniques and is based on the 

inelastic scattering of monochromatic light. This effect, called in fact Raman effect, is correlated to 

the polarizability of electrons in the molecule. The excitation of a molecule by monochromatic 

light, usually a laser beam, puts it into a virtual energy state, then the photon is emitted. If the 

response is elastic, the electron will return to the original energy state through what is called 

Rayleigh scattering. If it ends up in a different vibrational state, it is behaving inelastically and that 

is called Raman scattering. There are two types of Raman scattering: it is called Stokes scattering if 

the ending state is higher in energy than the starting state, if it’s the other way, the scattering is 

called anti-Stokes (Figure 5). The probability to observe a Stokes scattering is higher since most of 

the molecules at room temperature are in their ground state 
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Figure 5: Schematic rapresentation of Rayleigh and Raman scattering (Anti-Stokes and Stokes level) 

 

The Raman spectra consists in the plot of the intensity of the Raman shift, defined  

∆𝜈 = 𝜈 − 𝜈  

where ν is the wavenumber (cm-1) of the incident light, and ν is the wavenumber (cm-1) of the 

energy transition between the lowest and first excited vibration energy level. Raman spectroscopy 

is generally employed to identify molecules and study chemical bonding. Nanostructured carbon 

has its own characteristic Raman bands, the D and G bands, which allow to gain information on 

the defects of the carbon nanostructure surface. The D band, occurring at 1350 cm-1 is associated 

to the presence of sp3 carbon atoms in the carbon nanostructure. It may be originated by a 

decrease of symmetry due to defects like pentagon rings, typical of CNTs caps and SWCNHs tips or 

introduced by covalently linked functional groups, presence of carbon nanoparticles or amorphous 

carbon. The G band, where G indicates graphite, is in general the more intense band, and is 

related to the conductive properties of the materials. The ratio ID/IG can be used as tool to gain 

information about the carbon nanostructure functionalization. Raman is also very useful in the 

characterization of metal oxide nanocrystals, since from the shape and intensity of the Raman 

band, information on the dimension and crystallinity of the crystals can be obtained. 

 

A.4 Transmission Electron Microscopy, High Resolution-Transmission Electron Microscopy and 

High-Angle Annular Dark Field imaging 
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Transmission Electron Microscopy (TEM) and High Resolution-Transmission Electron Microscopy 

(HR-TEM) has been used as tool to investigate the morphology and elemental composition of each 

material presented in this thesis. TEM is a microscopy technique operating under vacuum in which 

a beam of electrons is transmitted through a sample to form an image. The electrons are 

diffracted during the passage through the sample and then focused by electromagnetic objective 

lens in the image plane generating a picture. HR-TEM is able to detect differences in phase of the 

scattered electrons, allowing to investigate the crystalline structure of nanoparticles. HR-TEM 

allows also to perform Energy Dispersive X-Ray (EDX) analysis, which is a powerful tool for 

elemental recognition. In this thesis it has been employed to investigate he interface between the 

different phases of the hierarchical materials presented. The elemental recognition is allowed by 

the X-rays generated when the electron beams interact with the sample, which have characteristic 

energies for each element. In tandem with EDX, High-Angle Annular Dark Field (HAADF) imaging 

was performed. This technique is based on collecting scattered electrons with an annular dark-

field detector and elaborating them into images. Since it is highly sensitive to variations in the 

atomic number of atoms in the sample, it’s very useful when analyzing the composition of metal-

carbon based hybrid materials. The samples were prepared depositing the samples on grids made 

from a metallic framework and covered with a carbon film. 

 

A.5 X-Ray Powder Diffraction Spectroscopy  

 

X-ray powder diffraction (XRD) is an analytical technique used mainly for phase identification in 

crystalline materials since diffraction patterns are the fingerprint of all crystalline substances. The 

analyzed material is finely ground, homogenized, and its average bulk composition is determined. 

This technique has been employed for the characterization of all the materials in order to obtain 

information about the crystallinity, dimension and phase of metal and metal oxide nanoparticles. 

X-ray diffraction techniques are based on the constructive interference between monochromatic 

X-rays and a crystalline sample. The X-rays are usually generated by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate it, and directed toward the sample. 

Their constructive interaction is described by Bragg's Law 

 

𝑛𝜆 = 2𝑑 sin 𝜗 

 



134 
 

where n is a positive integer and λ is the wavelength of the incident wave. The scansion of the 

sample through a range of 2 𝜗 angles, allows the diffracted X-rays to be detected, processed and 

counted. Since the material is powdered, its orientation is random, and all the diffraction 

directions of the lattice can be attained. 

 

A.6 X-Ray Photoelectron Spectroscopy 

 

X-ray Photoelectron Spectroscopy (XPS) is the most widely used surface analysis technique and in 

this thesis framework it has been employed to investigate the surface chemical composition of N-

doped carbon encapsulated Co nanoparticles, in particular the ratio between the different types of 

N atoms present on the surface. XPS is performed by irradiating in high vacuum or ultra-high 

vacuum a material with a beam of X-rays of the proper energy, while simultaneously measuring 

the kinetic energy and number of electrons that escape from the most superficial layers of the 

sample material. Since each element is characterized by a set of XPS peaks at characteristic 

binding energies, which correspond to a specific electron configuration, this technique allows to 

determine the amount of element in each oxidation state on the surface of the sample. The ability 

to produce information on the chemical bond environment for every element present on the 

topmost few nm of any surface makes XPS a unique and valuable tool to rationalize any superficial 

property of a material. 

 

A.7 X-Ray absorption spectroscopy  

 

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the local 

geometric and/or electronic structure of matter. The experiment is usually performed at 

synchrotron radiation facilities, which provide intense and tunable X-ray beams. Samples can be in 

the gas-phase, solution, or as solids. The technique is based on the measurement of the x-ray 

absorption coefficient of a material as a function of energy, and the data is collected by shining x-

rays of a narrow energy resolution on the sample. As the X-rays energy is incremented, the 

incident and transmitted X-ray intensity is recorded. The number of transmitted photons is related 

to the type of atoms in the sample, its absorption coefficient µ and its thickness x. 

𝐼   = 𝐼 𝑒 µ  
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When the incident x-ray energy matches the binding energy of an electron in a sample’s atom, 

there is a peak in the absorbed x-rays that causes a drop in the intensity of the transmitted ones. 

This phenomenon is known as an absorption edge and as each element has its own set of unique 

edges related to the binding energy of its electrons, this technique can be used to gain information 

on the elemental composition of a sample. Extended X-Ray Absorption Fine Structure (EXAFS) is 

the graph of the absorption coefficient of a material in function of energy, typically collected in a 

500 – 1000 eV range beginning before an absorption edge of an element in the sample. The 

normalized absorption spectra are often called X-ray Absorption Near Edge Structure (XANES) 

spectra. The normalization to unit step height of the x-ray absorption coefficient is usually done 

through a linear regression to the region before and after the absorption edge and subtracting the 

pre-edge line from the entire data set while dividing by the absorption step height. The absorption 

step height can be determined by the difference between the pre-edge and post-edge lines at the 

value of energy associated to the absorption edge. XANES spectra can be employed to determine 

average oxidation state of the element in the sample. 

A.8 H2-Temperature programmed desorption 

 

H2-Temperature programmed desorption (H2-TPD) technique was employed to determine how H2 

interacts with the Pd-CeO2/C catalyst surface, and better understanding how the enhancement of 

HOR activity is correlated to this interaction. H2-TPD is a method that allow to observe how a 

target molecule desorb from a surface when its temperature is increased, giving information on 

the binding energy involved.  Thermal desorption is described by the Arrhenius equation 

 

𝑟(𝜎) =  −
𝑑𝜎

𝑑𝑡
= 𝑣(𝜎)𝜎 𝑒 ( )⁄  

 

Where 𝑟(𝜎) is the desorption rate as a function of 𝜎, the surface coverage, 𝑛 is the order of 

desorption, 𝑣(𝜎) is a pre-exponential factor function of 𝜎 and 𝐸 (𝜎) is the activation energy of 

desorption. This complex equation can be simplified by assuming the pre-exponential factor and 

the activation energy to be independent of the coverage and a linear heating rate, this way, the 

activation energy can be calculated. In a typical H2-TPD experiment, the sample is first exposed to 

a flux H2 at a given temperature, until the desired initial surface coverage is reached. The sample’s 

temperature is subsequently increased at a constant rate, in such a way to induce the thermal 
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desorption. The desorbed gas is collected and analyzed through a thermal conductivity detector. 

During the experiment, the partial gas pressure of hydrogen is measured in such a way to monitor 

its desorption rate as a function of the temperature. The measured increase in partial pressure as 

a function of time can be fitted in order to obtain relevant parameters, in particular the desorption 

energy. The analysis of the desorption curves, in particular the position of the desorption maxima 

and the shape of the spectra can also provide information on the desorption kinetics and on the 

adsorption mechanisms on the analyzed substrate. 

 

A.9 N2 physisorption analysis 

 

Adsorption techniques are fundamental when characterizing a catalyst since they allow to acquire 

information on two extremely important parameters: surface area and porosity. The activity of a 

catalyst is normally expressed as the rate per unit area of active surface, so, gaining information 

on this parameter is crucial to be able to compare the data obtained. N2 physisorption technique is 

based on the physical adsorption of an inert gas, such as N2, on the surface of the sample, 

including the pores. Assuming that the gas adsorbed is a molecular monolayer, measuring the 

amount of N2 adsorbed on the surface in relationship with its partial pressure allow us to calculate 

the specific surface area. The Brunauer, Emmett and Teller theory (BET) rationalize this process in 

the form of a mathematical model expressed as: 

1

𝑣[
𝑝

𝑝 − 1 ]
=

𝑐 − 1

𝑣 𝑐

𝑝

𝑝
+

1

𝑣 𝑐
 

 

Where p and p0 are the equilibrium pressure and the saturated vapor pressure of the adsorbed 

gas, v is the amount of gas adsorbed, vm is the monolayer adsorbed gas quantity, and c is called 

BET constant, defined as: 

𝑐 = 𝑒𝑥𝑝
𝐻 − 𝐻

𝑅𝑇
 

 

Where H1 is the enthalpy of adsorption of the first layer and HL is the enthalpy liberated on 

forming the second and subsequent layers. The plot of  (𝑝 𝑝⁄ ) in function of the volume adsorbed 

generates a curve that is called an isotherm. There are six types of isotherms and their shape give 

information on the morphology and dimension of the pores. 
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Figure 6: Classification of isotherms according to BET theory 

Regardless of the shape of the curve, in the range 0.05< (𝒑𝟎 𝒑⁄ )>0.35 the profile is linear, and by 

knowing the slope and the intercept values associated, the total surface and the specific surface 

area can be calculated using the following equation: 

𝑆 =
(𝑣 𝑁𝑠)

𝑉
 

𝑆 =
𝑆

𝑎
 

Where N is the Avogadro number, s is the adsorption cross section, V is molar volume of the 

adsorbate gas, a is the material mass. This technique has been used to characterize most of the 

materials presented in this thesis. 

 

A.10 Density functional theory (DFT) 

 

Density functional theory (DFT) is a technique that, using computational quantum mechanical 

modelling, allows to investigate the electronic structure (principally the ground state), and 

therefore predict the behaviour of complex systems, like atoms, molecules, and the condensed 

phases. Using this theory, the properties of a many-electron system can be determined by using 

the spatially dependent electron density functionals. When dealing with heterogeneous catalysts, 

or in general material science, ab initio DFT calculations can be used to predict, on the basis of 

quantum mechanical considerations, how the material will behave in determinate conditions 

simulated with a model. The electronic structure of a system is evaluated through the application 

of a potential. This potential can be described as the sum of external potentials Vext which are 
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determined by the structure and the elemental composition of the system and an effective 

potential Veff, which represents interelectronic interactions. This approach allows to study a 

system with n electrons as a set of n one-electron Schrödinger-like equations. In this thesis 

framework, DFT has been used to model the way Pd binds on CeO2 in the Pd-CeO2/C catalyst and 

how H2 adsorbs on the material. Calculations were performed with all electron full potential 

method implemented in the Fritz-Haber-Institute ab-initio molecular simulations (FHI-aims) 

package.2 The atomic zero-order regular approximation (ZORA) was used to treat relativistic 

effects for all the atoms in the system.3 We used the “tight” settings for integration grids and the 

exchange-correlation energy was evaluated with the Perdew-Burke-Ernzerhof (PBE) functional.4 

The convergence criteria for the energy and force were set to 10-6 eV and 10-4 eV Å-1, respectively. 

Gaussian smearing with the width of 0.1 eV was used to speed up the convergence of the states 

near the Fermi level. CeO2 (110) surface model was used in this work, consisting of five atomic 

layers and has a vacuum gap of 10 Å perpendicular to the surface. Monkhorst−Pack Brillouin zone 

sampling was used with a 13x13x1 grid. During the geometry optimization, all the atoms are 

allowed to relax. The adsorption energy Eads is defined as;  

 

Eads = (E surface+adsorbate) – (Esurface + E adsorbate) 

 

where Esurface and Eadsorbate are the energies of the bare surface and the free adsorbate in the gas 

phase, respectively and is the total energy of the interacting surface and the adsorbate. According 

to this equation, a more negative Eads value corresponds to stronger adsorption. The HBE is 

calculated relative to H2 in the gas phase and is given by; 

 

HBE = Esurface+adsorbate – Esurface - 0.5 EH2 

 

where EH2 is the energy of the gas-phase hydrogen molecule. The differential adsorption free 

energy is given by using the equation reported by Nørskov and coworkers.5 
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Appendix B: Materials & Synthesis 

 

B1. Materials 

 

Carbon Vulcan X-72 was purchased from Cabot Corporation. Cobalt acetate (Co(ac)2·4H2O) 

perchloric acid (HClO4, 65%) and isopropyl alcohol (99.5%) were purchased from Carlo Erba; 

imidazole, 1-10 phenanthroline, Nafion® 117 solution, nitric acid (HNO3, 65%), potassium 

tetrachloropalladate (K2PdCl4) and ethanol (96.0% and 99.0%) were purchased from Sigma-Aldrich. 

All the reagents were used as they were. All the experiments were conducted using milliQ water 

obtained using a Direct-Q® (Millipore) water purification system. 

 

B2. Mild oxidation of Carbon Vulcan X-72: Synthesis of ox-Vulcan 

 

Carbon Vulcan X-72 was dispersed in a 4 M nitric acid solution in order to get a 1 mg mL-1 

suspension. The suspension was sonicated for 15 minutes and then stirred for three hours. This 

optimized time is the more suitable to obtain the optimal degree of oxygenic groups and the 

lowest damage on the structure surface. The solid was then filtered on 0.45 µm PTFE filter and 

washed with distilled water until the washing water reached neutrality and then recovered and 

left overnight in an oven at 80 °C. 

 

B3. Synthesis of CeO2/ox-Vulcan hybrid 

 

Ox-Vulcan was dispersed in ethanol by sonication for 30 minutes in order to get a 0.5 mg mL-1 

suspension and a THF solution of Ce(ODe)4, freshly prepared with a procedure already reported by 

our group,6 was added dropwise in order to obtain a metal oxide load of 45%. After 30 min of 

sonication, 20 mL of a 10% solution of H2O in EtOH was added dropwise in order to hydrolyse the 

alkoxide and form amorphous CeO2, and then sonicated again for 30 min. The solid was filtered 

through a 0.45 µm PTFE filter and washed thoroughly with ethanol. 

 

B4. Synthesis of Pd-CeO2/ox-Vulcan hybrid 
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CeO2/ox-Vulcan was dispersed in ethanol in order to obtain a 0.5 mg mL-1 suspension and alkalized 

with NaOH 2 M (15 mL) until it reached pH ~ 10. A 5 mL water solution of K2PdCl4 (Pd loading as to 

have a nominal 5 or 10 wt% in the final material) was added to the dispersion and the reaction 

mixture refluxed with stirring at 100 °C for 2 h. The solid was filtered through a 0.45 µm PTFE filter 

and washed with water and ethanol. The material was dried at 80 °C overnight and subjected to 

calcination in air at 200 °C for 5 h in order to crystallize the CeO2 and remove the organic ligands. 

 

B5. Synthesis of Co-CN-im and parent materials  

 

The synthesis of all the catalysts was performed by thermal decomposition. A 1:1 solution of the 

metal precursor (Co(ac)2·4H2O for Co-NC-im, Fe(NO3)3·9H2O for Fe-NC-im, Ni(NO3)2·H2O for Ni-NC-

im and Mn(ac)2·4H2O for Mn-NC-im) and an organic precursor (imidazole for Co-NC-im, Fe-NC-im, 

Ni-NC-im and Mn-NC-im, 1,10-phenanthroline for Co-NC-phen) in milliQ water (typically 1.0 g in 

6.5 mL) was prepared and agitated overnight. The solvent was then removed and the as obtained 

solid was transferred in an open alumina ceramic vessel and treated in a tubular furnace under Ar 

flow. After 1.5 h at 40 °C under Ar atmosphere, the temperature was raised to 900 °C with a rate 

of 5 °C per minute and maintained at the same temperature for 2 h. After cooling by natural 

convection of the vessel to room temperature, the obtained pyrolyzed material was ground using 

an agate mortar to obtain a fine powder. It was then dispersed in 0.5 M HClO4 and subsequently 

stirred at 80 °C for 4 h. The acid-treated sample was filtered and washed with water. The 

procedure was repeated twice and then the obtained black powder was dried under vacuum and 

recovered.  

 

B6. Synthesis of GO-COOH 

 

A suspension of cyanographene (G-CN) prepared as reported here7 in water was put in a round 

bottom glass flask and HNO3 was slowly added at room temperature until the final concentration 

of acid in the mixture reached a certain value, of 20%, 40% and 65%, respectively for the samples 

GA-20, GA-40 and GA-65. It was then heated under reflux at 100 °C while stirring for 24 h. The 

suspension was then left to cool to room temperature and then washed through centrifugation. 

After the solid stopped precipitating, acidic water (pH 4) was added to the mixture in order to 

induce precipitation by protonating the material and reducing its dispersibility. Stable aqueous 
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suspensions of the obtained samples were prepared by adjusting the pH of the purified suspension 

to ∼8. 
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Appendix C: Apparatus and experimental procedures 

 

C.1 Electrochemical apparatus 

 

All electrochemical experiments were performed at room temperature using an Autolab 302 N 

electrochemical workstation (Metrohm). Electrochemical impedance spectroscopy (EIS) 

measurements were performed using a frequency response analyzer (FRA, AutoLab 302 N, 

Metrohm) at room temperature. For the rotating disk electrode (RDE) tests a glassy-carbon 

rotating disk electrode (Autolab RDE, Metrohm) was employed. 

 

C.2 Full Cell testing 

 

C.2.1 Direct Alcohol Fuel Cells testing apparatus 

 

The active fuel cell system, was purchased from Scribner-Associates (USA) and has a 25 cm2 fuel 

cell fixture and an effective electrode area of 5 cm2. The MEAs were put together by mechanically 

pressing the anode, the cathode and a commercial Tokuyama A-201 anion exchange membrane 

obtained from Tokuyama Corporation. The anode was realized with a 2.25 cm2 nickel foam (Heze 

Tianyu Technology Development Co, China), onto which was spread the appropriate amount of 

dense catalytic ink. The ink was prepared by introducing the catalyst (45 mg) into a 5 mL 

polyethylene container together with 26 mg of an aqueous 10 wt% dispersion of 

polytetrafluoroethylene (PTFE) to produce a binder loading of 5 wt% and 50 mg of water. The 

cathode used consisted in a carbon cloth 2.5x2.5 cm square containing a Fe-Co/C cathode 

electrocatalyst prepared by a method reported in a previous work.8,9 The temperature of the cell 

under working conditions was kept at 60 °C by a thermocouple positioned inside the end plate at 

the cathode side. The fuel (water solution containing ethylene glycol or 1,2-propanediol 2 M in 2 

M KOH) was delivered to the anode at 1 mL min-1 with a peristaltic pump. The oxygen flow to the 

cathode was set at 0.05 mL min-1 and the humidification temperature regulated at 40 °C. The fuel 

cell performance was monitored with an ARBIN BT-2000 5A 4 channels instrument. Fuel cell 

polarization curves were collected with 10 mV s-1 scan rate from OCP to 0.1 V. Galvanostatic 

experiments were undertaken at a constant current density of 50 mA cm-2. The cell potential was 
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monitored, and the tests were stopped when the potential reached 0 V. Fuel exhausts were 

quantitatively and qualitatively analysed by 13C{1H} NMR spectroscopy and HPLC.  

 

C.2.2 Anion Exchange Membrane Fuel Cells 

 

Membrane-electrode assembly (MEA) preparation: the catalyst was deposited on gas diffusion 

electrode (GDE) for fabricating AEM-FC electrodes as described in previous publications.10–12 

Before preparing the electrocatalyst ink, a previously synthesized ETFE-based RG anion-exchange 

ionomer (AEI) powder, containing benzyltrimethylammonium functional groups was ground in a 

mortar for 10 min. The AEI powder was synthesized via the radiation-grafting of vinylbenzyl 

chloride onto an ETFE powder (Fluon Z8820X, supplied by AGC Europe) with subsequent amination 

using trimethylamine. For each cathode GDE, an ink was prepared by mixing Pt/C (Alfa Aesar, 

Johnson Matthey HiSpec 4000, 40% wt Pt) and AEI powder (20% wt of the total solid mass) 

together with 1 mL water and 9 mL 2-propanol. After being sonicated for 30 min the cathode 

catalyst ink was sprayed onto a Toray TGP-H-60 carbon paper gas diffusion substrate (Alfa Aesar, 

non-teflonated). It was then dried in air. For the anode GDEs, Pd-CeO2/C was used as 

electrocatalyst (with 20% wt AEI). The 5 cm2 GDEs were loaded with 0.30 ± 0.02 mgPd cm-2 and 

0.40 ± 0.02 mgPt cm-2 for anode and cathode electrodes, respectively. All electrodes and AEMs 

(made from radiation-grafting 15 μM LDPE with VBC followed by amination with TMA, ion-

exchange capacity (IEC) = 2.54 mmol/g) were immersed in aqueous KOH solution (1 mol L-1) for 1 h 

and then washed thoroughly in water (to remove excess KOH) before being assembled into a 5 

cm2 fuel cell fixture (Scribner Associates, USA) using 5 N m torque. An 850e fuel cell test station 

(Scribner Associates, USA) was used for testing the cell performances. The fuel cell temperature 

was kept at 80 °C and H2 and O2 fed with flow rates of 1 and 2 L min-1. The gases were supplied to 

the anode and cathode, respectively, with no back-pressurization. The MEAs were activated by 

discharging the cell at a constant voltage of 0.5 V during cell heating, until a steady current density 

was observed. Beginning-of-life AEM-FC performance data were collected under controlled 

galvanostatic discharge steps where data (at each current density) were recorded after potentials 

had stabilized. The internal ohmic resistances were estimated using the 850e instrument's internal 

current interrupt method. 
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C.3 H2 temperature programmed desorption (H2-TPD) apparatus 
 
The spectra of Pd-CeO2/C and Pd/C were collected using an AutoChem 2920 (Micromeritics) 

operated in the flowing mode. A thermal conductivity detector (TCD) was employed to determine 

the H2 concentration. The samples (0.1-0.2 g) were placed in the quartz reactor, and, after 

removing adsorbed water by heat treating the samples at 200 °C for 30 min, H2 adsorption was 

carried out at 60 °C with a mixture of 10 vol.% H2/Ar at a flow rate of 50 mL min-1. Afterwards, the 

gas mixture was switched to Ar with a flow rate of 50 ml min-1 until obtaining the baseline of TCD 

signal. Thermal desorption spectra were recorded with a temperature ramp of 10, 20 and 30 °C 

min-1 up to 500 °C. The spectra were deconvoluted using skewed lognormal distribution. 

 

C.4 Thermogravimetric apparatus 

 

For the thermogravimetric analysis (TGA), a TGA Q500 (TA Instruments) under air was used to 

analyze approximatively 1 mg of each sample, equilibrating at 100 °C, and following a ramp of 10 

°C min-1 up to 800 °C.   

 

C.5 Raman spectroscopy apparatus 

 

Raman spectra were recorded on a inVia Renishaw microspectrometer equipped with a Nd:YAG 

laser using an excitation wavelength of 532 nm. Preparation of the samples was carried out via 

deposition of the powder onto silicon wafers. For each sample, 5 points were recorded and 

averaged. 

 

C.6 Transmission Electron Microscopy apparatus 

 

TEM micrographs were collected with a TEM Philips EM208, using an acceleration voltage of 100 

kV. Samples were dispersed in ethanol and drop cast onto a TEM grid (200 mesh, copper, carbon 

only). High resolution TEM (HRTEM) were performed on a JEOL 2200FS microscope operating at 

200 kV, equipped with an Energy Dispersive Spectrometer (EDS), in-column energy (Omega) filter, 

and high-angle annular dark-field (HAADF) detector. 

 

C.7 X-ray powder diffraction spectroscopy apparatus 
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X-ray powder diffraction (XRD) analysis were performed on a PANalytical X’PERT PRO 

diffractometer at room temperature, employing CuKa radiation (λ = 1.54187 Å) and a PW3088/60-

graded multilayer parabolic X-ray mirror for Cu radiation. The spectra were collected in the 2θ 

range from 5.0 to 120.08, with a continuous scan mode using an acquisition step size of 2θ = 

0.02638 and a counting time of 49.5 s. 

 

C.8 N2 Physisorption apparatus 

 

N2 physisorption experiments were carried out on a Micrometrics ASAP 2020 automatic analyzer. 

The samples were first degassed in vacuum at 120 °C for 12 h prior to N2 adsorption at liquid 

nitrogen temperature. 

 

C.9 X-Ray Photoelectron Spectroscopy apparatus 

 

For XPS experiments, a SPECS Sage HR 100 spectrometer equipped with a non-monochromatic X 

ray source of Magnesium with a Kα line of 1253.6 eV energy and 250 W was employed. The 

samples, placed perpendicular to the analyzer axis were calibrated using the 3d5/2 line of Ag with a 

full width at half maximum (FWHM) of 1.1 eV. An electron flood gun was used to compensate for 

charging during XPS data acquisition. Measurements were made in an ultra-high vacuum (UHV) 

chamber with a selected resolution of 30 and 15 eV of Pass Energy and 0.5 and 0.15 eV/step for 

the survey and high-resolution spectra, respectively. CasaXPS 2.3.16 PR 1.6 software was used to 

fit the XPS data. In the case reported, the Shirley-type background subtraction was employed, and 

all curves were defined as 40% Lorentzian, 60% Gaussian. Atomic ratios were computed from 

experimental intensity ratios and normalized by atomic sensitivity factors. 

 

C.10 X-ray absorption spectroscopy (XAS) apparatus 

 

Measurements were carried out at the Pd L3-edge in the transmission mode at the beamline 8-ID 

at the NSLS-II, Brookhaven National Laboratory. The data were processed and fitted using the 

IFEFFIT-based Athena13 and Artemis13 programs. Scans were calibrated, aligned and normalized 

with background removed using the IFEFFIT suite14 (version 1.2.9, IFEFFIT Copyright 2005, 
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Matthew Newville, University of Chicago, http://cars9.uchicago.edu/ifeffit/). The χ(R) were 

modeled using single scattering paths calculated by FEFF6.15 

 

C.11 Nuclear Magnetic Resonance spectroscopy apparatus 

 

NMR spectra were acquired with a with a Bruker Avance DRX 400 spectrometer. Deuterated 

solvents (Sigma-Aldrich) used for NMR measurements were dried with activated molecular sieves; 

1,4-dioxane was used as internal standard for product quantification. 

 

C.12 High Performance Liquid Chromatography 

 

A UFLC Shimadzu Chromatograph equipped with refraction index detector (RID) was used; the 

column is a GRACE-Alltech OA-1000 Organic Acids (300mm x 6.5mm), thermostated at 35 °C. The 

eluent was 0.01 N H2SO4 and the eluent flow was 0.8 mL min-1.  
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