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Abstract 

The interest for carbon nanostructure-based hierarchical materials for electrochemical 

applications has been growing continuously in the last decade, from both an energy and 

sensing perspective. The use of carbon nanostructures is permitting to explore new 

opportunities in these research fields. Graphene, carbon nanotubes (CNTs) and single-

walled carbon nanohorns (SWCNHs) can contribute to the design of revolutionary 

devices thanks to their special electronic and structural properties. This dissertation 

discusses the opportunity of carbon nanostructures integration into the assembly of 

hierarchical nanomaterials for electrochemical catalysis and electrochemical sensing 

applications. In particular, the major efforts have been focused in the use of SWCNHs 

due to their high purity, high conductivity, morphology and porosity, which can 

considerably aid to enhance performances. The hybrid materials have been synthetized 

using a hierarchical approach in order to achieve multicomposite-multifunctional 

nanomaterials able to orchestrate energy related processes such as O2 reduction 

reaction (ORR) and CO2 reduction reaction (CO2RR) or allow specific H2O2 sensing. In 

particular, two catalytic systems named t-Fe@MWCNTs (featuring Fe-filled 

functionalized multi-walled carbon nanotubes) and g-N-SWCNHs (featuring N-doped 

graphitized carbon nanohorns) have been employed for the O2 reduction reaction 

catalysis. On the other hand, ternary systems named Pd/TiO2@ox-SWCNHs (integrating 

oxidized SWCNHs, Pd and TiO2 in a precise hierarchical order) and NiCyclam@BMIM/p-

SWCNHs (based on the heterogenization of molecular NiCyclam by embedding into 

pristine SWCNHs-supported ionic liquids) have been employed for the CO2 reduction 

catalysis. Finally, a catalyst based on the coating of oxidized SWCNHs with CeO2 (named 

ox-SWCNHs/CeO2) has been employed for the catalysis of H2O2 reduction exploited for 

H2O2 amperometric sensing. In all cases, the nanocarbon scaffold may play a multi-role, 

facilitating electron transfer steps, bringing up specific textural properties, and 

contributing to physically adsorb gaseous reactants. The result is an enhancement of the 

catalytic performance in terms of activity, selectivity and stability, which has been 

communicated through publication (or in the process of being published) in peer-

reviewed journals. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Global energy challenges: The importance of CO2 and O2 reduction reactions 

 
During the last century, the population growth and the economic rise following 
industrialization of countries such as India, China and Brazil, have represented the main 
contribution to the world energy consumption (WEC). At the end of 2008, the WEC was 
evaluated as 14TW, and projections have estimated that will reach 20TW by 2030 and it 
will be three times higher by the end of the century. (1)Up to now, the energetic demand 
increase has been related to the increase of fossil fuel consumption, which indeed 
supplies the 85% of the energy consumed, with important consequences for the 
environment and the living beings’ life. 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. (2) Given the imminent posed risk, the 2016 Paris Agreement on climate change 
has established strict rules for the decreasing of CO2 emission, which is however still 
hard to achieve. The strategies to abate CO2 levels in the atmosphere are based on the 
replacement of fossil fuels with renewable energy sources such as hydrogen, and the 
capture and stocking of CO2 in permanent stocks (sandstone layer). (2) In this scenario, 
considering also that fossil fuels are non-renewable and in fast depletion, the great 
challenge for scientists is the research of a new strategy for the efficient exploitation of 
renewable and alternative energy sources, allowing a more sustainable development.  
In this perspective, several efforts are made to obtain energy with negligible emission 
of CO2. Two possible ways that have been subjected to many studies are:  

a) Developing novel power source devices such as fuel cells (FCs); 
b) Establishing a CO2 neutral energy cycle based on the reduction of CO2 

(CO2RR) to produce carbon fuels through a sustainable process, generally 
involving photocatalytic or electrocatalytic activations. 

FCs are electrochemical energy devices that convert chemical energy into electricity. 
They consist of an electrochemical cell where an oxidation (of a certain fuel) and a 
reduction reactions simultaneously occur in two separate compartments, generating 
electron flow (i.e. electricity) between the two electrodes immersed in each 
compartment The two compartments are in contact through a membrane, which allows 
ions crossing. One of the typical reduction reaction exploited is the oxygen reduction 
reaction (ORR). During this thesis, the electrocatalytic ORR and the CO2RR by 
heterogeneous nanostructured catalysts have been investigated. In addition, part of the 
focus of the thesis has been given to the preparation of electrosensors for a specific 
relevant molecule such as H2O2. 
ORR is essential in the development of FCs, occurs in the cathodic compartment. 
 The reduction may lead to two different products: H2O2 or H2O, depending on the 
number of the electrons involved, respectively 2e- or 4e-, and it is a process generally 
occurring through a proton coupled electron transfer (PCET) mechanism. (3)  
CO2RR, as well as ORR, is a multi-electron process occurring generally through PCET, able 
to yield a range of different products, depending on the number of electrons 
participating in the reduction, which can span from 2 to 8. Hence, products such as CO 
and HCOOH are associated to a 2e- reduction, while CH4 is formed through a 8e- 
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reduction. HCOH and CH3OH are respectively evolving by a 4 and 6-electron reduction. 
Moreover, more complex products rising from C-C coupling reactions can be also formed 
under certain conditions. (4) 
Although there are a number of possible mechanisms for both ORR and CO2RR, typically 
the reduction hinge on a first one-electron transfer, to form respectively O2

- and CO2
•-. 

(4) (3)In both cases, the energetic barrier for such first electron transfer is very high, 
requiring an opportune catalyst.  
The ideal electrocatalysts for both reactions share common specific features: 

a) Being a gas/solid reaction, the catalyst must be able to adsorb selectively the 
substrate gas in order to increase the concentration of reactant around the 
active sites; 

b) it must be selective towards a single reduction product; 
c) it must be stable over long time usage; 
d) it must be able to operate at low overpotentials; 

Finally, an attractive feature is the ability to carry out the process in aqueous medium 
given the lower environmental impact.  
 
In the present thesis, the establishment of novel nanostructured electrocatalysts (or 
sensors) for the two reactions has been explored. The design has been based on the use 
of a carbon nanostructure as active support, due to the outstanding properties of such 
nanomaterials which make them ideal candidates for electrocatalytic applications. A 
hierarchical concept has been applied for the synthesis of the new materials, which have 
resulted in the assembly of task-specific multicomponent catalytic systems.  
 
1.2 Carbon nanostructures 

 
During the last century, great advances on renewable and green energy technology have 
been reached, and carbon nanostructures have played an important role.  Carbon 
nanostructures (CNSs) such as graphene (G), carbon nanotubes (CNTs),single walled 
carbon nanohorns (SWCNHs) and fullerene are characterized by fascinating mechanical, 
electronic, optical and thermal properties which can be fruitfully exploited in catalytic 
reactions. In particular, G, CNTs and SWCNHs, are considered promising candidates for 
materials applied for the development of transparent conductive films in solar cells, 
electrodes, supercapacitors and lithium batteries due to their high conductivity, which 
makes them competitive with metal based materials. (5) 
 
1.2.1 Graphene 
 
Although the present thesis has focused on the use of CNTs and SWCNHs as scaffolds, a 
few general concepts on graphene are presented, given that G can be considered from 
a structural point of view as the simplest CNS. Graphene was discovered by Novoselov 
and Geim using a micromechanical exfoliation method in 2004 (6), and thus far it is the 
thinnest and strongest material ever measured by the mechanic point of view. (7) G is a 
two dimensional (2D) allotrope of carbon, composed of a monolayer of carbon atoms 
arranged in a honeycomb of hexagonal ring. Conceptually, the others nanocarbon 
allotropes can be derived by G foils opportunely rolled up. (8) Figure 1.1 reports the 
rapresentation of a graphene sheet. 
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Figure 1.1 Graphene sheet representation 
 
Apart from exfoliation methods (9), which at present affords graphene with lowest 
number of defects, there are a number of several other procedures:  
a) epitaxial growth on insulating surface (such as SiC); (10) 
b) By reduction of graphene oxide (GO) sheets, obtained by acid exfoliation treatment 
of graphite; (11) 
c) or using a top-down method by unzipping CNTs obtaining graphene nanoribbons. (12) 
Because of its outstanding properties, G has created a sensation among scientists, with 
number of publications exponentially growing. Thanks to the tensile strength and Young 
modulus, respectively 125 and ~1100 GPa, graphene appears an excellent component 
in the formulation of ultrastrong and composite material development.  On the other 
hand, electrical conductivity and charge mobility 1x108 S m-1 and 2x105 cm2 V-1 s-1, 
respectively, render G interesting for electronic devices preparation. (13) In particular, 
novel materials for energy storage including lithium ion batteries and supercapacitors 
are a widely explored application for G-based materials, taking advantage of its high 
specific surface area. (14)  
A great challenge for the application of G is the processing of great amount of graphene, 
given that it has a strong tendency to reaggregate via π-stacking of the layers, with 
concomitant deterioration of its properties. (15)This drawback, and the difficulties to 
obtain highly pure single graphene sheets, have slowed the application of G, favoring 
the research on others CNSs, such as CNTs and SWCNHs. 
 
1.2.1.1. Chemical functionalization of graphene 
 
G sheets can be functionalized by both covalent and non-covalent approaches.  
Covalent functionalization can be obtained using several strategies, starting from 
pristine graphene: 

a) Adding free radicals to sp2 carbon atoms of graphene, heating diazonium salt, 

used by Tour and coworkers (16) (17) ; 

b) Adding dienofiles to C-C bonds. Azomethine ylides, react through a 1,3 dipolar 

cycloaddition to form pyrrolidine rings (18). This type of functionalization has 

been also used to synthetize a variety of organic materials, including carbon 

nanotubes, which display interesting applications in several areas including 

biotechnology, nanoelectronic devices, drug delivery, and solar cells. (19) (20). 
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Alternatively, it is possible to use graphene oxide (GO), as starting material, which is 
graphene functionalized by oxygen containing groups (mainly carboxylic) and that can 
be handled more easily in liquid phase chemistry. A post modification can be effected 
by addition of molecules with amino or hydroxyls groups able to react with the 
carboxylic groups of the GO. Polymers functionalization uses this strategy: grafting of 
amino or hydroxyl-terminated polymers reacting with oxygen containing groups onto 
GO forming amide or ester bonds respectively. (21)  (22) (23) 

It must be noted, however, that GO does have significantly diminished electronic 
properties as compared to pristine graphene, due to the extensive damage of the 
polyaromatic pattern 
G can also undergo covalent functionalization by attachment of hydrogen atoms or 
halogens atoms, giving graphane and fluorographene (graphene fluoride).  (24) (25) It 
must be noted, however, that this type of functionalization also, severely disrupts the 
π-network, changing the characteristic properties:  graphane  and fluorographene are 
insulator materials because of the π-network breakage, with sp2 carbons of graphene 
are rehybridized sp3. (26) (27) The deterioration of the properties of graphene is in 
general deriving from the covalent functionalization, to different extent depending on 
the number of introduced functional groups. 
 
Non-covalent functionalization involves π-interaction, which strength is determined by 
the combined effect of attractive forces and repulsive forces. In particular, π-π 
interactions, cation- π interactions and anion- π interactions have been investigated in 
depth playing a pivotal role for the self-assembly and supramolecular derived 
nanomaterials. (28) (29) Non-covalent functionalization preserves the aromatic 
structure and can result an effective strategy for the development of electrodic 
materials. However, the drawback is that detachment of the functional molecule can 
occur much more easily than a covalently linked group. 
 
1.2.2. Carbon Nanotubes 
 
CNTs were discovered in 1991 by Ijima, and since then, they have been used in several 
scientific areas, such as photovoltaics (30) (31) (32) integrated circuits (33) (34), 
biosensors (35) (36), nanomedicine (37) (38) (39) (40) (41) (42) and during the last period 
in catalysis, either alone, and as catalyst support (43) (44). They can be conceptually 
derived from rolling up graphene sheets into a tubular shape. Depending on the number 
of concentric cylindrical graphite layers, they can be classified as single walled carbon 
nanotubes (SWCNHs) and multi-wall carbon nanotubes (MWCNTs). Currently, the 
preparative methods of CNTs are arc discharge (45) (46) (47), chemical vapor deposition 
(CVD) (48) (49), high pressure carbon monoxide (HiPco) (50) (51), and laser ablation (52) 
(53), which afford medium-to-large scale production. Their mechanic and electronic 
properties are similar to those of G, making them a good alternative . However, as well 
as graphene, CNTs suffer from low solubility in the common solvents, they form bundles 
due to the van der Walls forces which are not easy to dismantle. A strategy to improve 
liquid phase dispersibility and processability is to  carry out functionalization of the outer 
wall, which aids to unbundle and isolate individual tubes.  
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Unlike G, CNTs can also undergo endohedral functionalization, namely introduction of 
entities within their inner space, which present interesting additional features, related 
to the so called “confinement effect” (54).  
 
1.2.2.1 Exohedral functionalization of CNTs 
 
As for G, exohedral functionalization of CNTs can be distinguished into covalent and non-
covalent. 
Covalent functionalization, can influence and improve their dispersability and change 
their electronic properties cause of the π-network removal. The strategies more 
commonly used for CNTs functionalization are: 

a) Oxidation treatment using mineral acids and reaction of the introduced 

carboxylic groups with amino or hydroxyl-functionalized organic molecules. 

However, this is an harsh procedure and can bring to the opening of the tips; (55) 

(56) 

b) b) Functionalization by means of aryl-diazonium salts can introduce several 

different kind of organic molecules. (57) (58) 

c) c) 1,3 dipolar cycloaddition of azomethyne ylides onto CNTs  surface. This 

strategy allows to obtain useful building blocks for the construction of novel 

hybrids for nano- and bio-technological applications. (59) (60) 

However, several other types of functionalization have been performed. (61) Non-
covalent functionalization can be achieved taking advantage of π-π stacking, van der 
Walls forces, electrostatic force and wrapping interaction. (62) (63)Typically, small 
aromatic molecules such as pyrene can be readily stacked and if they are equipped with 
appropriate functionalities, they can be a platform for further more complex 
modification (64)  

 
 
Figure 1.2 Reprinted with permission from M. Melchionna, M. Prato, ECS J. Solid State 
Sci. Technol.2013 volume 2, issue 10, M3040-M3045). Copyright 2017, The 
Electrochemical Society. 
 
For noncovalent functionalization the situation is similar to that of graphene. The 
advantages brought by a non-destructive type of modification, are counterbalanced by 
a less strong anchoring as compared to the covalent approach. 
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1.2.2.2 Endohedral functionalization of CNTs  

A fascinating property owned by CNTs is the opportunity for an endohedral 
functionalization: catalytic species, such as metal nanoparticles, can fill the inner cavity 
of CNTs, experiencing what is known as confinement effect. (62)  This strategy is 
particularly useful in catalysis, because the graphitic shell represented by CNTs scaffold, 
can provide protection for the metal particle avoiding leaching problems or selective 
poisoning. Nguyen et al. demonstrated that it is possible to modulate the filling yield 
between 10 and 80 % by controlling the CNT tip opening and exploiting the molecular 
recognition of the inner/outer surfaces by the metal molecular precursor. Moreover, 
they applied the hybrids obtained using Co, Ru and Pd for the hydrogenation reaction of 
cinnamaldehyde, finding that there was a clear correlation between the catalytic 
performances and the filling yields. (65) Several studies, investigated the particles’ 
behavior confined inside or outside the CNTs, confirming the stark differences. As 
reported, the catalytic behavior of two hybrids based on conjugation of Pt and CNTs, 
with Pt nanoparticles inside the cavity or outside the cavity did not display equal 
performance. The effectiveness towards asymmetric hydrogenation of ethyl pyruvate in 
presence of chinconidine as a chiral modifier, when Pt nanoparticles were inside CNTs 
cavity exhibited TOF of 100 000 h-1 and an enantiomeric excess (ee) of 96%, while  when 
Pt nanoparticles were attached to the outer wall,  TOF of 15 000 h-1 and ee of 75% were 
obtained. (66) As reported by several other studies, (65) (66) (67) (68) metal 
nanoparticle inside the CNTs cavity showed diminished agglomeration tendency and 
increase of the catalytic effectiveness, with the CNTs basically acting as a nanoreactor. 
Other examples are available, spanning from classical Suzuki C-C couplings where the 
internalization of Pd resulted in diminished sintering of the nanoparticles (69) to 
production of etanol from syngas by endohedral Rh catalyst (70) . 
Other than being a protecting shell, endohedrally modified CNTs can actively partecipate 
to the reaction, due to the π-network of the CNTs graphitic framework.  Application in 
electrocatalysis have enjoyed particular success. The electronic comunication between 
the endohedral metal and the substrate involved in the electrocatalytic reaction 
adsorbed onto the outer graphene layer of the CNTs benefits from high charge mobility 
of the polyaromatic walls, improving the elctrocatalytic property. Deng et al.,reported a 
material based on Fe nanoparticles filling SWCNTs cavity able to catalyze the ORR in 
acidic media acting either as an electron shuttle than a protecting scaffold preventing 
the Fe leaching in acidic media. (71)  
 
1.2.3 Single Wall Carbon Nanohorns  
 
Recently, single wall carbon nanohorns (SWCNHS) have become the new rising star 
among the wide variety of nanocarbon materials, particularly in electrocatalytic 
applications. They structurally consist of single-graphene tubules (lengths: 2-5 nm) with 
highly strained conical ends (72). These nanostructures do not exist as discrete units. 
Assemblies of about 2000 SWCNHs form aggregates (diameters: 80-100nm), in which 
the SWCNHs protrude from the aggregate surface, or appear to develop a “spherical” 
particle. In the first case, the aggregates are called dahlia-like SWCNHs, in the second 
case the SWCNHs are called bud-like or seed-like. (73) (74)  
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SWCNHs are synthesized by CO2 laser ablation of graphite under an argon gas flow at 
760 Torr without the aid of metals catalysts, therefore their purity in terms of metals 
content is much higher than other CNSs. The pore size distribution of SWCNHs has been 
evaluated by combining nitrogen porosimetry measurements and molecular simulation 
techniques. The average internal pore radius of the tubular parts in SWCNHs is about 
1.69–1.78 nm. The formation of aggregates leads to specific microposity and 
mesoporosity. They are expected to bring improved perfomances in the field of gas 
adsorption and separation due to their unique structures, distinctive nanoporosity and 
high surface-volume ratio. (75)  

 

 
 
Figure 1.3.  SWCNHs graphical representation 
 
Inspection of HR-TEM images reveals that the end of the tubular part is closed by a horn-
shaped tip with an apex angle of about 20°. The opening angle of the wedge, namely 
disclination angle, is n (π/3) with 0≤n≤6. The value of n is 0 for graphene foils, which is a 
two-dimensional structure, whereas for the cylindrical structures like nanotubes its 
value is 6. The other cone shaped graphite structures exhibit a value comprises between 
0 and 6. In agreement with the Euler’s rule, the terminating cap of a cone with a 
disclination angle n (π/3), contains n pentagon rings in place of hexagonal rings allowing 
the conical shape. Hence, SWCNHs with an apex angle of 20° corresponding to 5 (π/3) 
disclination, implies that all the nanohorns contain five pentagon rings near the tip. (76) 
By using a parametrized linear combination of atomic orbitals calculation Berber et al 
reported that the pentagon moieties can be placed along the cylinder mantle and at the 
apex of the tips, with no large difference in stability. The pentagon sites constitute defect 
sites for carbon nanohorns affecting also the material’s electronic properties. Scanning 
tunneling microscopy (STM) showed a net excess of electrons on the pentagonal sites 
as compared to the hexagonal sites. (76) The features deriving from the pentagon 
moieties make this material interesting for the deriving chemical and the electronic 
properties. 
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Figure 1.4 Detailed representation of SWCNHs tips: by the different position of pentagons 
moieties onto the tips of SWCNHs, six different and possible tips stem from. Reprinted with 
permission from Berber et al., Phy. Rev., 2000, B, 62, R2291. ©2000 American Physical Society  

 
SWCNHs are finding application in every field of material science thanks to their easy 
chemical functionalization and physical properties.  
 
1.2.3.1 Chemical functionalization of SWCNHs  
 
The most common covalent chemical functionalization of SWCNHs can be achieved 
using the same strategies described above for G and CNTs: 

a) The 1,3 dipolar cyclic addiction of azomethine leading to a large number of 
pyrrolidine was reported to preferentially occur in the vicinity of the tips, the 
more reactive sites; (77) (78) 

b) Typical oxidation protocols, in particular oxygenated groups introduced by a mild 
oxidation treatment with diluted HNO3. This second approach is useful when metals 
NPs or oxides need to be attached to the carbon nanostructure surface and in case 
of polymer grafting. (79) (73) 
c) Aryl-diazonium functionalization is used to introduce substituted anilines, 
increasing the variety of functionalized nanomaterial achievable. (80) (78) 

A different approach to functionalize SWCNHs with minimum degradation of their 
electronic properties is the non-covalent functionalization, performed by means of π-π 
stacking interactions between the side walls of SWCNHs with aromatic organic 
materials. As for CNTs, a typical unit exploited for this purpose is the pyrene molecules, 
which can in turn bear several functionalities, making possible post modification with 
other entities. However, supramolecular functionalization could be reversible, thus, less 
stable than the covalent one. (73)  
 
 
1.3 Carbon nanostructures in electrocatalytic application 
 
The advantageous electronic properties of carbon nanostructures such as graphene, 
CNTs, SWCNHs and other carbon allotropes make them interesting and important for 
the design of novel materials for electrochemical applications. Wide potential window 
and electrocatalytic activity for many redox reactions make them an alternative to metal 
modified electrodes. In comparison with the metal electrodes, they can also provide a 
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platform for easy modification, supplying additional benefits for electrocatalysis and 
sensing.  
 
1.3.1 Energy related application: CO2RR features and state-of-the-art 
 
CO2 is at the basis of a paradox, being a double-faced coin with possible negative and 
positive impacts on society. In fact, while from an environmental point of view CO2 is 
perceived as a dangerous molecule, from an economy perspective, it can be regarded 
as a potential largely available source of carbon for the synthesis of useful compounds. 
Electrochemical CO2RR is a very appealing strategy for concomitantly reduce the CO2 
levels and access valuable carbon fuels, envisioned to lead to a new industrial concept 
for energy distribution. This new concept can be represented by a carbon neutral energy 
cycle.  Electrochemical CO2 reduction has the advantage that it may be an approach to 
utilize excess energy from intermittent renewable sources in lieu of large scale energy 
storage. (81) 

 
 
Figure 1.5. CO2 recycle process 
 

As mentioned above, CO2 reduction reaction is a complex process, operated only by the 
nature with high performance. A proton source is normally needed to trig the process, 
and since the proton reduction occurs at potentials close to the CO2 reduction reaction, 
the hydrogen evolution reaction (HER) is a competitive process. (4) 
 When the reaction is investigated in water, the pH can strongly affect the reactive 
pathway and the product selectivity. (4) 
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Table 1.1. CO2 reduction half-reactions 
 

As table 1.1 shows above, the kind of product achievable depends on the number of the 
electrons involved during the reduction process. The catalyst nature is also of 
paramount importance, as it can crucially influence selectivity, as Hory et al. reported in 
a depth study on metal based electrocatalysts for CO2 reduction. (82) 
As a general rule, the catalysts can be distinguished in the following categories according 
to the typical product that they tend to yield: 

a) metals that mainly form formic acid, HCOOH (Pb, Hg, In, Sn, Cd, Tl); 

b) metals that mainly form carbon monoxide, CO (Au, Ag, Zn, Pd, Ga);  

c) metals that form significant amounts of hydrocarbons such as methane and 

ethylene (Cu);  

d) metals that mainly form H2 (Pt, Ni, Fe, Ti). 

Taking as example the formic acid, it can be produced with high faradaic efficiency using 
electrodes based on Pb and Hg, through a mechanism involving the formation of the 
mono-electronic reduction product CO2·-. (82) (81)However, advances in catalysts 
design have allowed to synthetize and prepare new catalysts, bulk or molecular, based 
on other metals able to perform the conversion of CO2 in HCOOH with low 
overpotentials and high FE. Berben et al, reported a Fe carbonyl cluster as molecular 
electrocatalyst for the reduction of CO2 to formate in water with low applied potential, 
high current density and faradaic efficiency. (83) However, molecular catalysts present 
the drawback that product separation from the reacting medium without catalyst loss 
is difficult. Hod et al. reported heterogenization of a molecular catalyst based on a Fe-
porphyrin-based metal-organic framework (MOF) films deposited onto ITO electrode for 
the reduction of CO2 in DMF to CO and H2 mixture with faradaic efficiency (FE)of ~100%,  
(41% in CO and 60% in H2). The catalytic activity persisted over 5 hours. (84)  
Min et al., investigated the catalytic properties of Pd/C electrodes as electrocatalyst for 
the reduction of CO2 to formate in NaHCO3, with high current density (80mA for mg of 
Pd), high faradaic efficiency (~90 %) and at low overpotentials. Pd/C produced CO as 
minor product, which poisoned the electrocatalyst during the electrolysis causing a 
decrease in current and FE in formate. They demonstrated that the catalyst was 
renewable keeping it for brief time in air, allowing the CO oxidation and restoring the 
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catalytic activity. (85)  These results suggested that supported metal nanoparticles are 
more advantageous than heterogenized molecular catalyst such as the Fe-porphyrin 
based MOF because the former can be recycled over more catalytic cycles after a brief 
regeneration interval. 
During the last decades, hierarchical synthetic strategy, found application in CO2 
electrocatalysis, due to the wide available surface, increase of selectivity, and in 
particular increase of catalytic system stability. In particular, Won et al., reported a 
hierarchical Tin dendrite electrode consisting of a multi-branched conifer-like structure 
with an enlarged surface area able to convert CO2 to formate over 18 hours of 
experiments without any considerable catalytic degradation. It was demonstrated that 
CO2 conversion selectivity on Sn electrodes was correlated to the native oxygen content 
at the subsurface, and the high oxygen content in the dendritic component of the 
hierarchical material was effective in CO2

.- stabilization, a key intermediate for the 
formate production. (86) 
Nowadays, due to the high fuels demand, the conversion of CO2 to CH4 and 
hydrocarbons is highly desirable.  Up to now, the most promising catalysts for CH4 and 
hydrocarbon production have been based on Cu catalyst. The key enabling the 
formation of hydrocarbons on Cu surface electrode is the protonation of adsorbed CO 
to form CHO. If adsorbed CHO is enough stable, the necessary overpotential to more 
efficient process to more than two electrons reduction products is lower. (87)  However, 
there is still no full understanding of all the parameters involved in the CHO adsorption 
and the further reduction reactions. Studies have focused on the  investigation  of the 
effects of exposing different Cu crystal facets (88),on the local pH effects (89) (90); or 
local ion concentration, as well as the effect of surface coverage (87).  Recently, 
particular attention has been devoted to the assembly and use of Cu catalyst structured 
at the nanoscale, which lead to improved characteristics toward CO2 reduction. Sen et 
al. have reported the electrochemical reduction of CO2 at a Cu-nanofoam characterized 
by hierarchical porosity. The high porosity and higher electroactive area of the material 
influenced the product distribution: the percentage FE in HCOOH was 26%, higher than 
the Cu smooth electrode (2%), while the concentration of methane and ethylene 
decreased in favor of propylene and ethane. (91) Following a similar concept, Roberts 
et al proposed copper nanocubes electrocatalysis with the ability to favor the conversion 
of CO2 to multicarbon products, in particular ethylene, over methane. The high amount 
of (100) facets exposed and the roughness of the catalyst surface were responsible for 
such selectivity. (92) Obviously, studies have also been extended to metals other than 
copper, including both noble metal and earth abundant metals. Literature reported only 
few example of metal free catalysts based on carbonaceous materials, conductive 
polymers and non-metallic homogeneous catalysts. (93) 
 
1.3.1.1 Carbon nanostructures application in CO2RR 
 
CNSs have been investigated either as metal free electrocatalyst and electrocatalysts 
support applied to CO2RR catalysis. N-containing materials have gained growing interest, 
due to the natural affinity with CO2, directly involved in CO2 capture and concentration. 
Recently, Zhang et al., reported metal free N-doped carbon nanotubes (NCNTs), 
modified NCNTs with polyethylenimine (PEI) able to promote the CO2 reduction to 
formate in aqueous medium at low potential (-1.2V vs Ag/AgCl). Their study 
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demonstrated that NCNTs alone, can convert CO2 to formate at -1.4V vs Ag/AgCl and PEI 
acted as a co-catalyst stabilizing the singly reduced intermediate and CO2·- and 
concentrating CO2 in the PEI overlayer. (94). Similarly, Kumar et al. demonstrated the 
successful use of N-doped carbon nanofiber for CO2 reduction to CO in ionic liquids. (95) 
However, the main use of carbon nanostructures, is as support  for the active catalytic 
phases.  
Maurin et al, demonstrated that CNTs can be used as scaffold for the non covalent 
attachment of a Fe porphyrin modified with a pyrene pendant, able to anchor by non-
covalent interaction Fe porphyrin to the carbon surface. The Fe porphyrin itself had been 
previously reported (96), exhibiting good activity for the  conversion of CO2 to CO in 
organic solvent. After supporting it onto CNTs,  the process in a neutral pH unbuffered 
water became viable, outweighing the concurrent water reduction, and entering in the 
short list of catalysts able to perform CO2RR in aqueous medium with high efficiency, 
such as NiCyclam. (97) Kang et al., using a similar strategy, reported an iridium pincer 
dihydride catalyst supported on carbon nanotube surface. The catalyst had a pyrenic 
moiety enabling the anchoring on the carbon nanostructure by means of π-π stacking 
interactions. (98) These are successful examples of transfer of catalytic activity of a 
molecular catalyst onto a heterogenous system taking advantage of the reactive 
flexibility of carbon nanostructures. (99)  
Nevertheless, the number of examples of molecular catalysts supported is still limited. 
In contrast, the supporting of metal oxide (100), or metal nanoparticle (101) (102) have 
enjoyed better fortune. In the context of supported nanoparticles or metal oxides for 
CO2RR, carbon nanostructures have emerged as superior supporting phases. In the first 
instance, the CNSs guarantee a structural stabilization of the metal and aid a better 
dispersion of the nanoparticles, thus allowing lower loadings of metals.  
Huan et al., reported a nanohybrid based on monodispersed gold nanoparticles on CNTs 
based electrode, anchored through a layer-by-layer method allowing a very little Au 
loading, reducing the catalyst cost, with high mass activity, and high faradaic efficiency, 
70% of CO. (102) 
Lu et al., performed the electroreduction of CO2 to acetic acid and formic acid using a 
nanohybrid made by nanostructured Pd supported onto MWCNTs, finding that the 
interplay between Pd and carbon nanostructure phase was essential for the high 
efficiency of the CO2 conversion. (103) 
Liu et al. in end reported a novel system based on Pd-Cu NPs supported on N-doped 
graphene sheet. The bimetallic specie worked in synergy decreasing the CO2 activation 
potential, suppressing the reaction of protons reduction and favoring the high selective 
conversion of CO2 to formate using really low metals amount, 1% Pd and 2% Cu. (104) 
In many cases, the CNSs play a more complex role than a simple physical stabilizer, 
facilitating the trafficking of electrons around the active phase.  (71) (105) 
 
1.3.2 Energy related application: ORR catalysis features and state-of-the-art 
 
The ORR is one of the most studied reactions in electrochemistry.  Originally, the interest 
in this reaction was merely focused on gaining deeper understanding of the cellular 
respiratory chain reactions mechanism. The reduction of O2, as table 2 reports, can in 
general lead to two different products: H2O2 through a 2 electrons reduction and H2O 
through a 4 electrons reduction reaction. (3) Over the years, this process has gained 



13 

 

increasing interest in resonance with the rising and establishment of fuel cell devices, 
where it represent a crucial half reaction for many FC configurations. In addition, the 
reaction has been exploited for the selective electrochemical production of H2O2, an 
industrially relevant molecule. (106) 
As for the CO2RR, ORR is a very challenging process, proceeding through a PCET 
mechanism, too. Moreover, the rate of the proton transfer compared to the electron 
transfer rate can strongly affect the selectivity of the process. Indeed, it has been shown 
that the pH has a strong effect on the selectivity. (3) 
 

Reaction E0
redox (V vs NHE) 

 

𝑂2 + 4𝐻+ + 4𝑒− ⟶ 2𝐻2𝑂 1.229 Acidic aqueous 

electrolyte solution 

𝑂2 + 2𝐻+ + 2𝑒− ⟶ 𝐻2𝑂2 0.70 
 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− ⟶ 2𝐻2𝑂 1.76 
 

𝑂2 + 2𝐻2𝑂 + 4𝑒− ⟶ 4𝑂𝐻− 0.401 Alkaline aqueous 

electrolyte solution 

𝑂2 + 𝐻2𝑂 + 2𝑒−

⟶ 𝐻𝑂2
− + 𝑂𝐻− 

-0.065 
 

𝐻𝑂2
− + 𝐻2𝑂 + 2𝑒− ⟶ 3𝑂𝐻− 0.867 

 

 
Table 1.2. O2 reduction half-reactions in acidic and alkaline aqueous medium. 
 
Tse et al. have highlighted how the control of proton transfer kinetic can affect the 
selectivity of the ORR. Using a lipid-modified electrode to tune the proton transport to 
the Cu-based ORR catalyst, they found that products such as H2O2 and O2

- were 
generated from a mismatch between proton and electron transfer rates. Fast proton 
transfer favors H2O2 evolution, sluggish proton flux favors O2

- formation. H2O is 
produced when the proton transfer rate is comparable to the breaking rate of O-O bond. 
These findings support the necessity of a hierarchical design for this process in order to 
modulate the proton transfer rate and increase the selectivity towards only one product. 
(107) 
At present, the state-of-the-art catalyst for ORR are based on precious metals, and in 
particular on Pt: the selective O2 reduction to H2O can be achieved using Pt/C, (108) 
(109) (110)  while, the selective reduction of O2 to H2O2 can be achieved using Pt-Hg 
nano-alloy. (111) 
Pt/C catalysts for the selective reduction of O2 to H2O, in particular with  E-TEK, Pt 
supported on carbon black, (108) (109) (110) is currently used as reference in most 
studies of O2 reduction because it performs the best current (~5 mA cm-2) at lowest 
potential (~0V vs Ag/AgCl) and high selectivity. However, it works only at basic pH (13-
14), and large-scale commercial utilization is hindered by prohibitive cost of the Pt. 
Moreover, the catalyst suffers from poor durability and low tolerance to most fuel-
impurities. (108) (109) (110) 
Despite the H2O2 has traditionally been regarded as an undesirable product of the ORR, 
in the last decades scientists recognized an important opportunity to exploit the ORR for 
synthetic purposes, given the many industrial uses of H2O2. The current H2O2 
manufacturing is mainly carried out by using the antraquinone process developed by 
BASF company. (112) However, such process involves a multistep sequence consisting 
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of a hydrogenation step over Pd, followed by oxidation and extraction; therefore, it is 
an energy-demanding method, associated to low sustainability. An explored alternative  
is to directly combine  H2 and O2 reaction onto Pd/C or Pd/Au  at acidic pH, but this is a 
highly dangerous strategy due to the risk of explosion of H2/O2 gas mixture, which has 
to be maintained at specific percentage regimes, and considering the low yields of H2O2 
(<30%). (113) (111) (114) (115) In this context, the electrocatalytic approach has 
emerged as a greener and more economically sustainable strategy considering the mild 
operating condition and the opportunity to generate H2O2 in aqueous medium.   
There is only a handful of example of catalysts able to selectively drive ORR through a 2 
electrons mechanism to yield H2O2.The selectivity is determined by the ability of the 
catalyst to split O-O bond preventing H2O formation. The most successful catalysts are 
Co porphyrins and Pd-Au alloys. These catalysts are characterized by isolated sites of 
reactive atoms, surrounded by inert atoms, such as N, C and Au. These sites are unable 
to promote the breaking of O-O bond ensuring the high selectivity towards H2O2 
evolution. (111)  
Verdaguer-Casadevall et al., reported novel electrocatalysts consisting of Pd-Hg and Ag-
Hg electrodes, designed using theoretical descriptors characteristics of ORR to H2O2. 
They found that the electrodeposition of Ag or Pd on Hg allowed the formation of 
isolated Ag or Pd atoms surrounded by Hg, which is inert towards the O-O bond 
breaking. Despite the high selectivity and the high yields in H2O2, these catalyst present 
high cost. Furthermore, the use of Hg is environmentally undesirable, compromising 
catalysts utilization in large-scale industrial setups. (111) 
In order to avoid the employment of precious metals or environmentally unfriendly 
elements, scientists move their attention to new materials, based on either non-
precious metals or on opportunely doped nanocarbons. 
 
1.3.2.1 Carbon nanostructures application in ORR 
 
The application of carbon nanostructures to ORR has been widely studied over recent 
years, with several examples with or without transition metals (TMs) reported research 
groups. (116) (117) 
In the first instance, CNSs can be combined with metal components, to create hybrids 
or composites with improved performance toward ORR. Liang et al., employed N-doped 
graphene (N-G) as carbon nanoscaffold for nanostructured CoO3 as ORR catalyst. CoO3, 
is well known in literature as poor catalyst for ORR. However, supporting it on N-G, a 
high catalytic performance was achieved, taking advantage by the synergy between 
CoO3 and the N-G electronic properties. (118) 
Carbon nanostructures have been widely investigated as nanoscaffold for Pt 
nanoparticles by Wang et al.. They carried out a systematic study on the influence of the 
type of carbon nanoscaffold (amorphous carbon, CNTs and G) in relation to ORR activity. 
They found that activity of graphene based material was compromised by the fast 
stacking of G sheets, which locked the Pt-catalytic sites to O2. The materials based on 
CNTs, instead, performed ORR with high-performance due to the tridimensional (3D) 
structure creating a porous architecture, increasing the contact between the catalytic 
sites and the O2 gas molecules. (119)  
Even if there are several studies regarding CNSs as ORR catalysts for H2O formation, the 
examples selective for H2O2 are only a few. Literature reported mainly mesoporous 
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materials obtained by pyrolysis of MOF based porous carbon nanostructure at higher 
temperature (120), or N-containing molecules supported onto silica NPs  graphitized at 
high temperature. (121) These catalysts are able to produce H2O2 only in acidic 
environment with high faradaic efficiency. 
From an applicative point of view, the opportunity to use totally metal free catalyst to 
perform ORR is of immense value. CNTs have been widely investigated as metal free 
catalysts for ORR showing very promising results.  However, special care must be given, 
as CNTs are prepared using metals catalyst, and the electrocatalytic activity of the neat 
carbon nanostructures can be dependent on the presence of metals traces ( i.e. Fe, Ni, 
Co, Mo). This aspect was demonstrated by Wang et al, who found that traces of metals 
elements in carbon nanotubes were responsible for the electrocatalytic activity towards 
the reduction of O2 to H2O (122).  
As it appears, pure carbon catalysts are not efficient in catalyzing ORR. Doping of the 
carbon with heteroatom, particularly N, is instrumental to secure good selectivity and 
activity. N-doping can be achieved by means of several protocols: arc discharge, (123) 
laser ablation, (124) chemical  
vapor deposition (CVD) injection, (125) autoclave systems (126) and pyrolysis (127) are 
all viable methods introducing different levels and types of N atoms depending also on 
conditions. Among these methods, pyrolysis of N-containing organic molecules is the 
easiest procedure. Usually, the carbon nanostructure, used as nanoscaffold, reacts with 
a N-containing precursor, which forms upon high temperature in inert atmosphere a N-
doped graphitic layer. The choice of the temperature to use is essential for the doping 
quality. N-doping can generate different types of N-species: a) graphitic N, pyridinic N, 
pyrrolic N, pyridonic N. All these N-species can affect in a different ways ORR catalysis, 
and many studies are being carried out to unravel the intimate role of the N atoms. 
Modern research trends have asserted that the catalytic properties of these materials 
towards O2 activation is likely to be ascribed to the electron deficiency of the C atoms 
near the N moieties, attracting electrons from the anode and facilitating the ORR. (128) 
Overall, the modified band structure resulting from the N-doping lowers the work 
function at the C/O2 interface as compared to undoped nanocarbons. (129) As 
mentioned before, the different types of N atoms have different ORR activity. Qu et al., 
reported a system based on polydopamine-graphene oxide derived N-doped 
mesoporous system for O2 reduction to H2O. They investigated the pyrolysis 
temperature and the thickness of the N-doped graphitic layer on the catalyst selectivity, 
demonstrating that higher temperatures decreased the N content with negative 
influence on the catalytic performance. On the other hand, using a temperature as high 
as 900°C the major part of pyridinic and pyrrolic N, which are not thermally stable, was 
converted to graphitic N, with positive effects on ORR catalysis, which became more 
selective towards water. (130) Other investigations, however, seem to point to pyridinic 
atoms as the most effective for ORR (131), and recently some studies have called into 
intervention the adjacent C-atoms (132). Another crucial factor affecting selectivity of 
N-doped nanocarbon catalysts is their porosity. The porosity of the material is strongly 
correlated with the conductivity of the catalyst, influencing also mass and electron 
transfer processes. (133) Another interesting feature of these materials is the high 
stability for long time experiment and to poisoning, unlike Pt/C catalyst. (130) 
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1.3.3 Sensing related application: H2O2 sensing state-of-the-art 

 
As mentioned elsewhere, H2O2 is widely used in several factory manufacturing, such as 
food factory as sanitizing agent, water treatments, cosmetic and personal care, 
pharmaceutical and clinical products. H2O2 with concentration higher than 8% in weight 
are considered dangerous substances, in agreement with Global Harmonized System 
(GHS) and the European Commission regulation No. 1272/2008, and they must be 
handled correspondingly. H2O2 concentration in final products, such as food, must be 
absent, because it could change food flavor. While for cosmetic and personal care 
products it must not overcome concentration higher than 0.1% for oral hygiene 
products, and 12% in hair care product as bleaching agent. (134) For this reason, 
developing a fast and highly sensitive method for H2O2 detection is highly important. 
(135) 
Several protocols have been developed for H2O2 detection, however the 
electrochemical approach, in comparison with the other procedures, is especially 
appealing because it is simple, rapid, sensitive, and cost effective. (136) (137) (138) (139) 
The detection of H2O2 by means electrochemical approach can occur through oxidation 
of H2O2 to O2 or through the reduction process of H2O2 to H2O. However, both these 
reactions carried out onto conventional solid electrodes, such as glassy carbon electrode 
(GCE), suffer from slow electrode kinetics and high overpotentials. (135) A great 
challenge in H2O2 detection is the underestimation or overestimation due to the 
interference of electroactive substances usually present in real samples including 
ascorbate, urate, glucose, paracetamol and bilirubin. (135)  In order to improve the 
kinetics of the H2O2 sensing at the electrode surface and avoid interference issues, the 
design of novel electroactive materials has gained great interest.  
For a long time, Ferric hexacyanoferrate, known as Prussian Blue (PB), has been used for 
H2O2 detection, due to its behaviour as “artificial peroxidase enzyme” able to perform 
H2O2 reduction with low overpotential. (140) (141) (142) Electrodes modified with PB 
have revealed high selectivity due to the particular polycrystalline structure which may 
allow the penetration of small molecules, including H2O2, while excluding larger 
molecules such as ascorbate. (140) (141) (142) (143) (144)  Due to the particular features 
of PB, other metals hexacyanoferrates have been investigated showing performance 
comparable to PB. This class of compounds has been considered highly prominent due 
to the wide range of pH in which they can carry out the H2O2 detection. Importantly, the 
operation can be performed near neutral pH, making them a comfortable platform for 
enzyme modification and biosensors development. (128) (145) (146) 
Biosensors development and the application of heme-protein, such as horseradish 
peroxidase (HRP), catalase (CAT), cytochrome c (Cyt c), hemoglobin (Hb), 
microperoxidase (MP) and myoglobin (Mb) for H2O2 sensing has been considered a 
promising approach because of the high selectivity towards H2O2. (147) (148)However, 
it is hard to establish direct electron transfer between protein and electrode surface as 
the active site of the redox enzyme is shielded into a polypeptide cavity, which severely 
affects the redox reaction kinetic. (149) (150) In additions, aspects such as costs, low 
stability over long time use and low stability due to denaturation have considerably 
slowed down the implementation of enzyme based systems, and moved the scientific 
efforts to non-enzymatic sensors based onto nanostructured metals and metals oxide. 
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(136) Enhancement of the direct electron transfer rate has been achieved through the 
use of precious metals based electrode, metal oxide or carbon nanostructure platforms, 
which are able to facilitate electron transfer. (151) (152) (153) 
The employment of nano-sized TMs for electrosensing and electrocatalysis takes 
advantages of their ability to adopt different oxidation states, ability of absorb and 
activate molecules on their surface. (154) (155)Au nanoparticles have represented the 
benchmark catalyst for the electrochemical sensing of H2O2 for long time. (156) The 
change of nanosized Au morphology has been extensively investigated, and catalysts 
consisting of Au nanowires, (140) nanoporous Au, (157) Au nanocages (158) and Au 
nanoparticles (159), have been prepared and tested. The performance of Au nanocages 
and nanoporous Au have displayed better electrocatalytic properties compared with the 
other Au shapes. (157) (158) Apart from Au, other metals including Pt, (160) Cu, (161) 
(162) (163)Rh (147) (148) and Fe (164) have been investigated for the H2O2 sensing. 
Nano-alloys based on these metals have been prepared and investigated. Xiao et al. 
investigated Pt-Au nanoalloys and found an advantageous synergy between the metals 
. (165) In particular, Au favored the formation of Pt-OH species, moving the potential of 
the reduction of H2O2 to lower values, and increasing the sensitivity too. (166) 
(167)Metal oxides such as manganese oxide (168) (169), cobalt oxide, (170) titanium 
oxide, (171) copper oxide (172) (173) and iridium oxide (174) have also been screened 
as electrocatalysts for the detection of H2O2 working in particular for the oxidation of 
H2O2.  A general problem with metal oxides, however, is that the operating potential is 
generally too high to be used in real samples, where interference issues become critical. 
(135) Despite all the advancements made in the field of electrocatalytic H2O2 detection, 
there are still several aspects to address for a real implementation. The required 
overpotentials to trig the H2O2 detection must be minimized, and the currents involved 
maximized;  the cost of the electrocatalysts, especially in case of enzyme or precious 
metal based sensors, are economically unsustainable,  and finally, the selectivity 
towards H2O2 detection must be very high, possibly with low limits of detection.  
 
1.3.3.1 Carbon nanostructures application in H2O2 sensing 
 
The surge of CNSs has also embraced the field of electrochemical sensors, and the 
sensing of H2O2. Zhou et al developed and reported a sensor made by chemically 
reduced graphene-oxide (CR-GO). CR-GO showed an increase of the electron transfer 
rate and shift of the onset potential of H2O2 oxidation to lower voltages. (175) The 
sensitivity of this system was higher than the systems based on carbon nanotubes 
previously reported (176) (135). The authors suggested that this behavior was due to 
the high density of edge-plane-like defective sites on graphene, providing several active 
centers for the electron transfer. (175) 
Xu et al. carried out an interesting study on the effect of the N-doping of CNTs (NCNTs) 
in H2O2 sensor development. (177) They compared NCNTs with MWCNTs. NCNTs can 
yield a large number of defective sites on nanotube surfaces providing better 
electrocatalytic performances. (178) (179) 
However, reported activities with metal free CNSs are until now still modest. The 
conjugation of CNSs with nanostructured metals and metal oxides, or with enzymes, has 
displayed a much enhanced performance. Niu’s group reported a sensor based on Au 
nanoparticles dispersed in chitosan and supported on graphene. This material showed 
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selectivity and reduction currents for H2O2 detection higher than the reference 
electrodes modified with graphene/chitosan, Au nanoparticles in chitosan or chitosan 
alone. This finding suggested that the electrocatalytic activity stemmed from the 
synergy between graphene and gold nanoparticles. (180) The role of CNSs is to boost 
the electron transfer rate between the catalytic sites and the electrode surface, while 
simultaneously preserving the nanoparticles from aggregation and thus extending 
stability and operation lifetimes. Carbon nanostructures, in particular G and CNTs, found 
also wide application in enzyme-based H2O2 amperometric sensors, due to their strong 
conductive properties, making them a functional platform able to trig the direct electron 
transfer from the electrode surface to the redox catalytic center of the enzymes. (135) 
In end the support of metal oxide such as  MnO2 (181), TiO2 (182) on MWCNTs, displayed 
that the interplay between carbon nanostructure and nanostructured metal oxide were 
associated to an increase of sensitivity and to the shift of H2O2 detection potential at 
lower anodic potentials with concomitant increase of anti-interference properties. (135)  
 
1.4 Motivation and research objectives  

The interest for carbon nanostructure based hierarchical materials for electrochemical 
application has been growing continuously in last decade, from both an energy and 
sensing perspective. The use of carbon nanostructures is permitting to explore new 
opportunities in this research field. Graphene, CNTs and SWCNHs can contribute to the 
design of revolutionary devices thanks to their special electronic and structural 
properties.  
The first objective of this research is develop novel electrocatalysts based on carbon 
nanostructures for use in the electrochemical activation of small molecules, in particular 
CO2 and O2. CO2 and O2 reduction reactions share several features: the general 
intervention of PCET mechanism, the low selectivity towards the products, and a high 
energetic barrier for the first electron transfer, which often isnecessary for the following 
cascade of catalytic events. Hence, the project embraces both synthetic and 
electrochemical work, and it is therefore structured in two distinct phases: 1) the 
synthesis and complete characterization of new materials; 2) the accurate evaluation of 
their potential in electrocatalytic CO2RR and ORR. 
The second objective of this research is develop an amperometric sensor for the 
detection of H2O2. Currently the amperometric detection of H2O2 is performed using 
precious metal based sensors or enzyme based sensors, which are respectively 
expensive and not stable over long time. The goal of this section is find a cheap, highly 
sensitive and fast sensor competitive with the state of art reported in literature. 
  
1.5 The scope of the dissertation 

 
This dissertation discusses the opportunity of carbon nanostructures application in 
hierarchical materials developing for electrochemical catalysis and electrochemical 
sensing applications. In particular, the major efforts have been focused in the 
development of hierarchical materials based on SWCNHs due to their specific 
properties: purity, high conductivity and porosity, which are fascinating for our 
purposes. Moreover, the electrochemical properties of Fe@MWCNTs have been studied 
within the SACS (Self-Assembly in Confined Spaces) project which gathers together 
different chemistry groups and with a common objective: the technologic advancing in 
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the field of smart materials for energy application and phosphorescent devices 
manufacturing. 
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CHAPTER 2 

Novel carbon nanostructured based hierarchical material as 
electrocatalysts for CO2RR 
 
2.1 Introduction 
 
As mentioned in the introduction chapter, the electrochemical reduction of CO2 is a 
challenging process to perform. It is a multi-electron reduction process, which can yield 
a wide range of different products. The reduction product is dependent on the number 
of the electrons involved. Table 2.1 reports the reduction reactions that CO2 can 
undergo. The first electron transfer is characterized by a high energetic barrier 
associated to a change in geometry, from the linear CO2 to the bent CO2

.-. (1)  
 

 

 
Table 2.1 Half-reaction of CO2 reduction. 

 
As it can be observed in table 2.1, protons also play a crucial role. Typically, the CO2RR 
follows a proton coupled electron transfer (PCET) mechanism, which involves the 
concerted transfer of a proton and an electron. Thus, a proton source is necessary to 
produce the reaction with appreciable rate. However, the proton source may pose a 
further challenge in the CO2RR, as from a thermodynamic point of view, the E0 for the 
proton reduction (E0 =-0.41 V vs NHE) is very close to the E0 for the reduction of CO2. 
Moreover, proton reduction is kinetically more favored than CO2 reduction, thus the 
hydrogen evolution (HER) through proton reduction becomes a seriously competing 
process, affecting the selectivity of CO2RR. (2) Up to now, the catalysts proposed by 
literature for CO2 reduction present several drawbacks such as low selectivity (towards 
CO2RR or towards a certain CO2 product), low stability (decomposition and/or 
poisoning), high overpotentials and low currents. Moreover, the reduction of CO2, 
especially performed in aqueous medium, is affected by the low solubility of CO2. 
In nature, the enzymes Carbon Monoxide Dehydrogenases (CODHs) and Formate 
Dehydrogenases (FDHs) are known to reduce CO2 to carbon monoxide (CO) and formate 
(HCO2

-), respectively. These enzymes are composed by an active site, in which the 
reduction of CO2 takes place, surrounded by a protective shell encharging of protect the 
active site and direct the substrate to it. With this strategy, the enzymes can trig the 
conversion of CO2 operating close to thermodynamic potential (E (CO2/CO) = -0.11 V; E 
(CO2/HCO2

-)=-0.02 V vs RHE at pH 7 and with a reversible electrochemical behavior. 
Armstrong et al. investigated the opportunity to support CODHs onto an electrode 
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surface, with important results. However, the implementation of enzyme-based 
electrocatalyst becomes very complex due to the hard purification procedures needed 
for its preparations and it slow stability for long time experiments. (3) Nevertheless, 
nature is still inspiring the assembly of artificial catalytic systems that can mimic 
enzymes for orchestrating the CO2 reduction with improved performances. In particular, 
the application of hierarchical nanostructured materials has drawn special attention due 
to a successful interplay of the different components with consequent increase of 
activity and selectivity of the CO2 reduction process. Won et al., reported a hierarchical 
tin dendrite electrode consisting of a multi-branched conifer-like structure with an 
enlarged surface area able to convert CO2 to formate over 18 hours of experiments 
without any considerable catalytic degradation. They demonstrated that CO2 conversion 
selectivity on Sn electrodes was correlated with the native oxygen content at the 
subsurface, and the high oxygen content in the dendritic component of the hierarchical 
material was effective in CO2

.- stabilization, a key intermediate for the formate 
production. (4) A hierarchical catalyst based on CuxO nanosphere particles has been 
reported for CO2 reduction by Qiao et al.. The authors found that the formation of Cu 
metallic sites during the electrolysis experiment were correlated to an increase in 
formate evolution. The hierarchical structure also secured a high stability over long time 
experiments. (5) As a last example, Sen et al., reported a hierarchical catalyst consisting 
of porous copper nanofoams, where the large surface provided by this electrocatalyst 
was instrumental to drive selectivity towards hydrocarbon (propylene and ethane) 
evolution from CO2 reduction. (6) Recently, hierarchical materials using a porous layer 
of metal oxides, such as TiO2, SiO2, CeO2, or biodegradable polymers have been designed 
with the objective of mimicking the protein shell present in enzymes. In particular, the 
oxide layer improves stabilization of the nanoparticulate transition metal active sites, 
avoiding their sintering, leaching or decomposition pathways. In addition to metal oxide 
phases, another intriguing possibility is to use ionic liquids (ILs) or amine containing 
adsorbents polymers as stabilizing agents, which can chemically interact with CO2. 
Among the different ILs, imidazolium salts aroused great interest because of their high 
affinity for CO2. (7) Several research groups studied extensively the ability of ILs to 
capture CO2 and analyzed how the nature of the constituent anion and cation affect the 
CO2’s adsorption rate. These studies have led to the formation of a wide library of 
compounds, called task specific ionic liquids (TSILs). TSILs consist on functionalized ILs’ 
cations with special moieties (especially amines) providing much more interaction 
points for CO2 than common ILs which interact mainly by mean of Lewis acid-base 
interactions. (8) Therefore, TSILs can exploit physical and chemical interaction, 
improving the CO2 capture ability. In the last decades, ionic liquid supported on scaffold 
such as porous alumina, zeolite and carbon nanostructures have found fertile soil, as the 
presence of a support puts a remedy to some of the ILs’ drawbacks such as low stability 
and high viscosity, while the contact area between CO2 and ionic liquid results improved 
(9) (10) (11) (12) 
This chapter focuses on the characterization of CO2 activation operated by two 
hierarchical nanostructured materials working in aqueous medium: Pd@TiO2/ox-
SWCNHs and NiCyclam@BMIM/p-SWCNHs. 
Pd@TiO2/ox-SWCNHs comprises Pd@TiO2 core-shells nanoparticles linked to ox-
SWCNHs. This system has shown good selectivity towards the conversion of CO2 to 
HCOO- at potentials as low as -0.05 vs RHE. 
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NiCyclam@BMIM/p-SWCNHs was obtained exploiting the dispersive forces acting 
between the ionic liquid and the carbon nanostructure, creating a supported ionic liquid 
phase (SILP). The well-known molecular catalyst NiCyclam has been successfully 
entrapped within the ionic liquid layer, providing an interesting example of 
heterogenized electrocatalyst for the reduction of CO2 in aqueous medium. NiCyclam 
retains its catalytic activity towards the conversion of CO2 to CO. 
 
2.2 Bio-inspired SWCNH/TiO2/Pd nanojunctions enabling electrocatalytic reduction of 
CO2 to Formate in water at neutral pH 
 
CO2 reduction is driven by enzymes with the aid of specific structure/reactivity features. 
In enzymes, hetero bi-metallic arrangements of the active sites activate CO2 via a 
cooperative interaction between proximal “soft” and “hard” metal centers. A proton 
donor/acceptor source promotes the PCET mechanism, lowering the overall required 
energy. Pd@TiO2/ox-SWCNHs was designed taking into account these concepts: in 
Pd@TiO2 core-shells, “hard” TiO2 worked in synergy with the “soft” Pd promoting 
proton/hydride translocation and protecting from the agglomeration.  
Pd@TiO2 core-shells were conjugated with ox-SWCNHs, with the latter playing the role 
of conductive nano-platform facilitating the electron transport. Thus, the overall 
electrocatalytic process was shown to benefit from the increased charge carrier mobility 
implemented at the CNS/metal junctions. ox-SWCNHs did not work only as a conductive 
platform, but they also contributed to CO2 adsorption. (13) 
The hierarchical material therefore consisted of three components each performing 
specific functions. The hydrophilic TiO2 shell promoted the proton and electron transfer 
steps involving the metal oxide hydration sphere, and in addition it shielded the active 
Pd sites from irreversible agglomeration and leaching phenomena promoting catalyst 
longevity. The confinement of ultra small Pd NPs (≈2 nm) enabled a fast transition to an 
active Pd-hydride phase under reducing conditions. The SWCNHs secured good electron 
conductivity facilitating electron transfer onto the active sites. 
 
2.2.1 Results and discussion 
 
2.2.1.1 Synthesis 
 
In the scheme below, the synthesis of Pd@TiO2/ox-SWCNHs is shown. In the first step, 
an oxidation treatment of the SWCNHs was performed, to introduce carboxylic groups 
onto the carbon nanostructure surface, which aided the anchoring of the Pd@TiO2 core-
shells precursor. The covalent modification also serves to improve dispersibiliy of the 
SWCNHs in liquid media. The solution of Pd@TiO2 precursor was prepared dissolving the 
right amount of Pd nanoparticles protected with mercaptoundecanoic acid (Pd-MUA) in 
the required amount of Titanium Butoxide (Ti(OBu)4) in order to obtain the desired ratio 
of Pd/TiO2. The solution of Pd@TiO2 precursor was added dropwise to a suspension of 
ox-SWCNHs in ethanol (EtOH) under continuous sonication and was kept under 
sonication for another 30 minutes. Finally, the material was subjected to slow hydrolysis 
with a mixture of H2O/THF added dropwise to yield the final Pd@TiO2/ox-SWCNHs.  
After additional 30 min of sonication, the mixture was filtered through 0.45 μm Millipore 
filters, washed with EtOH/H2O 2:1 v/v and finally with neat EtOH. The final material was 
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dried at 80 °C overnight prior to being used (Pd@TiO2/ox-SWCNHs). A similar approach 
was adopted in the absence of Pd-MUA in order to obtain the corresponding Pd-free 
catalyst (TiO2/ox-SWCNHs). A further reference material with only Pd NPs supported 
onto ox-SWCNHs was also synthetized. ox-SWCNHs were sonicated in presence of the 
right amount of Pd NPs precursor, reduced by adding NaBH4 solution, affording isolation 
of Pd/ox-SWCNHs. 

 
 

Scheme 2.1: Reaction scheme of Pd@TiO2/ox-SWCNHs. 
 
2.2.1.2 Macroscopic and microscopic characterization 
 
Pd@TiO2/ox-SWCNHs was fully characterized using several techniques. 
Thermogravimetric analysis (TGA) was used to evaluate the carbon/metal weight 
composition. The carbon accounts for about 75 wt % and the metal oxide for the 
remaining 25%. Moreover, TGA allowed to distinguish that the carbon phase in turns 
consisted of about 11% of organic functional groups which have lower combustion 
temperature (225°C) than the poli-aromatic structure (510°C). The organics comprised 
the oxygenated groups on the SWCNHs and the organic ligands of the metal precursor 
not hydrolyzed (figure 2.1). 
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Figure 2.1. TGA plots of the  ox-SWCNHs (–),TiO2@ox-SWCNHs (–) and the Pd@TiO2/ox-SWCNHs 
(–). 
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The successful occurrence of the reaction was also confirmed by Raman and FT-IR 
spectroscopy. 
Raman spectra are reported in figure 2.2 A. The spectra collected for ox-SWCNHs 
exhibited the typical features of the carbon nanostructures (CNSs): the disorder–
induced D band at ≈ 1330 cm-1, its second-order harmonic (2D band) at ≈ 2665 cm-1 and 
the G band at ≈ 1580 cm-1 relative to the in-plane vibrational mode of the sp2 graphitic 
framework. (14) The ID/IG ratio, 1.27, was not significantly affected after the oxidation 
treatment compared to the pristine material, as a result of the mild oxidation treatment 
used. This implies a limited disruption of the π-extended framework following covalent 
modification, thus preserving the electronic properties of the SWCNHs. (15) (16) In the 
spectra collected on TiO2/ox-SWCNHs and Pd@TiO2/ox-SWCNHs, no signals 
corresponding to TiO2 was observed, confirming that the metal oxide layer was in an 
amorphous phase as expected given that no thermal treatment was carried out on the 
material. However, application of a higher laser power irradiation induced the local 
crystallization of amorphous TiO2, leading to the appearance of the characteristic peaks 
of TiO2 anatase phase at 146 cm-1, 198 cm-1, 395 cm-1, 513 cm-1 and 639 cm-1. (17) (18) 
 

  
 
Figure 2.2. A) Raman spectra of the (–) ox-SWCNHs, (–) TiO2/ox-SWCNHs and the Pd@TiO2/ox-
SWCNHs (–). B) Raman spectrum of Pd@TiO2/ox-SWCNHs at different laser powers, 1mW, 5 mW 
and 10 mW. 

4000 3500 3000 2500 2000 1500 1000 500

T
%

wavenumbers (cm
-1
)  

 
Figure 2.3. FT-IR spectra of the (–) ox-SWCNHs, (–) TiO2/ox-SWCNHs and the Pd@TiO2/ox-
SWCNHs (–). 
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The FTIR spectra of TiO2/ox-SWCNHs displayed, together with the peaks relative to the 
ox-SWCNHs scaffold, a weak sharp peak at 800 cm-1 which is indicative of the vibrational 
mode of O-Ti-O bonds, confirming the presence of the TiO2 shell around the carbon 
nanostructure. The broad band at 3400 cm-1 was related to the Ti-O-H moieties 
stemming from the TiO2 shell. The spectra of the final material Pd@TiO2/ox-SWCNHs 
exhibited all the peaks observed for the precursors materials, namely peaks at ca. 800, 
1100, 1400 and  1600 cm−1 corresponding to the vibrational modes of O-Ti-O, C–O, C=C 
and C=O moieties of the carbon phase, respectively. The broad band at 3400 cm−1, is 
associated to O-H groups, coming from C-O-H, (CO)O-H and Ti-O-H functionalities. (18) 
(19) 
The morphology and composition of Pd@TiO2/ox-SWCNHs,ox-SWCNHs and TiO2/ox-
SWCNHs were investigated by High Resolution Transmission Electron Microscopy 
(HRTEM), in combination with STEM and Energy-Dispersive X-ray spectroscopy (EDX). 
The adhesion of the ox-SWCNHs with a thin TiO2 shell can be noted in the TEM  and 
STEM images, with the ultra-small Pd nanoparticles, of average size 1.5 nm, embedded 
in TiO2 shell  clearly visible (figure 2.4 and 2.5). 
 

 
 

Figure 2.4. Representative HAADF (black and white) and corresponding EDX maps (colours) of 
the SWCNH-based hetero-structures: A) ox-SWCNHs, B) TiO2/ox-SWCNHs, C) Pd@TiO2/ox-
SWCNHs. 



35 

 

 
 

Figure 2.5. Representative HR-TEM of catalysts Pd@TiO2/ox-SWCNHs (A) showing the size of the 
Pd nanoparticles (B), EDX spectrum (C) and the Pd size distribution (D). 
 

As expected, Fast Fourier Transform (FFT) and selected area electron diffraction (SAED) 
analysis did not reveal any crystalline area for TiO2, in agreement with the Raman data. 
 
2.2.1.3 Electrochemical characterization  
 
The electrode modified with Pd@TiO2/ox-SWCNHs was prepared by drop casting of 
20uL of 3 mg mL-1 Pd@TiO/ox-SWCNHs aqueous suspension. Cyclic voltammetry (CV) 
techniques have been used to explore the redox behavior of Pd@TiO2/ox-SWCNHs. The 
CVs of the nano-hybrid Pd@TiO2/ox-SWCNHs, ox-SWCNHs and TiO2/ox-SWCNHs, are 
comparatively reported in figure 2.6. CVs have been collected in N2-saturated 0.50 M 
NaClO4 solution. The investigated potential window ranges from 1.5 V to -1.0 V using a 
scan rate of 0.03 V s-1. 

 
 

Figure 2.6. CVs obtained on GCE modified with ox-SWCNHs (–), TiO2/ox-SWCNHs (–),Pd/ox-

SWCNHs (–) and Pd@TiO2/ox-SWCNHs (–) in 0.50 M NaClO4 solution under N2. Scan rate: 0.03 
V s-1. 
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The CV profile of ox-SWCNHs evidences no faradaic processes (or redox reaction) in the 
studied potential window. In contrast, the TiO2/ox-SWCNHs CV presents a redox process 
with peak potentials at -0.65 V and -0.35 V for the cathodic and anodic signals, 
respectively. This signal could be attributed to the Ti4+/Ti3+ interconversion, in good 
agreement with previously reported results.   (20) (21) The CV collected on Pd/ox-
SWCNHs shows a broad anodic peak at 0.65V due to the adsorption of H2 evolved during 
the cathodic sweep, and a cathodic peak at -0.4 V due to the reduction of PdO species 
formed during the anodic sweep. The CV collected on Pd@TiO2/ox-SWCNHs exhibits the 
above described behavior corresponding to Ti4+/Ti3+ and also  two more signals: a 
cathodic peak at -0.4 V due to the reduction of PdO species formed during the oxidation 
sweep, and an anodic peak at ca 0.65 V due to the desorption of H2 evolved during the 
reduction sweep at negative potentials higher than -0.4 V. (22) (23) (24) 
The Pd electroactive surface area (EASA) was then calculated as follows:   1) the peak 
associated to the reduction of PdO was first integrated, in order to obtain the charge 
involved; 2) knowing that the charge needed for the reduction of a PdO monolayer is 
405 µC cm-2, and using the equation below, the Pd EASA was finally assessed.  
 

𝑃𝑑 𝐸𝐴𝑆𝐴 =  
𝑄

405 𝑥 10−6 
 

 
Q is the charge obtained by the integration of the reduction of PdO and the calculated 
Pd EASA was (0.22 ± 0.04) cm2. This value suggested that Pd NPs were accessible to the 
redox reaction occurring at the nano-hybrid modified electrode. Importantly, the Pd 
EASA calculated for Pd/ox-SWCNHs was lower (0.15± 0.02) cm2. This difference can be 
ascribed to aggregation of Pd NPs during the CV experiment, which yield to a reduction 
of the electroactive area of Pd, highlighting the benefit of protecting the Pd NPs with 
the titania shell.  
 
2.2.1.4 Electrocatalytic reduction of CO2 using Pd@TiO2/ox-SWCNHs modified 
electrode  
 
Preliminary studies on CO2 activation have been carried out in three different 
electrolytes: 1) 0.10 M phosphate buffer pH 7.4; 2) in 0.50 M NaClO4 solution, and 3) in 
0.50 M NaHCO3 under N2 and CO2 saturated solutions. The concentration of PBS is lower 
because of a specific technical necessity: the column used in the Ionic Liquid 
Chromatogh (ILC), for the detection of formate in solution, could not tolerate higher 
concentration of phosphate anions.  
These three electrolytes have allowed to study CO2 reduction simultaneously at three 
different pH and in three different media because saturation with CO2 produces pH 
decrease. Both pH and electrolyte can profoundly influence the mechanism of the 
process. Since both the anion and the cation of the electrolytes can intervene in the 
process stabilizing key reaction intermediates, (25) (26) the same cation (Na+) was 
selected for all the electrolytes. 
CO2 activation has been first studied by CV in the window potential ranging from 1V to 
-1V, using a scan rate of 0.05 V s-1 (Figure 2.7). The pH before and after CO2 saturation 
for each medium are reported in see table 2.2. 
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 pH in N2 saturated pH in CO2 saturated 

0.50 M NaClO4 7 4.7 

0.10 M PBS  7.4 6.4 

0.50 M NaHCO3 8.4 7.4 

 
Table 2.2: pH values measured before and after the CO2 saturation of the electrolytes. Before 
pH measures CO2 have been bubbled in each medium for 1hr. 

 
 
Figure 2.7. CVs of Pd@TiO2/ox-SWCNHs in (A), 0.50 M NaClO4, (B) 0.10 M PBS, C) 0.50 M NaHCO3 
in N2 (–) and CO2 (–) saturated 0.5 M NaHCO3. Scan rate: 0.05 V s-1. D) Comparison of the CVs 
collected in CO2  saturated 0.50 M NaClO4 (–) and 0.10 M PBS (–). Scan rate: 0.05 V s-1. 

 
Based on the currents observed for the three electrolytes in N2- and CO2-saturated 
solutions respectively, it can be observed that NaHCO3 does not seem to be the most 
appropriate electrolyte (or the resulting pH conditions are not appropriate). The 
currents in N2-saturated conditions are higher than those in CO2-saturated media 
throughout the explored potential range, CO2 in solution moves the equilibrium towards 
H+ and HCO3

- evolution. Probably, this HCO3
- interacts with the electrode surface 

reducing the electrodes conductivity disfavoring the discharge of the electrolyte, 
important in N2-saturated condition and the CO2 reduction reaction. This makes 
redundant any attempt to assess the activity of the catalysts in NaHCO3. On the contrary, 
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for PBS and NaClO4, there is a distinct range of potential (approximately between -0.01 
and -0.8 V for NaClO4 and between -0.06 and -0.8 V for PBS) where currents associated 
to CO2 are significantly higher than the background currents in N2, allowing further 
analysis of the CO2 activation process. In more details, the CVs relative to NaClO4 and 
PBS recorded in CO2 saturated solutions show two broad cathodic signals (labeled p1 
and p2 in Fig 2.7). Analyzing the two signals it is found that for experiments performed 
in 0.10 M PBS the distance between p1 and p2 was 0.20 V, while in 0.50 M NaClO4 the 
first wave was very broad and was almost 0.60 V distant from the second wave. The 
potentials of the two peaks and current have been reported for the two electrolytes in 
table 2.3. These findings suggest two different processes, possibly associated with CO2 
reduction, occur in a narrower potential window in 0.10 M PBS than in 0.5M NaClO4. 
Figure 2.7 D reports the comparison of the CVs in 0.50 M in NaClO4 and 0.10 M PBS.  
 

Electrolyte Ep2 [V] Ep1 [V] jp2 [mA cm-

2] 
jp1 [mA cm-

2] 
|Ep2-Ep1| 
[V] 

0.10 M PBS -0.74 -0.50 -6.04 -4.86 0.2 

0.50 M 
NaClO4 

-0.67 -0.06 -4.94 -0.7 0.6 

 
Table 2.3. Ep: Peak potential. The values are referred to the RHE reference electrode. The current 
is reported as density current ( jp) normalized by the electroactive surface area. 

 
On the basis of the above results, 0.10 M PBS and 0.50 M NaClO4 were selected as 
promising media for CO2 activation and next investigation were carried out in these two 
electrolytes. The CVs of Pd@TiO2/ox-SWCNHs were also compared versus those of the 
reference materials TiO2/ox-SWCNHs and ox-SWCNHs (figure 2.8), showing that ox-
SWCNHs did not produce any CO2 activation, while the activation is only negligible with 
TiO2/ox-SWCNHs. 
In more details, the CVs in both PBS and NaClO4 in CO2 saturated solution of TiO2/ox-
SWCNHs showed a redox process associated with the switch between Ti3+/Ti4+. This 
redox process can relate to the coordination of CO2 to TiO2. The expected mechanism 
on a TiO2 phase involves the one-electron reduction of CO2 to form the radical CO2

●-, 
with TiO2 facilitating electron transfer through hybridized orbitals in the monodentate 
and bidentate configuration of CO2 and contributing to the stabilization of CO2

●-. (20) 
(21) (22) (22) (24) However, in the specific case, activation of CO2 by Pd-free TiO2 active 
phase does not proceed significantly. 
The catalytic properties have been investigated either in PBS and NaClO4. 
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Figure 2.8. CV of A) ox-SWCNHs and B) TiO2/ox-SWCNHs in 0.10 M in PBS and C) ox-SWCNHs and 
D) TiO2/ox-SWCNHs in 0.50 M NaClO4 in N2 saturated (–) and CO2 saturated solution (–). 

 
2.2.1.4.1 Electrocatalytic activation of CO2 in 0.10 M PBS 
 
The selectivity of the electrocatalytic reduction by Pd@TiO2/ox-SWCNHs has been first 
addressed by bulk-electrolysis experiments carried out at constant-potential, in CO2-
saturated phosphate buffer solution at room temperature (0.10 M PBS, pH 7.4). To this 
aim, a standard three-electrode cell has been assembled, integrating a Ag/AgCl (3 M KCl) 
reference electrode and a Pt counter electrode, with a Pd@TiO2/ox-SWCNHs modified 
Toray carbon paper working electrode. The fixed potential was set at -0.15 V vs RHE, 
which is a value close to the onset potentials and chosen after careful optimization of 
the Faradaic efficiency for the CO2 reduction product. Product analysis for the bulk 
electrolysis performed at -0.15 V was performed both by Ionic Liquid Chromatography 
(ILC) and by continuous GC sampling of the cell head-space at 20 min intervals. The 
schematic representation of the cell is reported below (figure 2.9). From GC analysis, 
only H2 has been detected as gaseous product, suggesting the concomitant reduction of 
H+ during the reduction of CO2 in PBS. The liquid phase was analyzed by means of ILC, 
revealing the presence of HCOO- as sole product of CO2 reduction. After 1 hour of 
electrolysis, the faradaic efficiency (FE) was 10%. In figure 2.10 the comparison between 
H2 and HCOO- FE is reported. 
 

C D 

A B 
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Figure 2.9. Schematic representation of the gas-tight electrochemical cell. 

 
H2 was observed only when the electrolyte was CO2 saturated (not in N2 saturated 
conditions), and initially this behavior was attributed to a drop of pH following 
saturation with CO2. It is known that proton reduction is kinetically favoured at lower 
pH, where the proton is more available. However, a control experiment in absence of 
CO2 but under pH conditions correspondent to the same pH value achieved after CO2 
saturation, resulted in zero H2 production. Hence, it can be hypothesized that H2 evolved 
through an intermediate involving CO2 reduction, and not simply from water. Moreover, 
H2 amount increased while moving towards more negative potentials, evidencing that 
CO2 reduction was less favored at more cathodic potentials.  
The trend of FE in HCOO- has been studied by bulk electrolysis over 3 hours long 
experiments. The FE reached the maximum values after very short electrolysis time, 
then dropping to very low values at the end of the 3hs, with a concomitant increase in 
H2 FE (Figure 2.10). 

 
Figure 2.10. FE of HCOO- (red bar) and FE of H2 (black bar) in function of the time in 0.10 M PBS. 
 

FE decrease could be associated to three main aspects:1) the adsorption of HCOO- (or 
other CO2 minor products) at the electrocatalyst sites which can hamper the CO2 
adsorption and activation , 2) there could be a specific interaction between TiO2 surface 
and PBS anions. In fact, it has been demonstrated that phosphate anions such as H2PO4

-
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/HPO4
2- can be strongly adsorbed onto the TiO2 layer, with the OH groups of TiO2 

replaced by H2PO4
- through a ligand exchange reaction, decreasing the active sites on 

TiO2 surface, with concomitant decrease of the catalytic properties (27); 3) it may be 
that the as formed formate undergoes further catalyzed decomposition to release H2, 
being this the reverse of the reduction reaction, once reached a certain concentration 
value, up to reaching a stationary state of formation/decomposition. 
The current-time profile was evaluated over longer time electrolysis to highlight the 
Pd@TiO2/ox-SWCNHs catalytic properties. In contrast with the FE decrease of HCOO- , 
the total geometric current density (jtot) reached a value of ≈ -2.00 mA cm-2 and 
maintained a very stable profile, with a negligible decrease (< 5%) over 24h of 
electrolysis (figure 2.11 A). On the contrary, the reference material TiO2-free Pd/ox-
SWCNH electrocatalyst underwent a fast  deactivation at -0.15 V, with current density 
decreasing of about 50 % already after 3 hours (figure 2.11 B). Analogous results were 
reported for the similar Pd/amorphous carbon system. The deactivation process was 
ascribed to the sintering of the Pd nanoparticles, along with the formation of small 
amounts of CO, which poisoned the catalyst (28). 
 

 
 
Figure 2.11 A) Pd@TiO2/ox-SWCNHs over 24hours long bulk electrolysis experiment at -0.15V. 
B) Pd/ox-SWCNHs over 3hours long bulk electrolysis at -0.15 V. 

 
Indeed, TEM analysis of the recovered Pd/ox-SWCNHs catalyst (figure 2.12) showed a 
significant NP aggregation after 3 hours of electrolysis, with some particles also 
detached from the SWCNHs support as confirmed by TEM analysis. In the case of 
Pd@TiO2/ox-SWCNHs, the TiO2 phase effectively protects the Pd NPs towards 
agglomeration and leaching. 

A B 
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Figure 2.12 (on the left) TEM images of Pd/ox-SWCNHs before bulk electrolysis experiment at -
0.15V for 3 hours, (on the right) TEM images of Pd/ox-SWCNHs after bulk electrolysis experiment 
at -0.15V for 3 hours. 

 
Hence, from a current stability point of view, the embedding of the active Pd NPs within 
a metal oxide shell seems to be in principle a winning strategy. The drop of FE must be 
however further investigated. Finally,  Tafel analysis, providing the dependence of the 
electrocatalytic rate (log J) on the applied potential, has been evaluated to address the 
possible mechanism of formation of formate. The resulting Tafel plot (figure 2.13) is 
characterized by two different regimes, with a calculated slope of (149 ± 6) mV∙dec-1 at 
low overpotentials (E<-0.2 V), followed by a significant leveling off to a slope of (400 ± 
16) mV∙dec-1. These values are in perfect agreement with the electrocatalytic response 
expected for Pd NPs as the competent hydrogenation sites. (28) In particular the Tafel 
slope of (149 ± 6) mV∙dec-1, which is consistent with a Pd-mediated hydride transfer 
mechanism, turns out to be the dominating regime also at higher J values, up to -0.2 V, 
with no mass transfer limitations (28). 
 

 
Figure 2.13. Tafel (Potential vs log j) plot in CO2-saturated 0.10 M PBS pH 7.4.  
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These results are in analogy with the recent work by Kanan et al., who proposed a 
mechanism involving the electrochemical generation of Pd-H active sites responsible for 
the direct CO2 hydrogenation to formate (Scheme 2) (28).  
 

 
 
Scheme 2.2. Electrocatalytic reduction of CO2 to formate by core-shell Pd@TiO2/ox-SWCNHs 
heterostructures occurring at the hybrid organic-inorganic interface along bio-inspired 
guidelines, in water at neutral pH. 
 

2.2.1.4.2 Electrocatalytic activation of CO2 in 0.50 M NaClO4 

 
The electrocatalytic behavior of Pd@TiO2/ox-SWNCHs has been then screened in 0.50 
NaClO4.  Electrode preparation and electrochemical cell set-up were the same as for the 
PBS case. The fixed potentials for the bulk electrolysis experiments was chosen by 
analysis of the CV curves and was set at -0.05 V vs RHE, correspondent to the value of 
the middle point between the onset potential and the p1 potential. As for PBS, such 
value has been selected as the most appropriate in view of the obtained faradaic 
efficiency of the CO2 reduction products. It must be noted that this potential is even 
lower than the one applied in PBS, -0.15V, implying a minimum of energy that must be 
supplied (in from of an overpotnatial) to trigger the reduction  
Once again, from GC analysis of the cell HS, only H2 has been detected as gaseous 
product, suggesting the concomitant reduction of H+ during the reduction of CO2, with 
no other gaseous CO2 reduction products being formed. The liquid phase analyzed by 
means of ILC revealed again the presence of HCOO-, which was the sole product of CO2 
reduction. After 1 hour of electrolysis, the faradaic efficiency (FE) was of 40% in NaClO4  
at -0.05V (figure 2.14 A), higher than that obtained in PBS, thus hinting that the 
perchlorate could be a better choice as electrolyte. Moreover, it is important to note 
that the working potential applied for the experiments carried out NaClO4 is near the 
thermodynamic reduction potential at which the enzyme CODH converts CO2 to HCOO-

. As for the PBS experiments, the observed H2 was again related to a CO2 reduction 
intermediate formed during electrolysis, as the analysis carried out in N2-saturated 
conditions (but acidified with HClO4 as to reach the same pH obtained by bubbling CO2) 
yielded no H2. 
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Figure 2.14. A) Bars plot reporting the comparison between FE% in H2 (black bar) and HCOO- 

(red bar) in 0.10 M PBS and in 0.50 M NaClO4 after 1 h of electrolysis B) FE of HCOO- in function 
of the time in 0.10 MPBS (green bar) and 0.50 M NaClO4 (blue bar). 
 

The trend of FE in HCOO- studied by bulk electrolysis over 3 hours long experiments was 
similar to what observed in PBS: the FE reached maximum values after very short 
electrolysis time, then dropping to very low values at the end of the 3hs. However, the 
decrease in PBS was faster than in NaClO4. The comparison of FE between PBS and 
NaClO4 is reported in Figure 2.14 B. 
The faster decrease of FE in PBS compared with NaClO4 may be due to the specific 
interaction between the catalyst surface and the electrolyte. Both cation and the anion 
of the electrolyte can play a crucial role in CO2 reduction mechanism, stabilizing reaction 
intermediates. (26) (25) (29) (30) Since the cation is the same for both, Na+, the different 
behavior is likely to be related to the anionic moiety. The most important role played by 
the anions is to tune the local pH close to the electrode surface, limiting the availability 
of the protons and increasing the number of the active sites for the CO2 reduction. (29) 
In particular, specific interaction between anion and electrode surface may hinder the 
adsorption of CO2 to the electrocatalyst active sites. (26) Although a similar behavior has 
been observed for ClO4

-, the interaction between ClO4
- and TiO2 is weaker, thus justifying 

the slower FE drop. (31). 
However, the current-time profile of the fixed potential electrolysis experiment  studied 
over periods as long as  24 hours showed a decrease of 50%, which could be associated 
to deactivation pathways of the electrocatalyst (figure 2.15 A). The possible irreversible 
deactivation of the catalyst (i.e. irreversible structural or chemical change of the 
catalyst) was checked by performing recycling experiments. In more details, three 
consecutive bulk electrolysis (1 hour long) at -0.05V vs RHE on the same electrode were 
carried out, using fresh electrolyte for each experiment. . Interestingly, the catalytic 
properties of the material were completely restored after each test (figure 2.15B). This 
is noteworthy, as it pointed to a temporary deactivation, favoring the hypothesis of a 
reversible adsorption of some intermediate onto the catalyst, which also compromised 
selectivity over time and current stability. For example, Min et al. reported a Pd/C 
electrocatalyst, that was selective for the conversion of CO2 to formate, exhibiting 
current and FE decrease during the electrolysis associated to the evolution of CO traces 
by CO2 reduction which could temporary poison the Pd active sites. Performing recycling 
tests they found that drying the electrode at room temperature, the oxygen of the air 
oxidized CO absorbed on Pd restoring the catalytic properties. (32)  

A B 
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Figure 2.15. A) Current-time profile for Pd@TiO2/ox-SWCNHs maintained at -0.05 V (vs. RHE). 
Supporting electrolyte: 0.50 M NaClO4. B) HCOO- FE% in function of electrolyte change. FE% 
were calculated over 1 hour of electrolysis in 0.50 M NaClO4 at -0.05V. 
 
As emerged by the preliminary results above presented, the activation of CO2 on 
Pd@TiO2/ox-SWCNHs in both PBS and NaClO4 appears a complex process. The 
temporary modification/poisoning of the electrocatalyst by adsorption of HCOO- or 
minor CO2 reduction products, with concomitant specific interactions between the TiO2 
porous layer and the electrolyte anions, could drive the adsorption of CO2 and its 
activation. 

 
 
Figure 2.16. Tafel plot obtained on GCE modified Pd@TiO2/ox-SWCNHs (experimental point (●) 
and fitting line (–)) in 0.50 M NaClO4 solution under CO2.  
 

Additional mechanistic aspects for the experiments conducted in NaClO4 were 
addressed via Tafel analysis (figure 2.16). To evaluate the dependence of the 
electrocatalytic rate (log j) on the applied potential. In agreement with the findings with 
PBS, the obtained Tafel plot for the final hybrid Pd@TiO2/ox-SWCNHs exhibited a slope 
of 129 mV dec-1, consistent with a mechanism of electrocatalytic hydrogenation of CO2 

mediated by Pd- hydride species. 
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2.2.1.5. Conclusion 
 
The conversion of CO2 to HCOO- is of central importance for innovative carbon-neutral 
energy schemes. The approach used to design Pd@TiO2/ox-SWCNHs followed a 
hierarchical approach, in which each component worked in synergy with the others and 
with specific functions, driving CO2 reduction to HCOO-. The hybrid material was 
synthesized integrating ultra small Pd NPs (diameter of  1.5 nm) inside a TiO2 shell 
supported on ox-SWCNHs. All techniques used to characterize Pd@TiO2/ox-SWCNHs 
converged toward a perfect interfacing of the three phases, which have resulted in an 
improved electronic communication. Preliminary catalytic tests have been carried out. 
CO2 activation has been investigated in three different electrolytes, emerging that PBS 
and NaClO4 were the most promising, considering the CO2 activation potential, -0.05 V 
in NaClO4 and -0.15 V in PBS.  In both the electrolytes the catalytic behavior appears very 
complex. Examining the catalytic properties in both the electrolytes, the optimal 
working conditions found were -0.05V in saturated 0.50 M NaClO4, leading to FE% in 
HCOO- of 40% after 1 hour of bulk electrolysis at fixed potentials. The optimal working 
potential was very close to the thermodynamic potential, -0.02V where only enzymes 
are able to perform the conversion of CO2. A  decrease in FE% was observed over time, 
which could be due to several factors, including the adsorption of the electrolyte anions 
on TiO2 surface, the adsorption of CO2 reduction reaction intermediate onto the active 
sites, or stationary state decomposition of the as formed formate to release H2 and CO2. 
In any case, recycling experiments of the catalysts with fresh electrolytes indicate that 
the deactivation towards formate is not irreversible, and that a possible way forward 
could rely on the design of flow reactors where the electrolyte is continuously fed. More 
in-depth investigations are currently ongoing. 
 
2.3 Supported Ionic liquid layer as strategy to confined NiCyclam on p-SWCNHs to 
design novel electrocatalysts for CO2 reduction 
 
The reduction of CO2 using water as reduction medium represents an attractive choice 
because it is economically and environmentally benign. From a reactivity point of view, 
the presence of water facilitates the proton transport. The main challenge is posed by 
the competitive reduction of H2O to H2, which is kinetically and thermodynamically 
favored, as already outlined above. Molecular catalysts have been extensively studied 
because their catalytic properties can be tuned by altering the chemical environment 
surrounding the metal center. However, the use of homogeneous molecular catalysts in 
aqueous electrolytes is still not as competitive as resorting to heterogeneous catalysts.  
NiCyclam2+ is a well-known electrocatalyst, highly effective for the conversion of CO2 to 
CO. It can produce CO with faradaic efficiency as high as 90% using mercury working 
electrodes in KCl aqueous solution,  (34) (35) (36) (37) or in mixed electrolytes such as 
acetonitrile/ water 4:1. (38) In the last decades, several groups investigated on the 
possibility to “heterogenize” molecular catalysts by supporting them onto electrode 
surfaces for the reduction of CO2, achieving promising results. (39) (40) (41) Herein, a 
novel material based on NiCyclam2+ is reported, NiCyclam@BMIM/p-SWCNHs, where 
NiCyclam2+ was incorporated inside a matrix of BMIM PF6, supported onto the surface 
of pristine carbon nanohorns (p-SWCNHs). BMIM PF6, is a well-known ionic liquid 
already used as CO2 capturing phase, (42) (43) and as solvent for the electrochemical 
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reduction of CO2 (44) (45). Ionic liquids can selectively interact with CO2 molecules by 
means of Lewis acid-base interactions. (46) Supporting  ionic liquid  can improve the CO2 
trapping ability of the composite material, because the contact area between gas 
molecules and ILs increases.  (9) (10) (11) (12) (47) Interest in ionic liquid is growing 
because they can act not only as capture interface, but also as co-catalyst lowering the 
energy of key intermediates,  (48) or directly as catalysts. (49) On the other hand, p-
SWCNHs nanoscaffolds can improve the electronic communication between the 
electrode surface and the catalytic sites. The widely available surface provided by the 
carbon nanostructure has allowed to obtain a material with amounts of electroactive 
sites per cm2 higher than 1x10-8 mol cm-2

, which is so far the highest reported in 
literature. (39) 
 
2.3.1 Results and discussion 
 
2.3.1.1 Synthesis of NiCyclam@BMIM/p-SWCNHs 
 
The synthesis of NiCyclam@BMIM/p-SWCNHs was accomplished using incipient wetting 
procedures. NiCyclam@BMIM was prepared by dissolving NiCyclam in the solution of 
BMIMPF6 in anhydrous THF. When the solution appeared homogenous, it was mixed 
with a suspension of 1mg/mL of p-SWCNHs in anhydrous THF. This mixture has been 
kept under stirring overnight, and dried by vacuum evaporation. A similar procedure has 
been used to prepare the reference material BMIM@p-SWCNHs. The right amount of 
BMIMPF6 solution was mixed with p-SWCNHs dispersion in order to obtain the desired 
composition. After one night under stirring, the mixture was dried by vacuum 
evaporation. Using this procedure, a library of materials were synthesized, each with a 
different concentration of BMIM and different concentration of NiCyclam. The 
optimized material (from a catalytic point of view) was named NiCyclam@BMIM/p-
SWCNHs, with the following nominal percentage: 25% of NiCyclam, 23% of BMIM and 
52% of p-SWCNHs.  
In NiCyclam@BMIM/p-SWCNHs, the assembly of the three components took advantage 
of non-covalent forces. p-SWCNHs did not undergo chemical treatment, so that the 
carbon nano-scaffold completely preserved its π-conjugated structure and therefore the 
best electronic conductivity, improving the electronic communication between each 
component. By means of the incipient wetting methods, the BMIMPF6 covered all the 
pores of the carbon nanostructure leading to a powder material. The electrocatalytically 
active species (NiCyclam) were guested within the SILP. Due to the ion conductivity 
property of the BMIMPF6, the SILP worked as an electrical junction between the catalytic 
sites and the surface of the p-SWCNHs, also assisting the electron transfer. 
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Scheme 2.3: Schematic representation of the NiCyclam@BMIM/p-SWCNHs hybrid. NiCyclam2+ 
is guested inside the ionic liquid layer, which embeds the p-SWCNHs structure. C atoms are grey, 
H atoms are white, N atoms are blue, P atom is yellow and F atoms are green. 
 
 

2.3.1.2 Macroscopic characterization 
 
TGA under N2 was used to analyze the composition of BMIM/p-SWCNHs and 
NiCyclam@BMIM/p-SWCNHs. From the analysis, the BMIMPF6 content in both material 
fits well the nominal amount. From the TGA profile, it was also observed that the ionic 
liquid phase was stable up to 350°C.  
Figure 2.17 A reports a comparison between BMIM@p-SWCNHs and neat BMIMPF6. The 
degradation temperature of the ionic liquid decreased from 430 °C to 340 °C in presence 
of SWCNHs. The reason for this behavior could be ascribed to the organization of the 
ionic liquid around the carbon nanostructure surface forming a thin layer on a wide 
surface. (48) Figure 2.17 B shows the TGA plots of p-SWCNHs, BMIM/p-SWCNHs and 
NiCyclam@BMIM/p-SWCNHs.  In the final hybrid, the degradation temperature of the 
ionic liquids decreased again from 340 °C to 250°C. In addition to the order induced by 
the p-SWCNHs, the presence of the Ni catalyst might be responsible for such decrease 
acting as a hot spot, imparting better heat conduction and favoring the ionic liquid 
degradation at lower temperature. The degradation of the Cyclam ligand must occur at 
the same temperature of the BMIM, thus explaining the larger weight loss of the final 
hybrid as compared to BMIM/p-SWCNHs. 
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Figure 2.17 A) TGA plots of BMIM@p-SWCNHs (─) and BMIMPF6 neat (─). B TGA plots of p-
SWCNHs (─), BMIM@p-SWCNHs (─), NiCyclam@BMIM/p-SWCNHs (─). 

 
FTIR analysis conducted on NiCyclam@BMIM/p-SWCNHs, BMIM/p-SWCNHs and p-
SWCNHs (Figure 2.18) shows in all the samples a peak relative to OH- stretching, 
associated with adsorbed water (the commercial BMIMPF6 used contains 3% of water) 
and umidity of KBr powder used to prepare the samples.  The spectra of 
NiCyclam@BMIM/p-SWCNHs and BMIM/p-SWCNHs exhibited peaks at 3150 cm-1 and 
at 2932-2896 cm-1, characteristic of the stretching of C-H of the imidazole ring and of 
the alkyl moieties, respectively. The stretching modes of the imidazolium ring, C=N and 
C=C are present (several peaks around 1640 cm-1), while the peaks around 1570 cm-1 
were characteristic of the stretching of C-C and C-N of the alkyl chain of the BMIMPF6. 
The peak at 1174 cm-1 was typical of the deformation of the imidazole ring in the plane. 
Finally, the peaks at 840 cm-1 and 541 cm-1 were the distinctive stretching modes of the 
PF6

- counter-anion of the BMIM: the antisymmetric stretching and the symmetric 
stretching. (50) p-SWCNHs spectra exhibit characteristic peaks in the range 3250-2850 
cm-1 due to stretching of C-H, while the peaks in the range between 1750 cm-1 and 1450 
cm-1 were associated to the stretching C=C and C-C bonds. 
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Figure 2.18. FT-IR spectra of the NiCyclam@BMIM/p-SWCNHs (─), BMIM@p-SWCNHs (─), p-
SWCNHs (─). 
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Raman spectra of the three samples are reported in figure 2.19. The Raman shifts of D 
and G bands did not change after the addition of BIMIM layer, and the D/G ratio 
remained constant 1.03±0.02, a sign that there was no damage of the polyaromatic 
framework after the material assembly. This is consistent with a non-covalent 
functionalization of the p-SWCNHs. The other signature bands of the SWCNHs (2D and 
D+D’) were also detected. It must be noted that the presence of BMIM on the SWCNHs 
results in a broadening of the nanocarbon characteristic peaks. 
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Figure 2.19. Raman spectra of the NiCyclam@BMIM/p-SWCNHs (─), BMIM@p-SWCNHs (─), p-
SWCNHs (─). 

 
2.3.1.3 Electrochemical characterization   
 
The redox behavior of NiCyclam@BMIM/p-SWCNHs was investigated by CV and LSV. 
Figure 2.20 reports a comparison between the GCE modified with p-SWCNHs (A), with 
BMIM/p-SWCNHs (B), and with NiCyclam@BMIM/p-SWCNHs (C). 
 

 
 
Figure 2.20. CVs obtained on GCE modified with A) p-SWCNHs (─), B) BMIM@p-SWCNHs (─) and 
C) NiCyclam@BMIM/p-SWCNHs (─) in 0.5M NaHCO3 under N2, scan rate: 0.025V s-1. 

 
The profile for p-SWCNHs/GCE (black trace) was associated only with a capacitive 
current, while that for BMIM/p-SWCNHs (red trace), showed the appearance of two 
peaks due to the reduction and oxidation of BMIMPF6. (49) For NiCyclam@BMIM/p-
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SWCNHs, in addition to the peaks relative to the reduction/oxidation of BMIMPF6, an 
anodic peak at 1.61 V vs RHE was observed, which arouse from the oxidation of 
NiCyclam, with Ni(II) oxidized to Ni(III). (38) The charge involved in the oxidation process 
of Ni(II) to Ni(III) has been obtained integrating the oxidation peak by the CVs. Using the 
charge value, the surface concentration of NiCyclam (Γ) and the number of active sites 
onto the electrode surface for the final material was calculated using the following 
equations: 
 

Γ =
𝑄

𝑛𝐹𝐴
   

 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 = 𝑁𝐴Γ 

 
Where Q is the charge involved in the oxidation of Ni(II) to Ni(III), n is the number of 
electron involved, F is the Faraday constant 96485 C mol-1, A is the geometric area of 
the electrode and NA is the Avogadro numbers 6.02 x 10 23 mol-1. 
The value obtained is Γ (2.7±0.2) x10-7 mol/cm2 correspondent to (1.6±0.1) x1017 

sites/cm2. Hence, the corresponding percentage of electroactive catalyst respect to the 
nominal amount used during the synthesis was 60%.  The heterogenization of a 
molecular catalyst is very challenging, however it brings numerous advantages such as 
high selectivity, easier products separation and opportunity to work in aqueous 
medium. These advantages were highlighted in several recent reports. For example, 
Kang et al reported an iridium pincer dihydride catalyst supported on carbon nanotube 
surface via the π-π stacking of a pyrenic moiety. The catalyst was able to convert CO2 
into formate with a FE of 96%. (51)Ling et al. reported a Co porphyrin combined with a 
covalent organic framework, and despite  the percentage of active site relative to the 
nominal amount was only 4% and Γ=1x10-8 mol cm-2, the catalyst proved to be 
catalytically active for CO2 reduction to CO with FE of 90%.  (41) In another interesting 
work, a functionalized Fe porphyrin was anchored to a modified MWCNT/GCE by means 
of a pyrenic moiety and successfully used to catalyze the CO2 reduction to CO with FE of 
90%. In this case, the Γ was of 2.4x10-8 mol cm-2 (40). Another Fe-porphyrin was 
combined with a metal organic frameworks (MOF) active in CO2 reduction to CO with 
Γ=6.2x10-8 mol cm-2 and FE of 54%.  (39) 
Most of the examples above reported a surface concentration lower than 
NiCyclam@BMIM/p-SWCNHs. To the best of our knowledge, there are no heterogenized 
molecular electrocatalysts for the CO2 reduction with a surface concentrations higher 
than 1 x 10-7 mol/cm2, highlighting the advantages of the SILP strategy to achieve a 
surface rich with widely available active sites for the CO2 reduction process. 
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Figura 2.21. CVs obtainend on bare GCE in 0.5mM NiCyclam in 0.50 M NaHCO3 (─), on GCE 
modified with NiCyclam@BMIM (─) and NiCyclam@BMIM/p-SWCNHs (─). Scan rate 0.025V s-1 

 
Further insights in the redox behavior of the NiCyclam2+ when embedded into the 
BMIMPF6 were gained through additional cyclic voltammetry experiments. The 
collected traces are reported in figure 2.21. Figure 2.21 shows the comparison between 
NiCyclam2+, NiCyclam2+@BMIMPF6/p-SWCNHs/GCE and NiCyclam2+@BMIMPF6/GCE in 
0.5M NaHCO3 solution. From the CVs, the role of the carbon nanostructure appeared 
clear: p-SWCNHs can affect the redox behavior of the NiCyclam2+, decreasing the energy 
for its oxidation.  The pentagon moieties at the apex of each cone in p-SWCNHs are 
characterized by a higher density of negative charge, (52) that can affect the potential 
at which the Ni(II) oxidation is observed.  
 
2.3.1.4 CO2 activation 
 
Catalytic CO2 reduction was first investigated by LSV experiments. Figure 2.22 shows the 
different response of p-SWCNHs (A), BMIM@p-SWCNHs (B) and NiCyclam@BMIM/p-
SWCNHs (C) modified GCE in CO2 saturated solution (red trace) in comparison with the 
response in N2 saturated solution (black trace) in 0.5M NaHCO3 saturated. The activation 
has been investigated in the potential window ranging from 0.6 V to -1.15V vs RHE using 
a scan rate of 0.025 V s-1. The polarization curve collected with p-SWCNHs exhibited a 
negligible current increase and a shift of the LSV trace in presence of CO2 that could be 
ascribed to lowering of pH upon CO2 bubbling. The pH of the buffer decrease from 8.4 
to 7.4. 
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Figure 2.22. CVs at GCE modified with p-SWCNHs (A), BMIM@p-SWCNHs (B) and 
NiCyclam@BMIM/p-SWCNHs with (C) in N2 (–) and CO2 (–) saturated 0.1 M phosphate buffer 
solution pH 7.40. Scan rate: 0.025V s-1. (D) Comparison of CO2 activation between p-SWCNHs (–
), BMIM@p-SWCNHs (–) and NiCyclam@BMIM/p-SWCNHs (–), 0.5M NaHCO3 solution. Scan 
rate: 0.025V s-1. 
 

When BMIMPF6 was supported onto p-SWCNHs, to give the SILP, the onset of the 
catalytic wave in CO2-saturated system moved to -0.68±0.03V vs RHE. When the ionic 
liquids are supported, they can increase the contact area between the gas and the IL, 
presenting lower viscosity and higher stability. (11) (12) (47) Supporting BMIMPF6 
allowed to study the reduction of the CO2 in water. As expected, BMIMPF6 can activate 
the CO2, the increase in current and the shift in potential of the LSV could be due to CO2 
coordination and activation. When a negative potential is applied to the ILs, they 
undergo a structural transition that occurs regardless of CO2 presence. At enough 
negative potentials, the ILs organize themselves in order to have an overabundance of 
cation at the electrode surface and a higher degree of alignment. CO2 interacts with the 
anions exposed which entrap it. The onset of the CO2 reduction is dependent on this 
structural transition. (53) By supporting BMIMPF6 onto the p-SWCNHs, the transition 
started at more positive potential than bulk ILs as literature reported.  (54)  
After including of NiCyclam2+ into SILP, the response towards CO2 activation resulted in 
a significant enhancement of the catalytic current and onset potential. In particular, a 
well defined peak can be observed, associated to the CO2 reduction process. Hence, 
Figure 2.20 C confirms that NiCyclam2+ preserved its catalytic activity even when 
transferred into the BMIMPF6 layer. The catalytic current of the material containing 
NiCyclam2+ was doubled with respect to that with BMIM@p-SWCNHs/GCE and five 
times higher than that with p-SWCNHs/GCE. The CO2 onset potential shifts to less 
cathodic potential, -0.58±0.01V vs RHE. Figure 2.20 D reports the comparison between 

A 
B 

C D 
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p-SWCNHs, BMIM/p-SWCNHs and NiCyclam@BMIM/p-SWCNHs, proving the promising 
features of the designed catalysts. 
As the results evidenced, the hybrid material showed comparatively the best 
characteristics for a CO2 electrocatalyst, in virtue of the resulting multifunctional 
structure: a) a CO2 capture phase opportunely supported onto a graphene based 
material able to provide a wide surface increasing the contact between the ionic liquid 
and the CO2  molecules, as well as improving electron transfer processes. b) NiCyclam2+ 
molecules confined into the ionic liquid layer, enhancing the efficiency of the catalyst 
for the CO2 activation; c) each phase is in intimate contact with the others, securing a 
synergistic effect driving the cascade of catalytic events.  
To verify if NiCyclam2+ retained its selectivity, bulk electrolysis experiments have been 
performed, using the same 3-electrode cell configuration described earlier. The working 
electrode has been prepared by drop casting of two drops (100 µL each one, one per 
side) of NiCyclam@BMIM/p-SWCNHs aqueous dispersions on rectangular slides of 
glassy carbon. (more details on electrode preparation are reported in Appendix A). The 
counter electrode was a Pt electrode while an Ag/AgCl electrode functioned as the 
reference electrode. In order to recognize the gas products, the experiments have been 
performed in tandem with GC analysis connected in line, thus analyzing the presence of 
gaseous reduction products in the head-space (HS) of the electrochemical cell. The gas 
flow used to saturate the electrochemical cell with CO2 was 20 mL min-1. 
The fixed potential chosen for the bulk electrolysis was -0.69 V because it was the value 
corresponding to the best FE. By the bulk electrolysis experiment conducted in 0.1M 
NaHCO3 solution it emerged that the solely evolved product was the CO with a faradaic 
efficiency (FE%) of 54% after 1hr of electrolysis. The rest of the charge was involved in 
H2 production. The current-time profile was constant throughout the experiment, with 
an average density current of -0.75mA cm-2 corresponding to 4mA mg-1 of catalyst and 
36mA mg-1 of Ni calculated on the amount of catalyst supported and the nominal 
amount of Ni in the catalyst supported onto the electrode surface respectively. Bulk 
electrolysis experiments longer than 1hour have evidenced a decrease of FE CO with 
concomitant decrease of current. FE in CO was 15% after 2hours and around 8% after 
3hours. This behavior could be associated to deactivation of the electrocatalyst inside 
the ionic liquid layer due to the evolution of carbonyl species.(56)  Preliminary 
experiments were performed in 0.10 M PBS, but the FE in CO was much lower (around 
5%), with the HER process becoming largely dominant. ILC analysis and NMR spectra on 
the liquid phase revealed no formation of other CO2RR products in the liquid phase, 
highlighting the retention of selectivity of the catalyst. No reduction product was 
detected with the reference materials p-SWCNHs and BIMIM@p-SWCNHs.  
 
2.3.1.5 Conclusion 
 
A novel electrocatalytic hierarchical nanostructured material has been synthesized for 
the CO2 reduction reaction. NiCyclam@BIMIM/p-SWCNHs was obtained by exploiting 
supramolecular interaction between each component. The supporting of BMIMPF6 on 
SWCNHs provided a selective capture phase for the CO2 adsorption and the reaction 
medium for NiCyclam molecules. The application of SILP as strategy for the 
heterogenization of a molecular catalyst has allowed to achieve the highest amount of 
active sites per cm2, 2x 10-7 mol cm-2. By preliminary studies on the catalytic properties, 
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the results suggested that NiCyclam remained active towards CO2 reduction, as CV 
experiments confirmed. The selectivity of the catalyst is high towards CO, with a FE over 
1hr of bulk electrolysis of 54%, while HER appears to be a highly competitive process. 
These findings may inspire the investigation of “heterogenization” of other molecular 
catalysts allowing studies in aqueous media. Compared with other strategies reported 
in literature, such as MOF synthesis and chemical functionalization of molecular catalyst 
with anchoring moieties, the application of SILP is easier and simultaneously allows to 
achieve high amounts of active catalytic sites to boost the CO2 activation.  
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CHAPTER 3  
Novel carbon nanostructured based hierarchical material as 
electrocatalysts for oxygen reduction reaction (ORR) 
  
3.1 Introduction 
 
There is currently a great deal of attention to the manufacturing of novel 
electrocatalysts for the O2 activation, which is a process of high relevance for the 
construction of fuel cells. Fuel cells are electrochemical power source devices, where 
two half-reactions occurring at two separate electrodes, allowing the production of 
energy in the form of electricity. The anodic reaction involves the oxidation of some fuel 
(hydrogen, alcohols etc) while at the cathode the generally employed half reaction is the 
ORR. Even using Pt based catalysts, the 80% of the losses in hydrogen/oxygen fuel cells 
are due to loss of efficiency of the ORR electrocatalyst, therefore it turns out that ORR 
is generally the bottleneck in fuel cells development. (1) When developing a new 
electrocatalytic system for O2 reduction, the challenges faced are multiple, as well as the 
factors to consider for obtaining good activity and selectivity.  The energetic barrier for 
the first electron transfer is very high and low selectivity by most catalysts is normally 
observed. Moreover, there is a strict dependence on the pH that affects the reaction 
mechanism and consequently the products distribution. The main reduction products 
obtained by O2 reduction are H2O and H2O2, corresponding respectively to a 4e- 
reduction process and a 2e- reduction process. Both products can be useful from an 
energy point of view, specifically for fuel cell developing. H2O2 bears added value, being 
a highly relevant compound for several industrial sectors such as pulp and paper, food, 
mining, textile bleaching, waste water treatment, packaging and chemical synthesis. (2)  
Currently, Pt/C catalysts are the benchmark electrocatalysts for the selective reduction 
of O2 to H2O (3) (4) (5)), while there are still few examples of electrocatalysts for the 
selective reduction of O2 to H2O2. Among them, Au-Hg and Pt-Hg have been identified 
as the most promising candidates leading to highly selective H2O2 formation. (6) 
However, it can be reasonably thought that 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. 
This chapter focuses on the preparation, characterization and employment of two 
hierarchical nanocatalysts for ORR : a) carboxylated Fe-filled multiwalled carbon 
nanotubes (t-Fe@MWCNTs) and b) N-doped graphitized carbon nanohorns (g-N-CNHs). 
Both catalysts share the important characteristic of being noble metal free. As shown in 
more details below, these two systems showed different selectivity towards the O2 
reduction: t-Fe@MWCNTs was selective for H2O production, while g-N-CNHs showed 
high selectivity for H2O2 production.  
The precursor material of t-Fe@MWCNT, Fe-filled multiwalled carbon nanotube 
(Fe@MWCNTs), was provided by Prof. Bonifazi’s group, which was co-partner in a 
European project, the Self-Assembly in Confined Space (SACS) project. 
g-N-CNHs is a N-doped metal free nanomaterial based on SWCNHs prepared and 
supplied by Dott. Daniel Iglesias Esperillias. 
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3.2 Carboxylated Fe-filled MWCNTs (t-Fe@MWCNTs) for ORR  
 
As mentioned above, the benchmark catalyst for this reaction is the E-TEK catalyst (20% 
Pt/C). (7) (8) (9) Pt is expensive, due to the low availability and geopolitical dependence 
of Pt, and it also suffers by low tolerance to most fuel impurities, therefore it is not stable 
for long-term use. (7) (8) (9) All these reasons have driven many research groups to 
develop more abundant metals based electrocatalysts, which could be less active than 
Pt but surely cheaper. 
The application of Fe-based catalysts for the ORR has emerged as an interesting 
alternative. This metal is very effective for the ORR catalysis and has been investigated 
as active center in macrocycle compounds and as Fe-based hybrid nanostructured 
materials. (10) However, the non-precious metal catalysts generally suffer from poor 
stability in acidic conditions, frequently adopted for ORR, due to leaching of the metal. 
Several strategies have been devised to circumvent this problem. 
Bao et al., investigated a Fe-Pt/C system where Fe-particles were encapsulated into Pt 
shells. When Fe was confined into Pt shells, the coordinatively unsaturated ferrous sites 
were highly active and stable in driving O2 reduction to H2O in acidic environment. The 
conjugation of Fe with Pt, could be a way to decrease Pt amounts, and exploit the 
interplay between Fe and Pt, achieving activity and durability comparable to Pt/C. (11) 
Using  a similar structural concept, they extended the study to a system based on Fe 
encapsulated within Pod-like carbon nanotubes (CNTs) demonstrating that physically 
isolated Fe into single walled CNTs (SWCNTs) avoided Fe-leaching, even under strong 
acidic environment without hindering the catalytic sites availability for the ORR, and 
avoiding the use of precious metals, such as Pt. Moreover, the use of CNTs improved the 
electronic communication between the electrode surface and the catalytic sites on 
which O2 activation occurs. (12) Recently, it was reported that the number of walls of 
CNTs can influence the electronic transfer rate and the catalytic properties of CNTs (13) 
, thus the investigation of the catalytic behavior of encapsulated Fe into MWCNTs could 
have interesting consequences to deepen the knowledge about the behavior of Fe 
confined in carbon nanostructures. 
Here, the synthesis and the ORR catalytic activity of t-Fe@MWCNTs are reported. Fe was 
encapsulated in the inner cavity of MWCNTs. The sidewalls of the MWCNTs were then 
covalently modified with polar groups, as it was envisioned that appropriate engineering 
of the surface of CNT could cause an enhancement of performance. The electrocatalysis 
of ORR was investigated at physiological pH. Such pH conditions are not usually studied, 
but it is of great interest for engineering of various biologically compatible devices 
including microbial fuel cells. (14) (15) (16) 
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3.2.1 Result and discussion 
 
3.2.1.1 Synthesis 
 

 
 
 

Scheme 3.1: Synthetic procedure for t-Fe@MWCNTs.  
 
The pristine material, Fe@MWCNTs, was prepared by chemical vapour deposition (CVD) 
in an oven at 1173K using ferrocene (Cp2Fe) as catalyst and Fe precursor  (sublimated at 
623 K), and toluene as additional carbon source. The material, as obtained, was purified 
by unreacted Cp2Fe and metallic Fe aggregates adsorbed, washing it first in EtOH (to 
remove Cp2Fe) and then with 1M HCl in MeOH/H2O (3/1 v/v) (to remove exohedral Fe). 
Once purified, Fe@MWCNTs, named HCl-Fe@MWCNTs has undergone the exohedral 
functionalization by means of radical addition of benzylic acid moieties using the 
procedure reported by Tour and Bahr (17). The diazonium salts, prepared in situ by para-
aminophenylacetic acid in presence of isoamyl nitrite and Et3N in N-
methylphenantroline, reacted with the outer wall of the HCl-Fe@MWCNTs introducing 
the acidic moieties. This strategy was applied in place of the more common oxidation, 
as the latter would induce CNTs tips opening (18), which was detrimental for our 
purpose because it would lead tothe escape of Fe out of the nanotubes. The final 
material was named t-Fe@MWCNTs. The scheme of the synthesis is reported above 
(scheme 3.1).  
 
3.2.1.2 Macroscopic and microscopic characterization 
 
Fe@MWCNTs , HCl-Fe@MWCNTs and t-Fe@MWCNTs, were fully characterized using 
several techniques. 
To confirm the successful exohedral functionalization and to know the amount of Fe in 
the inner cavity, thermogravimetric analysis (TGA) were performed (figure 3.1). In order 
to more accurately evaluate the functionalization degree of the outer wall of t-
Fe@MWCNTs, TGA was performed under N2 flow. In figure 3.1 (A) a weight loss of 3.5% 
at 180°C revealed the presence of organic functional groups. In comparison, HCl-
Fe@MWCNTs did not show appreciable weight loss indicating that the treatment with 
diluted HCl acid did not introduce any functional group . TGA under air flow was instead 
performed to estimate the amount of iron in the inner cavity of Fe@MWCNTs. The air 
flow induces the combustion of all the carbonaceous components, leaving the most 
stable metal oxide. The residual weight associated to Fe was 31 wt%. The percentage of 
Fe decreased to 27 wt% after the washing in HCl, suggesting the removal of non-
encapsulated iron. The Fe content did not change after the exohedral functionalization, 
confirming that the reaction did not cause any leaching of the metal. 
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Figure 3.1: A) TGA plots of the HCl-Fe@MWCNTs (-) and t-Fe@MWCNTs (-) under N2 flow; B) 
TGA plots of the HCl-Fe@MWCNTs (-) and t-Fe@MWCNTs (-) under air flow. 

 
Raman spectroscopy and FT-IR spectroscopy revealed the successful incorporation of 
the benzylic acid functional groups.  
 

 
 

Figure 3.2: comparison between FTIR spectra of HCl-Fe@MWCNTs (-) and t-Fe@MWCNTs (-). 
 

In figure 3.2 the comparison between IR spectra of HCl@Fe@MWCNTs and t-
Fe@MWCNTs is reported. The t-Fe@MWCNTs spectrum was consistent with the 
benzylic acid moieties functionalization. At 3000-3500 cm−1 the broad band of the 
stretching mode for the carboxylic acid O–H group was present; the peaks at 2950 and 
2850 cm−1 were related to the asymmetric and symmetric stretching of C–H bond; 
finally, the peak at 1700 cm−1 was due to the aromatic C=C stretching mode. 
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Raman analysis of HCl-Fe@MWCNTs and t-Fe@MWCNTs showed the typical fingerprint 
of MWCNTs framework: the defect-induced D band at 1351 cm-1, the sp2 vibrational 
mode induced G band at 1588 cm-1, and the D band harmonics D’ at 1627 cm-1, and 2D 
at 2702 cm-1. No peaks associated to Fe oxides were observed, indicating that none of 
the reaction step cause oxidation of the metal phase, and that the CNTs act as an 
efficient protecting barrier. 
 

 
 
Figure 3.3: Raman spectra of MWCNTs, HCl-Fe@MWCNTs and t-Fe@MWCNTs. 

 
To further investigate on the nature of the iron phase, powder (P) XRD and 57Fe 
Mössbauer spectroscopy have been performed at Namur University facilities. 
PXRD spectra reported in figure 3.4, have been carried out on the three different 
samples in order to study the iron phases and their changes after each synthetic step. 
The findings suggested that Fe was present as three different phases: α-Fe, γ-Fe and Fe-
carbide. In the as-obtained Fe@MWCNTs, the peak of α-Fe was clearly evident (peak at 
44.6° overlapping with Fe-carbide peak), and its intensity decreased after the HCl 
treatment. No more changes occurred in the (P) XRD spectra after the exohedral 
functionalization, implying that this treatment did not cause the opening of the tips, 
with subsequent leaching of Fe from the inner cavity of the nanotubes, in agreement 
with TGA analysis. 
 

 

 
 
Figure 3.4: PXRD spectra of a) Fe@MWCNTs , b) HCl-Fe@MWCNTs and c) t-Fe@MWCNTs.  

A B C 
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By means of 57Fe Mössbauer, the presence of the three different phases of Fe, α-Fe, γ-
Fe and Fe-carbide, was further confirmed. The spectra are reported in figure 3.5. The 
respective amounts of each Fe phase  in the three samples are reported in Table 3.1 and, 
in agreement with XRD it can be observed that after the treatment in HCl, the α-Fe 
amount decreased. 
 
 

 α- Fe% γ-Fe% Fe carbide% 

Fe@MWCNTs 25 33 42 

HCl@Fe@MWCNTs 18 40 42 
 
Table 3.1: Percentage of the Fe phases revealed by57Fe Mössbauer for the samples 
Fe@MWCNTs and HCl-Fe@MWCNTs. 

 

 
 
Figure 3.5:  57Fe Mçssbauer spectra of a) Fe@MWCNTs and b) HCl-Fe@MWCNTs with the 
expected sextets of a-Fe (red) and Fe carbide (green) and the expected singlet of g-Fe (blue). 
The grey line is the non-deconvoluted experimental profile. 

 
Using TEM analysis, information about the material morphology were obtained for each 
sample. As it is clear by the TEM images (fig 3.6), the samples consisted of MWCNTs of 
various diameters and lengths, in which Fe is encapsulated. Fe is located either in the tip 
region of the nanotubes, with a sphere-like shape (more frequent observing the TEM 
image) than in the middle region of the carbon nanotubes as nanorods-like shape. After 
the washing with HCl, considerably less amounts of exohedral Fe were observed at TEM. 

B A 
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Figure 3.6. TEM images of Fe@MWCNT, HCl-Fe@MWCNTs and t-Fe@MWCNTs. 

 
3.2.1.3 Electrochemical characterization 
 
The electrochemical behavior of t-Fe@MWCNTs was investigated by cyclic voltammetry 
(CV) experiments using a t-Fe@MWCNTs modified glassy carbon electrode (t-
Fe@MWCNTs-GCE) as working electrode. The electrochemical response was studied in 
the potential range between +1.25V (vs RHE) and -0.75 V (vs RHE) in N2-saturated 0.10 
M phosphate buffer solution (pH 7.4) at a scan rate of 0.03 V s-1. The electrochemical 
responses of bare GCE, MWCNTs-GCE, HCl-Fe@MWCNTs-GCE were screened in the 
same potential window and conditions, to compare their CV signals with t-
Fe@MWCNTs-GCE, and to recognize the contribute of each material constituents; the 
comparison is reported in figure 3.7. 

 
 
Figura 3.7. CVs obtained on bare GCE (─), GCE/MWCNT (─), GCE/Fe@MWCNT (─) and GCE/t-
Fe@MWNCT (─) in N2-saturated 0.10M phosphate buffer solution (pH 7.40). Scan rate: 0.03 Vs-

1. 
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The bare GCE CV exhibited 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/electrolyte. CV of MWCNTs-
GCE electrode showed an increase in icap correlated to the deposition of a modified layer 
onto the GCE surface. The icap further increased using HCl-Fe@MWCNTs-GCE, due to 
variability of charge or defects density onto the modified electrode. (19)  
HCl-Fe@MWCNTs-GCE showed a broad reduction peak centered at -0.14V vs RHE and 
three oxidation peaks at 0.30V, 0.13V, 0.71V vs RHE. These signals were also present in 
the CV collected for the t-Fe@MWCNTs-GCE, hence, they can be attributed to redox 
processes occurring at the iron phase in the nanotubes. No new signals appeared in the 
CV of t-Fe@MWCNTs, meaning that the organic functionalization onto the outer wall of 
the nanotube component did not affect the redox behavior of the iron phase.  
In order to confirm if the observed redox peaks in t-Fe@MWCNTs were related to the 
presence of encapsulated Fe, FeSO4, as Fe reference material,was added to the 
electrolyte, and a CV experiment was performed. Figure 3.8 shows the CVs obtained on 
t-Fe@MWCNTs-GCE in absence (black line) and presence (red line) of FeSO4 in solution. 
After the addition of the Fe salt, the cathodic current increased, indicating that the redox 
activity observed at -0.4 V was due to the surface confined Fe. In particular, it is possible 
to hypothesize that the peak at -0.4V is relative to the reduction of Fe(III) to Fe(II), 
originated during the oxidative sweep. 
  

 
Figure 3.8: CVs of t- Fe@MWCNTs-GCE electrodes in phosphate buffer solution in absence (—) 
and presence (—) of FeSO4 in solution. 
 

To investigate the stability of t-Fe@MWCNTs, several consecutive CVs were performed 
in 0.1M phosphate buffer solution pH 7.4 at 0.03 V s-1. Figure 3.9 A shows the collected 
CVs, while Fig 3.9 B displays the analysis of the anodic peak current at 0.13V. 
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Figure 3.9: A) Cyclic voltammograms of successive cycles measured on GCE/Fe@MWCNTs in 
0.10 M phosphate buffer solution pH 7.40. B) Analysis of the anodic peak current in function of 
the number of cycles. 

 
The oxidation peak shifted to less negative potential as the number of cycle increased. 
From the 6th cycle, both position and intensity of the anodic and cathodic peaks 
remained constant indicating that it reached a stable situation where the processes of 
reduction and oxidation occurred unchanged in each further cycle. 
 
3.2.1.4 ORR investigations 
 
The catalytic activity of t-Fe@MWCNTs towards ORR was first investigated by CV in O2-
saturated 0.1M phosphate buffer solution (pH 7.4) at 0.1 V s-1. The comparison between 
t-Fe@MWCNTs-GCE, HCl-Fe@MWCNTs-GCE, MWCNTs-GCE and bare GCE is reported in 
figure 3.10. O2 activation occurred with higher current and at the lowest cathodic 
potential when GCE was modified with the hybrid t-Fe@MWCNTs. In table 3.2, the 
values of the peak potential and the relative current are reported. 
 

 E peak (V) i peak(mA) 

GCE 0.45 0.19 

MWCNTs/GCE 0.35 0.22 

HCl-Fe@MWCNTs/GCE 0.45 0.51 

t-Fe@MWCNTs/GCE 0.25 0.99 

 
Table 3.2: The values of the peak potential and relative currents are reported for each sample. 
The potential values are referred to RHE reference electrode. 
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Figure 3.9: Forward CV segment at bare (─), MWCNT- (─), HCl-Fe@MWCNT- (─) and t-
Fe@MWCNT-modified GCE (─) in 2.5 mgL-1 O2 dissolved in phosphate buffer solution. Scan rate: 
0.10 Vs-1. 
 

These findings suggested that Fe-encapsulated into the inner cavity of MWCNTs was 
available to the O2, and played a crucial role for the occurrence of the reaction. Using 
HCl-Fe@MWCNTs-GCE, a rise in ipeak was observed. The shift of the peak potential to 
less negative potential, and the current increase using t-Fe@MWCNTs suggested a non-
innocent role of the organic moieties, which have been introduced by the radical 
addition procedure. These results were in agreement with the results reported by Deng 
et al., who studied a similar system based on iron nanoparticles confined  inside pea-
pod-like CNTs exhibiting high activity and selectivity as ORR catalyst in polymer 
electrolyte membrane fuel cells (PEMFC). The high activity was attributed to the 
decrease of the local work function on the carbon nanotubes surface, due to electron 
transfer processes from the inner Fe-encapsulated to the graphitic shells. (12)  
Thus, based on the present results and on previously reported examples, the 
enhancement of the ORR electrocatalytic activity of t-Fe@MWCNTs could be explained 
as follows:  

1) The exohedral functionalization of the outer nanotubes wall resulted in the 

formation of defects, that enhanced the absorption of O2 onto the nanotubes, 

increasing the substrate concentration in the vicinity of the Fe catalytic phase; 

2) The presence of cross-linking defects allowed better electronic communication 

between the internal Fe and the outer graphitic shells, making possible electron 

transfers through the CNTs walls. 
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In order to validate these two hypotheses, more in depth analysis of ORR activity were 
performed by measuring: a) CVs in presence of increasing O2 concentrations, obtaining 
information on the affinity of the different materials towards the O2, and b) 
electrochemical impedance experiments, gaining information on the charge-transfer 
resistance for each material. 
When the CVs in presence of increasing O2 concentration were measured (figure 3.10 
A), a linear correlation between the peak currents and the O2 concentration was 
obtained in the range between 0 and 2.5 mg L-1. Based on the obtained calibration curve 
(figure 3.10 B), the sensitivities towards O2 were determined for each material, 
calculated as the slope of the calibration curve. Table 3.3 reports sensitivity, limit of 
detection (LOD),associated to the lowest amount of oxygen detectable, and linear range 
for each material. The LOD associated to HCl-Fe@MWCNTs and t-Fe@MWCNTs were 
the lowest. When t-Fe@MWCNTs-GCE was used, the corresponding linear range, the 
range in which the current increased linearly increasing the amount of oxygen, was the 
widest: 0.1-3.1 mg L-1. These findings supported our first hypothesis, claiming that the 
exohedral functionalization favored the O2 absorption, aided by the introduction of 
additional defects.  

 
 
Figure 3.11: A) CVs at t-Fe@MWCNT-modified GCE in phosphate-buffer solution with increasing 
amounts of dissolved O2. Scan rate: 0.10 Vs¢1. B) Calibration curve obtained from the results in 
A). Experimental points (●), best linear fit (solid line) and 99% confidence bands (dashed line). 
 

 
 
Table 3.3. The values of LOD (mg L-1), Linear range (mg L-1) and sensitivity (µA L mg-1 cm-2) are 
reported for each sample.  
 

Electrochemical impedance spectroscopy (EIS) analysis was performed for each 
material, studying the response in K3[Fe(CN)6]/K4[Fe(CN)6] solution as redox probe, and 
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under ORR conditions. EIS experiments were performed in the frequency range between 
105 to 10-2 Hz, with a potential perturbation of 0.01V and a working potential of -0.20 V. 
By the Nyquist spectra analysis, Randles and R(RC) circuits were found as the best 
equivalent circuits for the investigated electrochemical systems. the schematic 
representation of the equivalent circuits are reported  are represented in figure 3.12. 
 

 
Figure 3.12: representation of A) Randles circuit and B) R(RC) circuit. 

 
The circuit elements are: Cdl, corresponding to the double-layer capacitance, Rct 
corresponding to the charge-transfer resistance, ZW representing the impedance due to 
mass transfer of the redox species to the electrode described by Warburg, and RS is the 
solution resistance. 
 By the Nyquist plots in figure 3.13 emerged that the charge transfer resistance 
decreased after the exohedral functionalization, meaning that the electron transfer was 
favored. These results are in very good agreement with all the other results, and 
supported the second hypothesis claiming that the electronic communication was 
enhanced by cross-linking defects created after the exohedral functionalization. 
 

 
 
Figure 3.13: Nyquist plot obtained at GCE/HCl-Fe@MWCNT (●) and GCE/t-Fe@MWCNT (●). 
Dots are experimental points and the lines the fit obtained with the corresponding circuit (inset). 
Experimental conditions: A) 20 mM K3[Fe(CN)6]/K4[Fe(CN)6] equimolar solution prepared in 
phosphate buffer solution pH 7.40. B) ORR conditions in phosphate buffer solution pH 7.40. 

 

The main variations in the fitting values were observed for Rct. In [Fe(CN)6]3/4- solution, 

the Rct determined at HCl-Fe@MWCNT (1.3 ± 0.1) kΩ is bigger than that of t-

Fe@MWCNTs (0.23 ± 0.06) kΩ. Under ORR conditions, the Rct also decreased from (4.1± 

0.3) kΩ to (3.1 ± 0.2) kΩ by adding the carboxylic functionalization on Fe@MWCNTs. This 

behavior was related to a favored discharge of the redox species on the electrode 

surface. These results were consistent with the lower potential necessary for the ORR 

reaction using t-Fe@MWCNTs. The increase in the density of the states near the Fermi 
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level after the functionalization leads to a decrease in the local work function on the 

walls of the nanotubes and an increase in the electrochemical activity. (20)  

 
An important parameter to characterize an ORR electrocatalyst is its selectivity. As 
already mentioned above, the O2 reduction in most cases leads to two different 
products: H2O2 as 2-electrons reduction product and H2O as 4-electrons reduction 
products. In order to recognize the reduction product, rotating disk electrode (RDE) 
experiments were carried out. Linear sweep voltammetry (LSV) curves were collected 
using a RDE modified by t-Fe@MWCNTs and HCl-Fe@MWCNTs changing the rotation 
speed (ω) of the RDE. The current density values reported in figure 3.14 A have been 
calculated normalizing by the geometric area of the RDE. 
 

 
 
Figura 3.14: A) LSV curves of HCl-Fe@MWCNT (─) and t-Fe@MWCNT (─) modified GCE in O2-
saturated 0.10m phosphate buffer solution (pH 7.40) at 1500 rpm. Scan rate: 0.005 Vs-1. B) 
Corresponding K–L plots at -0.8 V versus RHE. The dots represent the experimental points and 
the lines the best linear fits. 
 

Plotting the inverse of the current density j-1 at -0.8V vs RHE, which is the potential 
where the current reaches the plateau and the process is mass transport limited, in 
function of ω-1/2 the Koutechy-Levich (K-L) plots were obtained; they are reported in 
figure 3.14 B. The K-L plots can provide informations on the number of electrons 
involved in the redox process and the reaction order respect to O2. A linear dependence 
between j-1 and ω-1/2 were obtained, implying a first order reaction towards the O2 
dissolved in solution. (21) Using equations reported below the number of electrons can 
be calculated. 
 
1/jD=1/jk + 1/ Bω1/2   (1) 

B=0.2 n FAv
–1/6

CO2D0

-2/3  (2) 

 
Equation (1) is known as K-L equation for RDE, where jD is the diffusion limited current 
density, jk is the heterogeneous rate constant limited density current, ω is the RDE 
rotation speed in rad/s and B is the proportional coefficient between jD and ω. The slope 
of the fitting line corresponds to 1/B. Using equation (2), n, the number of electrons 
involved in the reduction, can be calculated. The others parameters in equation (2) are: 
A, the geometric area of the RDE (0.0752 cm2); v, which is the kinematic viscosity in cm2 
s-1 ( 0.01 cm2 s-1 ) ; CO2 which is the O2  concentration in the bulk solution (0.26 x10-3 M) 
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in mol cm-3 and D, which is the diffusion coefficient of O2 in cm2 s-1 (2x10-5 cm2 s-1 ). The 
value of n was 2 for HCl-Fe@MWCNTs and 4 for t-Fe@MWCNTs. The different selectivity 
can be correlated to the presence of exohedral functionalization. These results agreed 
with the work of Tse et al., the organic functionalization created a less hydrophobic 
environment around the t-Fe@MWCNTs, this local hydrophilicity change could affect 
the rate of proton transfer to the O2-, slowing it. Hence, the resulting rate of proton 
transfer became comparable to the rate of O-O bond breaking, thus favoring the yield 
in H2O production instead of H2O2. (22) 
A deeper investigation of the LSV curves obtained in O2 saturated phosphate buffer 
0.1M (pH7.4) was conducted. When working in the potential range between 0.25V to -
1V vs RHE at 0.005 V s-1 and rotation rates from 100 to 3000 rpm, further insights on the 
kinetics of the ORR catalysis by t-Fe@MWCNTs were achieved. A K-L behavior is 
observed, the limiting current increased linearly increasing the square root of the 
rotation speed. Extrapolating the K-L lines, non-zero intercepts were obtained, 
indicating that the process was under mixed kinetic-diffusion control. (21) 
 
3.2.1.5 Conclusion 
 
Looking for highly sustainable technology for the activation of ORR avoiding Pt-based 
catalyst, a novel functional nano-catalyst based on earth abundant metal such as Fe has 
been designed. Opportunely interfacing MWCNTs and Fe through encapsulation of the 
metal within the inner nanotubes cavity, we achieved a novel system where the carbon 
nanostructure phase protected the encapsulated-Fe without affecting its availability for 
the electrocatalysis. By further functionalizing the outer CNT sidewalls, we achieved 
important boosts of performance in the ORR at near neutral pH with Eonset:  0.02V vs RHE 
and a sensitivity 8.9x102µA L mg-1 cm2. The addition of benzylic acid moieties enhanced 
hydrophilicity of the material and density of defects onto the carbon nanostructure, 
positively affecting the reduction of the O2. The affinitity of t-Fe@MWCNTs for the O2 
absorption was improved as the sensitivity and the LOD value indicates; cross-linking 
defects enhanced the electronic communication and favored the electron transfer 
processes in agreement with impedance experiments; the proton transfer rate was 
decelerated leading to an increase of selectivity towards the H2O production by t-
Fe@MWCNTs catalyst, in contrast with a more selective H2O2 formation when the less 
hydrophilic HCl-Fe@MWCNTs was used.  
 
3.3 N-doped graphitized carbon nanohorns (g-N-CHNs) as novel electrocatalyst for the 
selective production of H2O2 from O2 reduction 
 
As already mentioned, hydrogen peroxide (H2O2) is an essential chemical. Its annual 
production is very large and figures around the 4 x 106 tons. It is used in many industrial 
sectors, due to its benign oxidant properties, as well as being a bleaching and sanitizing 
agent. The main applications are in pulp and paper production, manufacture of sodium 
perborate and sodium percarbonate as detergent bleaches, textile bleaching (cotton 
fabric and wool) and chemical water treatment to make the water drinkable. In the last 
decades, H2O2 has been also considered a sustainable energy carrier to feed new 
generations of fuel cells. (23) Despite its wide use, the currently adopted H2O2 industrial 
production method still suffers from a low sustainability, based on the anthraquinone 



75 

 

process, a multistep sequence where the precursor undergoes first hydrogenation on 
Pd, and after an oxidation step. In the final step, H2O2 is extracted by the reaction 
medium. (24) In order to find a greener method, other approaches for the H2O2 synthesis 
have been proposed up to now, such as the direct production by H2/O2 electrolysis onto 
Pd/C and the plasma assisted or metal catalyzed H2/O2 reactions. (25) (26) However, 
these approaches are rather dangerous and restrictive, as the H2 and O2 gases have to 
be kept outside the explosive regime. In this context, the two electron electroreduction 
of O2 to the selective production of H2O2 comes across as a very appealing alternative 
process. In order to be industrially competitive, the reaction requires an adequate 
catalyst operating at low overpotentials and with high selectivity. A further desirable 
feature is the ability to perform the process in a wide range of pH, given the various 
application fields.  For instance, solutions of H2O2 in NaOH are used for the pulp 
bleaching while H2O2 in H2SO4 finds application as oxidant agent. Moreover, the 
possibility of performing the reduction by the same catalyst in a wide pH range would 
be very desirable in view of alkaline and hybrid metal-air batteries (27) (28) or acid fuel 
cells. Up to now, benchmark catalysts for ORR are based on precious metals. H2O2 
production can be driven by Au and Pd based alloys with high faradaic efficiency (FE%) 
in acidic medium, pH 1, but at rather negative potential (-0.5V vs SCE (-0.2V vs RHE)). 
(29) Another example is the Pt-Hg nano-alloy which drives the process at 0.1-0.3V vs 
RHE with 70 FE% in 1 hour. (30) Table 3.4 encloses most recent state of the art 
electrocatalysts reported in literature, including two of the most interesting examples 
of metal free porous carbon based catalysts.  
 

Catalyst Ref. medium Working 
potential  

FE% of H2O2 

Pd-Hg/C (6) 0.1M HClO4 0.35-0.75V vs 
RHE  

95 

Mesoporous N-doped 

carbon 
a 

(31) 0.1M HClO4 0.1 vs RHE 65.15 

Hierarchical porous 

carbon 
b 

(32) pH1-7 -0.5V vs SCE 81.8-70.8 

Pd-Au  (29)  pH1 0.1-0.3 V vs RHE 92.5 
Pt-Hg  (30) pH1 0.1-0.3 V vs RHE 70.8 
C@Pt  (33) 1M HClO4 0.1V vs RHE 41 

 
Table 3.4: Summarizing table reporting the most promising catalyst applied for the selective 
reduction of O2 to H2O2. 

 
In the above investigations, the ORR was generally studied in acidic environment, and 
only in one of them neutral pH conditions were applied with some success. In such case, 
the specific catalyst, proposed by Liu et al., was based on porous N-doped carbon 
materials. However, the synthesis, consisting in the use of a Zn-modified metalorganic 
framework (MOF) graphitized at 900 °C, was not trivial, which strongly limits the 
opportunity for a real industrial scale up. (32)  The material herein includes single walled 
carbon nanohorns (SWCNHs) modified by a N-doped-graphitic layer achieved via a fast 
and easy synthesis, preferable from an industrial point of view.  
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3.3.1 Result and discussion 
 
3.3.1.1 Synthesis 
 
g-N-CNHs was synthesized using the reaction scheme reported below (on the top of 
figure 3.15) 

 
 
Figure 3.15: Top: Scheme of the synthetic protocol to obtain g-N-CNHs. Bottom: TEM images 
relative to each material at each stage of the synthesis. 

 
Pristine CNHs were first oxidized by HNO3 4M, yielding ox-CNHs. The mild oxidation 
treatment opened the conical tips and increased the available surface and at the same 
time introduced oxygenic groups such as COOH, OH, epoxydes or carbonyl, without 
damaging to a large extent the polyaromatic scaffold, thus preserving good electronic 
properties of the SWCNHs. In particular, the COOH groups played an essential role for 
the anchoring of the poly-dopamine, the N-doped graphite layer precursor, around the 
carbon nanostructure. Hence, ox-CNHs were combined with dopamine hydrochloride, 
which polymerized directly onto the carbon nanostructure creating a shell of polymer. 
The as obtained material, ox-CNHs/PDA, underwent a thermal treatment under an 
argon flow, at 700°C, which allowed graphitization of the PDA layer with simultaneous 
preservation of the CNHs structure. The temperature was chosen as the minimum 
necessary temperature to graphitize the PDA layer restoring the conductivity. Lower 
temperatures did not cause graphitization of the PDA layer, resulting in an insulated 
material. 
 

3.3.1.2 Macroscopic and microscopic characterization 
 

Each reaction step was characterized by morphologic analysis using TEM. (figure 3.15).  
After the oxidation step, the TEM images did not exhibit important changes in the 
carbon nanostructure morphology, while, after the coating with the PDA layer, change 
in morphology appeared clear, the sea-urchin like shape was blurred and a sphere-like 
structure appeared, confirming the polymer coating. 
Graphitization of the PDA polymer became evident in the final material where a thick 
shell was observed by TEM, which embedded uniformly the carbon nanostructure, still 
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well visible at the core. A statistical analysis of the composite material showed that the 
average diameter of ox-CNHs@PDA particle decreased from 100 nm to 50 nm after the 
annealing. Further morphological and compositional insights were gained through 
energy dispersive X-ray spectroscopy (EDX) analysis, which confirmed the presence and 
colocation of the C, N, O atoms. (figure 3.16).  

 
 
Figure 3.16. EDX mapping of the three elements C, N, O and HAADF-STEM of Ox-CNHs@PDA 
(Top) and g-N-CNHs (Bottom). 

 
Thermogravimetric analysis (TGA) provided important information on the material 
thermal stability. TGA curves were performed under N2 and under air flow (figure 3.17). 
By TGA analysis under N2 flow a weight loss of 7% has been evaluated for ox-CNHs, due 
to the removal of the oxygenic groups. TGA did not allow the quantification of PDA 
amount because the polymeric layer was not fully decomposed within the temperature 
range studied. TGA under air flow showed that the graphitized material g-N-CNHs 
decomposed at lower temperature (400°C) than ox-CNHs and ox-CNHs@PDA. The 
weight loss step for g-N-CNHs appeared sharper than for ox-CNHs@PDA, indicating that 
g-N-CNHs was more homogeneous than its fresh precursor, ox-CNHs@PDA. Under air 
flow none of the TGA profiles showed residual weight, indicating that no metals were 
present, emphasizing the high purity of the employed carbon nanostructure. This crucial 
aspect was later confirmed by X-ray photoelectron spectroscopy (XPS) and inductively 
coupled plasma optical emission spectrometry (ICP-OES) analysis.  
 

 
 
Figure 3.17. A) TGA curves performed under N2 flow; B) TGA curves performed under air flow. 
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The N-doping can introduce different types of N-based moieties as shown in figure 3.18 
below. Mainly, the N-species generally observed are: a) graphitic N located inside the 
graphitic plane, b) pyrrolic N and c) pyridinic N which are placed at the edge of the 
graphitic plane. Pyrrolic N atom is part of pentagon moiety defects across the sp2-
conjugated framework; graphitic N and pyridinic N are part of six membered rings, with 
the difference that graphitic N forms three N-C bonds. N-O species have also been 
recognized and reported in literature. (34) 
 

 
 

Figure 3.18: Schematic diagram of the three types of doped N atoms in N-graphene (Reprinted 
with permission from D. Wei, Y. Liu, Y. Wang, H. Zhang, L. Huang, G. Yu, Nano Lett., 2009, 9, 
1752-1758. Copyright 2017 American Chemical Society) 
 

XPS analysis was carried out on the materials at all the stages of the synthetic procedure 
(figure 3.19) p-CNHs XPS spectra showed only peaks ascribed to the C=C aromatic 
pattern in the C1s binding energy (BE) range. The oxidation treatment introduced 
oxygen-containing groups, peaks in the O1s BE range confirmed the right course of this 
step. After the PDA covering, a new peak in the N1s BE range (400.0eV) appeared due to 
the amine functionalities of the PDA polymeric layer, and attributed to a N-C bond type. 
Interestingly, in agreement with the theoretical N/O ratio of the dopamine molecule, 
we find a N:O = 1:2 ratio in the ox-CNHs@PDA material (after subtracting the 5.49% 
contribution for the O atoms due to the first oxidation step). 
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Figure 3.19. XPS analysis of g-N-CNHs and its precursor nanomaterials in the C1s, O1s and N1s 
BE ranges. 
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Sample Core Atomic % 

p-CNHs 
 

C1s 99.10 

O1s 0.90 

N1s - 

Ox-CNHs 
 

C1s 94.51 

O1s 5.49 

N1s - 

Ox-CNHs@PDA 
 

C1s 73.08 

O1s 19.45 

N1s 7.47 

g-N-CNHs 
 

C1s 90.63 

O1s 3.80 

N1s 5.56 
 

Table 3.5 Atomic % of the three constituent atoms for the four materials as calculated by XPS 
analysis. 
 

As expected, the XPS spectra resulted deeply changed after the annealing treatment. In 
the first instance, the N/O relative amounts was changed, following the total removal of 
the ox-CNHs functional groups. Hence, only O and N doping atoms of the graphitic shell 
are left in the material. In agreement with literature, the annealing also decreased the 
total N and O percentages. (35) (36) A more refined analysis of the N peaks of g-N-CNHs 
displayed the existence of two peaks in the N1s BE range, the first at 400.3 eV, assigned 
to a N-C bond type, and corresponding to pyrrolic N atoms; the second at 398.9 eV 
attributed to a N=C consistent with pyridinic N atoms. (37) Importantly, no graphitic N 
peak was present, indicating that the thermal treatment resulted only in formation of 
pyrrolic and pyridinic N atoms. It is also worth noting that no peaks relative to metals 
were found in the whole range of BEs. The absence of metal was unequivocally 
confirmed by ICP-OES analysis on the g-N-CNHs sample.   
Raman spectra collected for each material showed the characteristic peaks of the nano-
carbon component CNHs: the distinctive D and G bands respectively at 1350cm-1 and 
1558cm-1 and the 2D band at 2700 cm-1. The ID/IG ratio can be used as a semi-
quantitative data to confirm the SWCNH functionalization. (38) The ID/IG ratio slightly 
increased after the oxidation treatment, confirming the occurrence of covalent 
functionalization and the introduction of defects onto the π-extended framework. 
However, as the increase was not dramatic, we could assume that oxidation only caused 
a limited perturbation of the aromatic framework, thus not compromising the electronic 
properties of CNHs to large extent. The D, G and 2D peaks became broader upon the 
PDA covering, while the graphitization treatment restored the sharpness present for the 
p-CNHs and ox-SWCNHs materials, indicating a crystallization of the carbon shell (Figure 
3.20).  
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Figure 3.20. Raman spectra performed for the obtained materials at each synthetic steps. 
 

Analysis of the textural properties of the final material g-N-CNHs by N2 physisorption at 
the liquid nitrogen temperature revealed a high Langmuir surface area of 481 m²/g. The 
material presented a considerable microporosity, with a type I isotherm according to 
IUPAC recommendations. (39) 
As reported in figure 3.21 B, the isotherm did not present hysteresis and had a 
microporous volume accounting to 0.15 cm3/g. The external surface area calculated 
from the t-plot was very low (26 m2/g) and therefore the greatest contribution to the 
total surface area came from the microporous surface area (455 m²/g), as calculated 
from the difference between the total surface area and the external surface area. In 
comparison, N2 physisorption analysis of the ox-CNHs (Figure 3.21 A) indicates an 
extensive microporosity, but with a higher Langmuir area (928 m²/g), as a consequence 
of the tip opening process caused by the oxidation treatment, which makes available 
the CNHs internal channels (40) As expected, the graphite coating blocks the CNHs 
internal space and therefore causes a decrease in surface area. Overall, however, the 
final material’s area remains high enough to guarantee an efficient adsorption of the O2 
molecule. 

 
 
Figure 3.21 N2 physisorption isotherm of ox-CNHs (left) and g-N-CNHs (right), measured at Liquid 

Nitrogen temperature. 
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3.3.1.3 Electrochemical characterization 
 
The redox behavior of each material has been characterized by electrochemical 
techniques, in the first instance using cyclic voltammetry (CV). The electrochemical 
response was studied in the potential range between -0.34 V and 1.65 V vs RHE in N2-
saturated phosphate buffer solution 0.1M pH7.4 using a scan rate of 0.05 V s-1. The limits 
of the potential range screened correspond respectively to the onset of reduction and 
oxidation of water. 
Figure 3.22 reports a comparison of ox-SWCNHs, ox-SWCNHs@PDA and g-N-CNHs 
modified glassy carbon electrode (GCE). The capacitive current of ox-CNHs@PDA was 
lower than either that ox-CNHs and g-N-CNHs, presumably given that the PDA layer 
embedding the carbon nanostructure scaffold acted as an electrical insulator, slowing 
down the charge mobility onto the modified electrode. Upon thermal treatment, the 
capacitive current increased again. Hence, the PDA layer after the graphitization became 
a highly conductive N-doped graphitic layer. ox-CNHs modified GCE exhibited an 
oxidation peak involving the oxygen containing groups at 0.82V. The CV trace of g-N-

CNHs displayed a reversible process centered at 𝑬𝟏/𝟐 =
𝑬𝒑 𝒂𝒏+𝑬𝒑 𝒄𝒂𝒕

𝟐
= 𝟎. 𝟔𝟎 𝑽. This 

reversible process has been attributed to a process involving nitrogen functionalities 
decorating the graphitic layer. 

 
 
Figure 3.22. CVs obtained on GCE modified with ox-CNHs (▬), Ox-CNHs@PDA (▬) and g-N-
CNHs (▬) in 0.10 M phosphate buffer solution pH 7.4 under N2. Scan rate: 0.05 V s-1. 

 
In order to gain further insights into the redox behavior and the stability of the material, 
20 consecutive CVs were carried out for each material (figure 3.23). 
 

 
 
Figure 3.23. Multicycle (up to 20 cycles) CVs obtained on GCE modified with a) Ox-CNHs, b) Ox-
CNHs@PDA and c) g-N-CNHs in 0.10 M phosphate buffer solution pH 7.40 under N2. Scan rate: 
0.05 V s-1. 
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For ox-CNHs and g-N-CNHs, negligible changes characterized the respective CVs profiles 
by the 2nd to the 20th cycles; the first cycle was different because of the stabilizing 
processes occurring at the electrode surface. In contrast, ox-CNHs@PDA showed a very 
different behavior, with a change in the first cycle much more pronounced, and a 
concomitant CV shape change. In particular, the first cycle was characterized by a broad 
oxidation peak related to a oxidation process, consistent with oxidation/reduction of 
dopamine/dopaminequinone relative to the presence of non-covalently adsorbed poly-
dopamine domains. (41) (42) This process completely disappeared after the 5th cycle, 
denoting that all the supramolecular domains reacted and were oxidized and 
polymerized. 
 
3.3.1.4 Electrocatalytic performance of g-N-CNHs nano-hybrid for selective O2 
reduction to H2O2 

 
Preliminary study on the electrocatalytic activity of ox-CNHs, ox-CNHs@PDA and g-N-
CNHs, were carried out in the potential range between 1.20 V to -0.35V vs RHE in 0.1M 
phosphate buffer solution pH 7.4, using a scan rate of 0.05 V s-1. Phosphate buffer 
solution has been chosen because allowed a wider available potential range.  As 
reported in figure 3.24 ORR occurred on g-N-CNHs nanohybrid at higher current and at 
lower potential than the precursor materials ox-CNHs and ox-CNHs@PDA. In table 3.6 
peak potential and relative currents are reported.  

 
 
Figure 3.24: Study of ORR in N2 saturated (─) and O2 saturated (─) 0.1M phosphate buffer pH 7.4 
at A) ox-CNHs, B) ox-CNHs@PDA and C) g-CNHs modified GCE. RE:Ag/AgCl. CE: Pt wire. Scan rate: 
0.05V s-1.  

 

 Onset potential (V) Ep (V) jp (mA cm-2) 

ox-CNHs 0.49 0.25 -1.3 

ox-CNHs@PDA 0.41 0.05 -0.025 

g-N-CNHs 0.53 0.40 -1.79 

 
Table 3.6 Summarizing table of the onset potential and peak potential and current obtained by 
CV experiments in O2 saturated solution using ox-CNHs, ox-CNHs@PDA and g-N-CNHs. The 
potential values reported in the table are referred to the RHE reference electrode. The current 
density values are normalized by the electroactive surface area (EASA) obtained using 
hydroquinone as redox probe. Further normalization by the amount of catalyst is also reported. 
 

A deeper analysis of the electrocatalytic properties of g-N-CNHs towards ORR was then 
carried out by changing pH conditions. The selective reduction of O2 to H2O2 is highly 
dependent on the pH values applied and the potential used. (43) It is well known that 

A B C 
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H2O2 chemical stability decreases increasing the pH and that more cathodic potential 
can lead to the further reduction of H2O2 to H2O. (44) 
The selected pH values are 0.1M H2SO4, pH 7.4 in 0.1M PBS and pH 13 in 0.1M NaOH. 
Comparison of the CV curves of g-N-CNHs at each pH value is shown in Fig 3.25.  
 

 
 
Figure 3.25. CVs obtained on GCE modified with g-N-CNHs at pH 1.0 in 0.1 M H2SO4 (─), at pH 
7.4 in 0.10 M phosphate buffer solution (─) and at pH 13.0 in 0.1 M NaOH (─) under O2. Scan 
rate: 0.05 V s-1. 
 

O2 activation occurred at all pH values explored, each with a specific peak potential (Ep) 
value and specific current. These findings indicated that the pH profoundly influence the 
mechanism of the O2 reduction. In table 3.7 the onset potential values, the Ep and the 
current normalized either by the electroactive area or by the milligrams of catalyst are 
reported. The electroactive surface area (EASA) has been calculated using the 
Hydroquinone (HQ) as redox probe. The detailed procedure is reported in the 
experimental chapter. 
 

pH ORR onset  (V) Epeak (V) jpeak (mA cm-2) jnorm mA mg-1 

1.0 0.40 0.18 -3.6 8.7 

7.4 0.53 0.40 -2.3 5.5 

13.0 0.71 0.59 -1.79 4.3 

 
Table 3.7.  The potential values reported in the table are referred to the RHE reference 
electrode. The current density values are normalized by the electroactive surface area (EASA) 
obtained using hydroquinone as redox probe. Further normalization by the amount of catalyst 
is also reported. 

 
The total current densities increased when passing from alkaline pH to acidic pH. 
However, subtracting the capacitive currents, the faradaic current appeared similar for 
the three different pH conditions, suggesting that the activity of g-N-CNHs did not suffer 
by the pH change. The most positive onset potential (0.71V vs RHE) has been found 
when working at pH 13. However, the onset potentials at pH 1 and pH 7.4 are also 
positive, respectively 0.40V and 0.53V vs RHE, highlighting that the catalyst can work at 
very favourable potentials at all three pH, underpinning the high flexibility of the system. 
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In order to determine the number of the electrons involved in the reaction, and 
recognize the major product, rotating disk electrode (RDE) experiments were performed 
at each pH condition. The K-L plots (figure 3.26) have been obtained plotting the reverse 
of j (j-1) versus the rate of the electrode rotation (ω) as ω-1/2. The values of j were 
collected performing linear sweep voltammetry (LSV) experiments in the potential range 
from 1.2V to -0.35V vs RHE, at 0.005 V s-1.  
 

 
 
Figure 3.26. the calculated K-L plots for the ORR performed in a) pH 1 in 0.1 M H2SO4; b) pH 7.4 
in  0.1 M PBS; c) pH 13 0.1 M NaOH. The current density j is normalized by the geometric area 
of the RDE. 

 
The linearity of the K-L plots implies a first order reaction toward dissolved O2 at each 
pH condition. (21)The calculated number of involved electrons from equation (3) was 
2.6±0.2 at pH 1, 2.0±0.1 at pH 7.4 and 3.1±0.2 at pH 13, suggesting a lower selectivity at 
pH 13.0, where the 4-electron reduction to water becomes a competitive pathway. The 
differences in selectivity as a function of pH supported the view that ORR is driven by a 
proton-coupled electron transfer mechanism and that the amount of protons 
surrounding the O2

- formed after the first electron transfer strongly influences the 
reaction direction to a 2-electron pathway or to a 4-electron pathway, as as also 
indicated by kinetic studies reported in literature. (22) 
Rotating Ring Disk Electrode experiments (RRDE) were performed under the same pH 
conditions to corroborate selectivity of the process. The number of electrons  n 
calculated (equation 3) from the ratio of disk and ring currents are 2.4 and 3.2 at pHs 1.0 
and 13.0, respectively (Table 3.8 and Table 3.9). The values are consistent with the RDE 
experiments. 
 
n = 4 – 2 (IR / N) / ID   (3) 
 
 

pH ORR onset  (V) Epeak (V) jpeak (mA cm-2) jnorm mA mg-1 Ne- (RRDE) 

1.0 0.40 0.18 -3.6 8.7 2.4 

7.4 0.53 0.40 -2.3 5.5 2.1* 

13.0 0.71 0.59 -1.79 4.3 3.2 
* The RRDE experiments performed in neutral media were affected by instability problems of the ring current 

attributed to phosphate surface adsorption; the Ne- value was derived from Koutecky-Levich plots obtained with the 

same experimental setup. 

 
Table 3.8. The potential values reported in the table are referred to the RHE reference electrode.  
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The current density values are normalized by the electroactive surface area (EASA) obtained 
using hydroquinone as redox probe. Further normalization by the amount of catalyst is also 
reported. 
 

 
 

 
Table 3.9: Relevant data obtained by Rotating Ring-Disk Electrode (RRDE) experiments. 
 

Fixed potential bulk electrolysis experiments were performed at the three different pH, 
using three different potentials for each pH, to quantify products and assess stability. 
The potential values were chosen from the CV profiles for each pH conditions. Such 
additional experiments were performed to compare the material versus those of other 
several reported studies, where it was found that more cathodic potential were less 
selective towards H2O2 production. (43) (32) (44) Figure 3.27 reports faradaic efficiencies 
(FE) found for each applied potential at each pH value. The FE was calculated over 1h 
long experiments.   
 

pH Eonset 

(VRHE

) 

Estop 
(VRHE) 

E1/2    
(VRHE) 

 Ne- Ne- (average) 

13 

0.797 0.554 0.694 Potenti
al 

E = 0.364 V(a) E = 0.464 ÷ 0.214 V(b) 

 
K.L. 2.97  2.89  

RRDE 3.17  3.22  
 

7.4 

0.484 0.244 0.354 
Potenti

al 
E = 0.244 V(e) E = 0.134 ÷ -0.116 V(b) 

 
K.L. 1.96 2.14 

RRDE 3.4(d)
 N/A(d) 

 

1.0 

0.466 0.192 0.366 
Potenti

al 
E = -0.044 V(a) 

EK.L. = -0.014 ÷ 
0.416V(c) 

ERRDE = -0.384 ÷ -
0.094 V(c) 

 
K.L. N/A(f)

 2.79  

RRDE 2.74  2.4 
(a) The potential was chosen according to the position of limiting current plateau. 
(b) The potential range was chosen according to the value of the correlation constant R2 > 0.995 
(c) The potential range was chosen according to the position of limiting current plateau. 
(d) Values were undefined due to instability of the ring current value. 
(e) Vertex potential. 
(f) Low R2 (< 0.995). 
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Figure 3.27. FE% of H2O2 produced using g-N-CNHs modified electrode at pH 1.0 (a), pH 7.4 (b), 

pH 13.0 (c) at three different potential values for each medium. 
 
The amount of H2O2 was determined by permanganometric titration, and further 
validated by an electro-sensing  method recently developed within our group. (45) 
The electrocatalytic performances were evaluated using three different materials 
batches, suggesting a high reproducibility of the system. Highest FE at each pH were 
obtained at the potential included between the onset potential and the Ep. Comparing 
the FE in function of the pH, the best FE was obtained at pH 1, while pH 13.0 resulted in 
the lowest FE, although still very good (63±10)% after 1h.  Considering the best working 
potentials and the obtained FE, g-N-CNHs nano-hybrid material outperformed the state-
of-the-art catalysts, both metal-free or based on precious metals, as summarized in 
table 3.2. 
The long term performance of the catalyst was also evaluated by extended 
chronoamperometry experiments, the relative graphs are reported in figure 3.28. 

 
 
Figure 3.28. left: Plots of FE% vs time, right: stability test at pH 1.0, pH 7.4 and pH 13.0 over 24 
h collected using a three electrode cell: working electrode made of g-N-CNHs modified glassy 
carbon, Counter Electrode made of Pt net separate from the bulk solution using a porous 
membrane and reference electrode Ag/AgCl. 

 
FE within the first 6 hours of experiment remained constant at pH 1 and pH 13, 
suggesting high stability of the electrocatalyst at acidic and basic condition. FE decrease 
in these two working environments became appreciable after the 6th hour. Despite the 
decrease of H2O2, after 24hs of experiment the H2O2 evolution can be still considered 
good at acidic pH, approaching a value of (48±7)%. 
When operating at pH 7.4, FE drops much more rapidly, decreasing to a (30±3)% after 
the 6th experiment hour. However, the current densities exhibited a very stable profile 
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over the 24hs suggesting that the catalyst activity should not change by much after long 
experiment time. Thus, the FE decrease should not be related to the catalyst’s 
efficiencybut likely to the gradual decomposition of H2O2 over long time experiment. 
The long-term performance for the selective H2O2 production can be strongly influenced 
by reaction conditions. In particular harsh conditions such as very acidic or very basic pH 
can gradually age the electrocatalyst. Moreover, the accumulation of H2O2 during the 
electrolysis experiments slowly decomposes to release  OH· and OOH· radicals, that can 
result aggressive towards the electrocatalyst, contributing to the aging of the catalyst 
with consequent decrease of activity and selectivity. (44) However, the observed 
behavior of the FE over time at acidic and alkaline pH together with the stable current 
densities calls for minor modification of the catalyst over time, but rather to a 
decomposition of the H2O2, which has been already reported for other catalytic systems.  
The mechanism by which O2 reduction occurs using metal-free N-doped nano-carbon 
materials is still under debate. Literature findings suggest that the porosity, the amount 
and the hybridization of N atoms play a critical role. (34) 
Electrochemical impedance spectroscopy (EIS) experiments were performed in order to 
gain some insights into the mechanism. The impedance responses were screened in O2 
saturated electrolyte, at the potential value corresponding to the optimal FE in H2O2, by 
superimposing an alternate current (AC) signal of 0.01 V amplitude over the frequency 
range from 105 to 10-2 Hz. 

 
 
Figure 3.29. Nyquist (a) and Bode (b) diagrams obtained in the O2 saturated electrolyte solution: 
0.1 M H2SO4 (●), 0.1 M  PBS (●) and 0.1 M NaOH (●). 

 
In figure 3.29 the Nyquist and the Bode-phase plots for each pH are compared. The real 
and imaginary components of Nyquist diagrams diminished in the sequence pH 1 > pH 
7.4 > pH 13; furthermore, Nyquist and Bode plots exhibited different shapes, probably 
related to different electrochemical processes. Unlike at pH 1 and pH 7.4, two loops and 
two time constants in Nyquist and phase diagrams appeared at pH 13. These findings 
were consistent with the results obtained by the K-L plots: at pH 13 the involved 
electrons were 3.1, in agreement with the concomitance of 4-electrons and 2-electrons 
pathways. At pH 13.0 the first time constant can be associated to the reduction of O2 
and the formation of H2O2, meanwhile, the second time constant can be attributed to a 
second electron transfer step, presumably the further reduction of H2O2 to the 
formation of H2O. The lowest selectivity for H2O2 formation in NaOH environment was 
also justified by lower FE than those observed in H2SO4 and PBS electrolytes. In contrast, 
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the further reduction of H2O2 to H2O appeared strongly disfavored in H2SO4 and PBS 
based-electrolytes, in agreement with the higher FEs. 
 The material here reported bears a large microporosity, which influenced the mass 
transfer and electron transfer processes. The N-doping affects hydrophilicity, basicity 
and surface electronic properties increasing the mobility of the charge carriers onto the 
nano-carbon surface. N-doping affects also the work function at the C/O2 interface, 
lowering it and favouring the O2 physisorption onto the g-N-CNHs  surface. Moreover, 
high activity for the ORR should be considered as the result of the synergy between the 
carbon nanoscaffold used, which assured highly available surface and appropriate 
electrical properties and the N-doping. (34) (46) In particular, as the XPS analysis points, 
there were only pyridinic and pyrrolic N, the most reactive N species towards ORR, able 
to promote it at lower overpotentials. The N-doping plays a crucial role towards the ORR 
catalysis. In the study reported by Quao et. al the increase of quaternary N was 
associated to an increase in H2O production. Based on this findings, the formation of 
only pyridinic and pyrrolic N could be associated to the high selectivity towards H2O2, 
suggesting that the quality of N-moieties strongly affects the process.   
It can be reasonably hypothesized that one key aspect for ensuring high selectivity 
(especially at acidic pH) was closely associated to the operative conditions applied, in 
particular the fact that the catalyst was active at very low overpotentials. The vast 
majority of the other studies operated at more negative applied potentials, obtained 
mixed products or only H2O. This was proved by the drop in FEs when the bulk 
electrolysis experiments were performed at less positive potential, where there was 
higher competition with the 4-electron pathway. In addition, the microporosity of the 
material also played a crucial game, as the presence of micropores decreased the 
residence time of the H2O2 on the material, contributing to prevent the further 
reduction to water. It was however notable that the pH strongly influenced the 
mechanism, which was likely different when passing from acid to alkaline electrolytes. 
To prove this, we calculated Tafel plots from RDE experiments at the three pHs (figure 
3.30). The catalyst exhibited linear Tafel plots in acidic, neutral and alkaline media. The 
corresponding Tafel slopes were found to be 95 mV dec−1 for the pH = 1.0, 84 mV dec−1 
for the pH = 7.4 and 71 mV dec−1 for the pH = 13.0. At lower potentials, the curves were 
bent downwards and there were no well-defined linear region found in the plot.  

 
 
Figure 3.30 Tafel plots of log IK vs. E (V) for the ORR on the g-N-CNHs electrode in oxygen-
saturated solution at pH 1.0 (▬), at pH 7.4 (▬) and at pH 13.0 (▬) under O2. Scan rate: 0.05 V 
s-1. RDE rotation rate: 1200 rpm. 
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The Tafel plots strongly indicated a different mechanism occurring at higher pH as 
compared to acidic pH. The different Nernstian slopes obtained well agree with previous 
data reported in literature and referred to heteroatom–doped carbon based catalysts 
for the ORR process (60-120 mV dec−1) (47) (48) (49)[.Accordingly to RRDE results, a Tafel 
slope decrease from 95 mV dec−1 (acid environment) to ca. 70 mV dec−1 (alkaline 
environment) is consistent with the change in the reaction pathway  from  2e- to (2+2)e- 
transfer process and the corresponding rate determining step.   
Given its complexity, the complete mechanism of the ORR catalyzed by N-doped carbon 
materials is still under open discussion. Hence, the findings found in this work may shed 
new light and allow a more convergent view. 
 
3.3.1.5 Conclusion  
 
A novel hierarchical material has been designed and developed conjugating the 
electronic and structural properties of the SWCNHs as carbon nanoscaffold, and the 
catalytic properties of an N-doped graphitic layer. The final material named g-N-CNHs, 
consisted of a CNHs core enveloped into a highly doped graphitic shell, with extended 
microporosity and high surface area, which contributed to O2 adsorption. The electronic 
properties of the carbon core and shell allowed an improved conductivity and a 
facilitation of electron transfer processes. The N-doping and the types of introduced N 
atoms, played a crucial role in driving the O2 reduction decreasing the working 
potentials, and the work function at the interface C/O2, In particular, the catalyst was 
able to drive O2 reduction to selective formation of H2O2 with high efficiency, under 
different reaction environments. 
The catalytic performance in particular, were comparable or in most cases superior to 
state-of-the art catalysts. g-N-CNHs was able to trigger the O2 reduction at very positive 
potentials, 0.40 V at pH 1.0, 0.53 V at pH 7.4, 0.71 V at pH 13.0 with high FE, 98% at pH 
1. The high stability over long time experiment and the high flexibility to operate in a 
wide pH range (1-13) make it a forefront electrocatalyst in the development of industry 
focused setups for the production of H2O2 and simultaneously as a prominent cathodic 
material for fuel cell applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



91 

 

3.4 References 
 
1. J. Snyder, K. Livi, J. Erlebacher, Adv. Funct. Mater., 2013, Vol. 23, p. 5494-5501. 

2. C. Samanta et al. ,Appl. Catal. A,. 2008, Vol. 350, p. 133. 

3. F. Jaouen, E. Proietti, M. Lefevre, R. Chenitz, J. P. Dodelet, G. Wu, H. T. Chung, C. M. 

Johnston, P. Zelenay, Energ. Environ. Sci., 2011, Vol. 4, p. 114-130. 

4. M. Winter, R. J. Brodd, Chem. Rev., 2004, Vol. 104, p. 4245-4269. 

5. S. C.Thomas, X. Ren, S. Gottesfeld, P. Zelenay, Electrochimica Acta, 2002, Vol. 47, p. 

3741-3748. 

6. Arnau Verdaguer-Casadevall, Davide Deiana, Mohammadreza Karamad, Samira 

Siahrostami,Paolo Malacrida, Thomas W. Hansen, Jan Rossmeisl, Ib Chorkendorff, Ifan 

E. L. Stephens, Nano Lett., 2014, p. 1603-1608. 

7. F. Jaouen, E. Proietti, M. Lefevre, R. Chenitz, J. P. Dodolet, G. Wu, H. T. Chung, C. M. 

Johnston, P. Zelenay,. Energy Environ. Sci., 2011, Vol. 4, p. 114-130. 

8. M. Winter, R. J. Brodd, Chem. Rev. 2004, Vol. 104, p. 4245-4269. 

9. S. C. Thomas, X. Ren, S. Gottesfeld, P. Zelenay, Electrochim. Acta., 2002, Vol. 47, p. 

3741-3748. 

10. D. W. Kim, O. L. Li,N. Saito, Phys. Chem. Chem. Phys., 2014, Vol. 16, p. 14905-

14911. 

11. Jiayuan Li, Guoxiong Wang, Jing Wang, Shu Miao, Mingming Wei, Fan Yang, Liang 

Yu, Xinhe Bao, Nano Res. ,2014, Vol. 7, p. 1519-1527. 

12. D. Deng, L. Yu, X. Chen, G. Wang, L. Jin, X. Pan, J. Deng, G. Sun, X. Bao, Angew. 

Chem. Int. Ed., 2013, Vol. 52, p. 371-375. 

13. Y. Cheng, C. Xu, L. Jia, J. D. Gale, L. Zhang, C. Liu, P. K. Shen, S. P. Jiang,  Applied 

Catalysis B: Environmental.,  2015, Vol. 163, p. 96-104. 

14. B. E. Logan, J. M. Regan, Environ. Sci. Technol.,  2006, Vol. 40, p. 5172-5180. 

15. B. E. Logan, B. Hamelers, R. Rozendal, U. Schroeder, J. Keller, S. Freguia,P. 

Aelterman, W. Verstraete, K. Rabaey, Environ. Sci. Technol., 2006, Vol. 40, p. 5181-

5192. 

16. C. Picioreanu, I. M. Head, K. P. Katuri, M. C. M. van., Water. Res., 2007, Vol. 41, p. 

2921-2940. 

17. J. Bahr, J. M. Tour, Chem. Mater., 2001, Vol. 13, p. 3823-3824. 

18. H.Z. Geng, X.B. Zhang, S.H. Mao, A. Kleinhammes, H. Shimoda, Y. Wu, O. Zhou, 

Chem. Phys. Lett.,. 2004, Vol. 399, p. 109-113. 

19. M. Hoefer, P. R. Bandaru,, App. Phys. Lett., 2009, Vol. 95, p. 183108/1-183108/3. 



92 

 

20.. S. Agrawal, M. S. Raghuveer,H. Li, G. Ramanath, Appl. Phys. Lett., 2007, Vol. 90, p. 

193104/1-193104/3. 

21. A. J. Bard, L. R. Faulkner, Electrochemical methods, Fundamentals and 

Applications.. New York : s.n., 2001. 

22. E. C. Zimmerman, C. J. Barile, N. A. Kirchschlager, Y. Li, P. Gerwats, S. C. 

Zimmerman, A. Hosseini, A. A. Gewirth, Nature Mater., 2016, Vol. 15, p. 754-759. 

23. S. Fukumi, Y. Yamada, K. D. Karlin,. Electrochim. Acta,. 2012, Vol. 82, p. 493. 

24. Hydrogen peroxide " Ullman's Encyclopedia of industrial Chemistry". Goor, G., 

Glenneberg, J. e Jacobi, S. s.l. : Weinheim: Wiley-VCH, 2007. 

25.Y.  Izumi, US Patent 4009252, 1978. 

26. L. W. Gosset , US patent 4681751, 1988. 

27. R. Black, B. Adams, L. F. Nazar,. Adv. Energy Mater. 2012, Vol. 2, p. 801. 

28. R. Cao, J. S. Lee, M. L. Liu, J. Cho, Adv. Energy Mater., 2012, Vol. 2, p. 816. 

29. J. S. Jirkovsky, I. Panas, E. Ahlberg, M. H. Halasall, S. Romani, D. J. Schiffrin, J. Am. 

Chem. Soc., 2011, p. 19432-19441. 

30. S. Siahrostami, A. Verdaguer-Casadeval, M. Karamad, D. Deiana, P. Malacrida, B. 

Wickman, M. Escudero-Escribano, E. A. Paoli, R. Frydendal, T. W. Hansen, I. 

Chorkendorff, I. E. L. Stephens, J. Rosmeisl, Nat. Mater., 2013, Vol. 12, p. 1137-1142. 
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CHAPTER 4 
A new highly sensitive and versatile H2O2 sensor based on carbon 
nanohorns/cerium dioxide hybrids 
 
4.1 Introduction  
 
Hydrogen peroxide (H2O2) is a ubiquitous molecule involved in many processes. It is a 
signaling molecule in enzymatic processes, and extensively used in food, 
pharmaceutical, and clinical industry. (1) (2) (3) (4) For this reason, H2O2 detection 
represents a crucial topic of research from a number of perspectives. Several methods 
based on titration and fluorescence, (5) chemiluminescence (6) and spectrophotometry 
(7) have been employed. Nevertheless, each of these methods suffer from important 
drawbacks. The most common reactants for titration (KMnO4 and CeSO4) oxidize the 
organic matter present in the sample matrix, thus altering results. On the other hand, 
spectrophotometric methods exhibit incompatibility with samples containing dispersed 
particulate or dissolved species, which can absorb light in a broad wavelength range. 
Electrochemical methods for sensing H2O2 are particularly advantageous due to their 
robustness, simplicity and sensitivity. (8)  
This chapter focuses on the design, synthesis and characterization of a novel nanohybrid 
based on the well-suited interfacing of single-walled carbon nanohorns (SWCNHs) and 
cerium dioxide (CeO2), named ox-SWCNHs@CeO2, which shows  high effectiveness for 
the selective electroreduction of H2O2,  thus being a competitive candidate for its 
sensing . In particular, ox-SWCNHs@CeO2 exhibited higher selectivity, reproducibility 
and sensitivity than the bare CeO2, which has already been reported as a H2O2 
amperometric sensor. The electrocatalyst has been also tested in real case studies such 
as washing liquids and milk and was confirmed to be a robust and highly selective 
material, being not affected by the presence of complex matrices. The high recovery 
confirmed its excellent specificity and flexibility. 
 
4.2 General aspects on  catalytic systems for electrochemical H2O2 sensing  
 
H2O2 amperometric sensors developed until now can be classified in enzymatic sensors 
and non-enzymatic sensors. Enzymatic amperometric sensors show excellent sensitivity, 
due to the high selectivity of the enzyme selected as active site, mainly horseradish 
peroxidase (HRP), catalase, cytochrome c, hemoglobin, microperoxidase and myoglobin. 
(9) (10) However, the use of enzyme based amperometric sensors suffers from some 
critical disadvantages; they are a) sensitive to denaturation processes due to the 
operating environment conditions; (11) b) expensive because of their purification 
protocols; (12) c) the immobilization procedures are complicated (13) and, d) they are 
hampered by slow electron transfer communication between the electrode surface and 
enzyme active site, because of the insulating protein surrounding the active site. (14) 
The development of non-enzymatic amperometric sensors has therefore gained 
increasing interest. In table 4.1, some recent examples of some non-enzymatic 
amperometric sensors are reported.  
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Catalyst Eap 

(V vs 
Ag/AgCl)a) 

Linear 
range 
(mM) 

Sensitivity 
(μA mM-1 cm-

2)c) 

LOD 
(μM) 

Ref 

PSCNb) n.r. 0.008–0.07 n.r. 3.4 (15) 

Co9S8/GC -0.4 0.0001-
11.11 

267.2 0.02 (16) 

Cu-MOF -0.2 0.001–0.9 0.019 uA mM-1 

d) 

1.0 (17) 

N-GrNRs −0.4 0.005–
0.085 

525 1.72 (18) 

Magnetite −0.2 0.001–2.5 40.00 uA mM-1 

d) 

7.3 (19).  
 

 

Cobalt ferrite −0.2 0.002–1.5 7.03 uA mM-1 

d) 

14.0 (19) 

 

 

Nickel ferrite −0.2 0.002–1.5 5.23 uA mM-1 

d) 

9.2 (19) 

 

 

Mb/CeO2/ITO −0.3 n.r. 5.4 0.6 (20) 

Au–MnO2–rGO −0.2 0.022-12 101.6 0.05 (21) 

Fe@Fe-O@Ag −0.4 0.005 - 1 0.460 0.005 (22) 

 
Table 4.1 : Summary table of electrochemical performance of different hydrogen peroxide 
sensors using metal and metal oxides. 
 

In principle noble metal-based nanomaterials for electrodes modification could be 
easier to handle than enzymatic sensors, however, they present other disadvantages: a) 
cost b) high overpotentials either for reduction and oxidation of H2O2, c) slow kinetics. 
(23) These reasons have motivated scientists to develop catalysts based on non-precious 
metals such as CuO, TiO2, MnO2, Fe3O4, Co3O4, MoS2, and CuS, which bring assets in 
terms of cost, natural abundance and environmental friendliness. (24)  In order to 
develop non precious metal catalysts, it is important to solve problems related to the 
tendency to agglomeration, which lowers  surface area, and the abundance of the active 
sites.  
The design of the catalyst described herein follows the concept of a hierarchical 
organization. A catalyst support made by carbon nanostructure, in particular SWCNHs, 
can avoid the agglomeration of the nanoscaled active sites, while improving the 
conductivity of the resulting nanohybrid. Among the various metal oxides used for 
catalysis, Cerium oxide (CeO2), has gained a prominent role in view of its free scavenging 
and redox properties, finding application in biology, medicine, environmental and 
energy related applications. As far as electrochemistry is concerned, CeO2 is particularly 
intriguing due to the presence of highly mobile lattice oxygen which facilitates the 
interconversion Ce3+/Ce4+. (25) (26) (20) In the context of H2O2 sensing, nano-CeO2 can 
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play the role of either an oxidation catalyst or a reduction catalyst depending on the 
reaction conditions. It has been considered as an artificial enzyme depending on 
Ce3+/Ce4+ ratio: at high ratios, it functions in a way similar to the superoxidase enzyme 
(SOD) which operates the dismutation of O2

- in water and H2O2; at low Ce3+/Ce4+ ratios, 
it works as a catalase enzyme (CAT) which lead to the decomposition of H2O2 in H2O and 
O2. (27)  
Here, nano-CeO2 opportunely supported onto ox-SWCNHs, was used as catalyst for H2O2 
detection via a reduction process. The nano-hybrid ox-SWCNHs@CeO2 was prepared 
using a sol-gel method that allows a uniform covering of the SWCNHs and an intimate 
contact of the two phases. This approach has the advantage to make most of the CeO2 
available for the H2O2 interaction and improve its electronic and catalytic properties 
because of the high surface-volume ratio of ox-SWCNHs and their high conductivity. ox-
SWCNHs@CeO2, as obtained, showed better sensitivity than the individual components, 
nano-CeO2 and ox-SWCNHs.   
 
4.3 Results and discussion 
 
4.3.1. Synthesis  
 
ox-SWCNHs@CeO2 were obtained using a sol-gel protocol. Prior to hybridization of the 
two phases, pristine SWCNHs were first oxidized ifor three specific reasons:  1) to 
introduce oxygen containing groups such as as –OH, COOH, epoxyde carbonyls able to 
drive and anchor CeO2 layering,; 2) to improve dispersibility of the material in liquid 
media; 3) to open the tips and increase the available surface. The mild oxidation, being 
the same as that described in Chapter 2, allows a good preservation of the electronic 
properties of the carbon scaffold. Scheme 4.1 provides a graphical description of the 
synthesis  

 
 
Scheme 4.1. Scheme of the reaction between ox-SWCNHs and Ce(ODec)4. 

 
Ce(ODe)4 (ODe =decyloxide), CeO2 precursor, was slowly added to the suspension of ox-
SWCNHs in EtOH. The reaction was kept under sonication for 30 minutes. During this 
time, Ce(ODe)4 underwent ligand exchange with the oxygenic groups of the ox-SWCNHs 
thus resulting in an homogeneous coating of the carbon support. A slow addition of 
H2O/THF mixtures allowed final hydrolysis of the Ce precursor to form amorphous CeO2. 
The final material was then isolated by filtration, and washed in succession with 
H2O/EtOH, and with pure EtOH. Before the use, the material was dried at 80°C overnight. 
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In order to evaluate the possible increase of activity by having a crystalline CeO2 phase, 
some of the material was subjected to a thermal treatment at 250 C. The temperature 
for the calcination was chosen based on TGA data (see below), in order to guarantee 
crystallization without removing the carbon scaffold.  
 
4.3.2 Microscopic and macroscopic characterization 
 
The final hybrid material was fully characterized using a combination of techniques. 
Thermogravimetric analysis (TGA) under air flow were performed in order to define the 
real amount of CeO2 onto ox-SWCNHs. By the TGA profile of ox-SWCNHs@CeO2 
reported in figure 4.2a, two distinct weight losses can be observed. The first weight loss 
at 200°C, was due to combustion of the organic residues of CeO2 precursor, and the 
carboxylic groups deriving by the oxidation of the carbon nanostructure. The second 
weight loss, much more pronounced and occurring between 300°C to 400°C, was 
ascribed to the combustion of the carbon nanostructure. The residue for the ox-
SWCNHs@CeO2 is 18%, attributed to CeO2. It must be noted that the temperature of 
combustion of the carbon nanostructure is higher (around 600 °C) when they are free 
standing. The reason of the decreasing of the combustion temperature is attributed to 
the tight contact between ox-SWCNHs and CeO2, and therefore the oxidation ability of 
the CeO2 shell aids the combustion by a faster oxygen transfer. (28)  
 

  
 
Figure 4.2: A) TGA plots of the (__) ox-SWCNHs and (__) ox-SWCNHs@CeO2 in air; B) FT-IR spectra 
of (__) ox-SWCNHs, (__) ox-SWCNHs@CeO2 and (__) calcined ox-SWCNHs@CeO2. 

 
FT-IR spectra of ox-SWCNHs (red trace), ox-SWCNHs@CeO2 (blue trace) and ox-
SWCNHs@CeO2 calcined at 250°C (green trace) are reported in Figure 4.2 B. For each 
spectrum the broad band due to the –OH stretching is present (3450 cm-1), relative to 
the presence of adsorbed water molecules. The small band at 494 cm-1 observed for ox-
SWCNHs@CeO2 and calcined ox-SWCNHs@CeO2 is due to the Ce-O stretching mode, 
which is indicative of the formation of the CeO2 shell around ox-SWCNHs. The Ce-O band 
became more intense after the thermal treatment because of the full crystallization of 
the metal oxide. On the other hand, the spectrum of ox-SWCNHs confirmed the 
successful mild oxidation treatment. The band at 1637 cm-1 due to the stretching of C=O 
bond and the band at 1170 cm-1 due to the C-O stretching confirm the presence of –
COOH groups  attached to ox-SWCNHs. 

A 
B 
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Raman spectroscopy (figure 4.3A) shows the characteristic bands of nano-carbon 
materials: the D (1330 cm-1) and G band (1580 cm-1) and the 2D band (2665 cm-1). By the 
ratio between the D and G intensity (ID/IG), a semi-quantitative information about the 
functionalization degree of the ox-SWCNHs can be obtained, this is correlated to the 
introduction of defects into the aromatic pattern, as also described in previous chapters. 
The ID/IG was 1.27 for ox-SWCNHs and did not change after the CeO2 functionalization, 
suggesting that –COOH groups drove the CeO2 functionalization of ox-SWCNHs.  No 
peaks associated to CeO2 modes were detected, implying that the metal oxide was 
amorphous. However, increasing the power of the laser, a local crystallization of the 
CeO2 could be induced, producing the appearance of the characteristic CeO2 peaks, in 
particular the F2g mode is very evident , occurring at 461 cm-1(figure 4.3B) (29).  
 

 
 
Figure 4.3: A) Raman spectra of the (__) ox-SWCNHs and (__) ox-SWCNHs@CeO2; B) Raman 
spectrum of ox-SWCNHs@CeO2 at different laser powers 1, 5 and 10 mW. 
 

The morphology and composition of the material was investigated by Scanning 
Transmission Electron Microscopy with High-Angle Annular Dark-Field detector (HAADF-
STEM) Energy-Dispersive X-ray spectroscopy (EDX), and Atomic Force Microscopy 
(AFM). 
Figure 4.4 reports the HAADF-STEM and EDX images. A perfect attachment of CeO2 onto 
ox-SWCNHs is clearly observed, with no isolated aggregates of CeO2 . EDX confirms the 
collocated presence of C, Ce and O atoms. 
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Figure 4.4: A) Representative HAADF-STEM of ox-SWCNHs@CeO2; B) EDX mapping of C and Ce 
atoms; C) EDX mapping of C and O atoms. 

 
AFM image are reported in figure 4.5. The sample was prepared by drop casting of ox-
SWCNHs@CeO2 solution onto solid support (mica foil). Profile analysis of several 
particles of ox-SWCNHs@CeO2 have revealed a size ranging between 50-80 nm, 
together with some minor smaller aggregates. This has important consequences on the 
homogeneous covering and the improved efficiency of the catalyst-modified electrode. 
Thus, the as-prepared nanomaterial dispersions are suitable candidates for more 
advanced electrode surface modification techniques able to generate single layers of 
catalyst, thus maximising efficiency. 
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Figure 4.5: A) Representative AFM image of a typical window of the drop casted sample. B) 
Corresponding heights profile measured on 11 particles (indicated in A). C) AFM expansion of a 
typical small aggregate where single SWCNHs@CeO2 can be recognized. 

 
4.3.3. Electrochemical characterization 
 
The electrochemical  behavior of the material was first checked by cyclic voltammetry 
using a three-electrode electrochemical cell. The working electrode, a glassy carbon 
electrode modified by drop casting with 2.5mg/mL of ox-SWCNHS@CeO2, was 
investigated within a potential window -0.5V to 0.9V vs Ag/AgCl in a N2-saturated buffer 
solution of 0.1M TRIS-HCl pH 7.4, with a scan rate of 0.10 V s-1. The response of ox-
SWCNHs@CeO2 are compared with the CV responses of ox-SWCNHs and bare GCE 
electrodes are reported. Only capacitive currents were observed for the bare GCE and 
the ox-SWCNHs modified GCE, confirming that these materials have no redox response 
in the explored potential window. Using ox-SWCNHs@CeO2-modified GCE, the 
capacitive current increases with concomitant appearance of two peaks: an anodic peak 
at -0.02V and a cathodic peak at -0.14V vs Ag/AgCl both relative to the redox process 
Ce4+/Ce3+ (30) (31). 
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Figure 4.6: CVs obtained on bare (__) and modified GCE with ox-SWCNHs (__) and ox-
SWCNHs@CeO2 (__) in 0.10 M TRIS-HCl buffer solution pH 7.40 under N2. Scan rate: 0.10 V s−1 
between −0.50 V and 0.90 V vs Ag/AgCl. 

 
4.3.4 Electrocatalytic response toward H2O2 by ox-SWCNHs@CeO2 modified glassy 
carbon electrodes 
 
The electrocatalytic response toward H2O2 was then evaluated by means of CV. The 
experiments were performed at neutral pH in a N2-saturated buffer solution 0.1M TRIS-
HCl pH 7.4 in absence and in presence of 5mM H2O2. As a term of comparison, the CV 
profile of bare CeO2, prepared using the same procedure employed for the synthesis of 
the hybrid but without the presence of ox-SWCNHs, was also explored and confirmed 
its poor activity, suggesting that the electron transfer rate at the interface between CeO2 
and GCE was disfavored. In contrast, for ox-SWCNHs/GCE, the cathodic current 
increased in presence of H2O2, with an onset potential of -0.24V vs Ag/AgCl indicating 
the reduction of H2O2 catalyzed by the carbon nanostructures. By conjugation of CeO2 
and ox-SWCNHs to form the hybrid, the cathodic current exhibited a remarkable 
increase and the onset of H2O2 activation moved to lower cathodic potential: -0.11V vs 
Ag/AgCl.  
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Figure 4.7: CVs at GCE modified with bare CeO2 (A), ox-SWCNHs (B) and ox-SWCNHs@CeO2 (C) 
in 0.10 M TRIS-HCl buffer solution without (dash line) and with (solid line) 5mM H2O2. Scan rate: 
0.10 V s−1. 

 
Overall, the faradaic currents increased in the order CeO2< ox-SWCNHs< ox-
SWCNHs@CeO2 at -0.30V vs Ag/AgCl, The fast transition between Ce4+ and Ce3+, 
changing the oxygen vacancies in the CeO2 formed a n-type hybrids. Moreover, the 
combination with the nanocarbon component, which incremented the active area and 
reduced the energy barrier for the electron transfer, crucially contributed to the 
enhanced  activity of ox-SWCNHs@CeO2 toward the H2O2 reduction.  
Further electrochemical insights were gained by means of electrochemical impedance 
spectroscopy (EIS). EIS experiments were performed in the frequency range between 
105 to 10-2 Hz, with a potential perturbation of 0.01V and a working potential of -0.20 V.  
The experiments were carried out in a solution 25mM H2O2 in 0.1M TRIS-HCl pH 7.4 at -
0.20 V vs Ag/AgCl using GCE modified with ox-SWCNHs and ox-SWCNHs@CeO2. The 
resulting Nyquist plots are reported in figure 4.8.  
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Figure 4.8: Nyquist plots obtained for ox-SWCNHs/GCE (●) and ox- SWCNHs@CeO2/GCE (●). 
Points indicate the experimental data, lines the corresponding fit with the equivalent circuits 
presented as an inset. 
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The equivalent circuit used for the fitting of the Nyquist plot relative to ox-SWCNHs/GCE 
was different from the equivalent circuit used to fit ox-SWCNHs@CeO2/GCE. In 
particular the former can be described as (Rs ( Rct Cdl)), where Rs is the solution 
resistance, in series with the charge transfer resistance Rct and the constant phase 
element that represents the double layer capacitance (Cdl). In contrast, the equivalent 
circuit for the latter is represented as (Rs ( Rct Cdl (Rct

II Cdl
II)), with  two additional elements 

arisen from the presence of nano-CeO2 phase: the Cdl
II, the capacitance element, and 

Rct
II, the charge transfer resistance element (figure 4.9). 

 

 
 
 
Figure 4.9: Equivalent circuit used to fit the Nyquist plots obtained for ox-SWCNHs@CeO2 and 
ox-SWCNHs. 

 
Based on the Nyquist plots, the charge transfer resistance for ox-SWCNHs@CeO2/GCE 
was remarkably lower than ox-SWCNHs/GCE.  with values of  Rct 922±3 Ω cm-2 for ox-
SWCNHs and 188±4 Ω cm-2 for ox-SWCNHs@CeO2 equal to the sum of Rct+Rct

II. These 
results further highlight the electrochemically favourable combination of ox-SWCNHs 
and nano-CeO2, with the intimate contact between the carbon and inorganic phase 
facilitating the charge transfer between H2O2 and the modified electrode surface.  
The analytical performance of the final hybrid was evaluated by amperometry collecting 
the current- time profile obtained at -0.20V for successive additions of 20µL of 50mM 
H2O2 solution (figure 4.10A). The response of ox-SWCNHs@CeO2 were compared with 
the responses recorded using CeO2/GCE and ox-SWCNHs/GCE in the same conditions. 
The calibration plots obtained from the amperometric experiments are reported in 
figure 4.10B.  

    
Figure 4.10 A) Amperometric plot for additions of 0.05M H2O2 solution using ox-
SWCNHs@CeO2/GCE. Arrows indicate the addition. B) Calibration plots obtained from the 
amperometric response presented in A with ox-SWCNHs@CeO2 (●) and from ox-SWCNHs/GCE 
(●). For clarity, the inset present the calibration plot (on a different current density scale) 
obtained with CeO2/GCE. (─) is the linear fit to the data and (─) indicate the 95% confidence 
bands. 
 

Rs Cd

Rct I Rct II

C II

Element Freedom Value Error Error %

Rs Free(+) 11,94 N/A N/A

Cd-T Free(+) 0,0023775 N/A N/A

Cd-P Free(+) 0,87069 N/A N/A

Rct I Free(+) 1466 N/A N/A

Rct II Fixed(X) 0 N/A N/A

C II-T Fixed(X) 0 N/A N/A

C II-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File: D:\Biosensores 2013\6) EIE\RRC.mdl

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 300

Optimization Iterations: 200

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

A B 
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For all the materials, the calibration plots obtained presented a linear relationship 
between the density of current and the hydrogen peroxide concentration in the 
concentration range investigated. The average sensitivity measured at -0.2V for the GCE 
modified with ox-SWCNHs@CeO2 was 160±20µA cm-2 mM-1, higher than the electrodes 
modified with neat CeO2 or ox-SWCNHs, for which the average sensitivities were 
0.4±0.1µA cm-2 mM-1 and 20±3µA cm-2 mM-1 respectively. Thus, the hybridization 
produced an increase of almost three orders of magnitude with respect to CeO2 alone 
and one order of magnitude with respect to free ox-SWCNHs. 
The sensitivity obtained for the electrode modified with neat CeO2 was lower than the 
data reported in literature by Ujjain et al. They reported the sensing activity of protected 
CeO2 nanoparticles had a sensitivity of 20µA cm-2 mM-1. (8) The reasons for the lower 
sensitivity of CeO2/GCE than the reported system stemmed from the higher amount of 
CeO2 used by Ujjain, and the protecting groups used to avoid aggregation of the CeO2 
nanoparticles.  
It is also worth noting that the average sensitivity of ox-SWCNHs was higher than the 
sensitivity of other metal-based materials investigated as H2O2 sensors and reported in 
table 4.1. This finding stemmed from the improved electron transfer at the interface 
between the nanostructured domains and the H2O2 in solution, as also the EIS results 
and the CV experiments suggested. The sensors based on nanoscaled materials usually 
suffer from aggregation phenomena, inducing low performances over long 
experimental time and for several consecutive measurements.  
The influence of thermal treatment on sensitivity was also evaluated. Thermal 
treatment can severely affect the Ce3+/Ce4+ ratio and crystallinity of the CeO2, and it can 
induce changes in the CeO2 nanoparticle size. ox-SWCNHs@CeO2 was kept at 250°C for 
5hs under air flow. The effect of the calcination was investigated and compared with the 
performance of the fresh ox-SWCNHs@CeO2.  
After calcination, the sensitivity towards H2O2 decreased to 55±30 µA cm-2 mM-1. The 
reason of this change in sensitivity arose from the decrease of O-Ce3+ groups as Chen et 
al reported. (32) Moreover, the thermal treatment increases the crystallinity of the 
nano-CeO2, and the amount of Ce4+. Karakoti et al. reported that CeO2 could catalyze 
the H2O2 decomposition operated by Ce4+ content (33) , as the reactions below show: 
 
𝐶𝑒4+ + 𝐻2𝑂2 →  𝐶𝑒3+ + 𝐻𝑂𝑂∙ + 𝐻+  (1) 

 
𝐶𝑒4+ + 𝐻𝑂𝑂∙ →  𝐶𝑒3+ + 𝑂2 + 𝐻+       (2) 
 
The decrease in sensitivity, thus, stemmed from the increase of Ce4+ content, which 
favored the decomposition of H2O2 prior to the electrochemical detection.  
In principle, change of performance could presumably be related to changes in the 
surface area of the final material. To this purpose, N2 physisorption isotherms were 
recorded at liquid N2 temperature over the fresh and the calcined material.  Although 
the pores diameter did not change after the thermal treatment, the surface area 
increased from 212 m2 g-1 for the fresh sample to 517 m2 g-1 for the calcined sample.  
The surface area increase was expected, as calcination removed all the organics, 
however, the sensitivity decrease could not be associated to changes in surface area and 
pores volume. Hence, it is more likely that following the thermal treatments there is a 
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decrease of polar functionalities concentration, such as –COOH and –OH groups, which 
are involved in adsorption of polar H2O2 molecules. 
H2O2 can produce several degradation products, including oxygen radicals, which are 
aggressive towards the catalyst.  The stability of ox-SWCNHs@CeO2/GCE was therefore 
tested by measuring the sensitivity of calibration plots obtained from amperometric 
experiments at -0.20 V for 14 consecutive days. ox-SWCNHs@CeO2 retained the 82% of 
the average sensitivity after two weeks of continuous experiments, suggesting a high 
robustness of the present sensor. This data makes ox-SWCNHs@CeO2 promising for 
H2O2 real sensor development. The loss of ~20% in sensitivity could be attributed to 
partial detachment of nanomaterial from the GCE surface, calling for an optimization of 
the deposition techniques, possibly through more advanced casting strategies on the 
electrode surface. The main loss of sensitivity was recorded after the first experiment, 
suggesting that the major detachment occurred during the first experiment maybe due 
to the re-hydration of the electrode after the drying upon the modification of GCE. 
The selectivity is an essential parameter to characterize the reliability of a sensor 
response. The interference of common compounds used in daily commercial products 
like ascorbic acid (AA), glucose (Glu) and paracetamol (PA) was investigated through 
amperometric experiments at -0.2V. At a solution 0.2mM H2O2 the interfering 
compounds were added, and the relative current –time profile is reported in figure 4.11.  
 

 
 
Figure 4.11: Current-time profile at ox-SWCNHs@CeO2/GCE for one addition of H2O2 in order to 
reach a final concentration of 0.2mM, followed by the same additions of ascorbic acid (AA), 
glucose (Glu) and acetaminophen (AP). 

 
As shown in Figure 4.11, no current drop occurred upon the addition of the interfering 
compounds, while the addition of H2O2 induced an instantaneous drop of current 
implying the fast detection of the analyte in the sample. This experiment demonstrates 
the high selectivity of ox-SWCNHs@CeO2/GCE towards H2O2 detection.  
The performance of the catalyst was finally validated in real samples, such as milk and 
cleaning liquids, where the presence of many additives makes the H2O2 detection more 
challenging.  
As mentioned previously, H2O2 is widely used both in food factory and daily personal 
care products manufacturing. H2O2 usage in food factory and in particular in milk 
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manufacturing, is important because H2O2 inhibits the microbial proliferation and milk 
spoilage. In the United States, Brasil, and other countries, the addition of H2O2 to milk is 
not allowed, and constitutes a fraud. (34) (35) Milk is a mixture of several compounds, 
and may interfere on the H2O2 detection. Samples made by Italian UHT milk (3.5% fat 
content), were employed as matrix to investigate the selectivity of ox-SWCNHs@CeO2 
as sensor. The sample matrices were prepared diluting 10 µL of milk in 10 ml of 0.1M 
TRIS-HCl pH7.4. Known amount H2O2 were added, and their recoveries were determined 
by amperometric measurements. The analysis showed a recovery percentage of 110% 
with 8% of relative standard deviation. A similar protocol was used for the experiments 
carried out with cleaning liquids. H2O2 is usually employed as bleaching agent and 
disinfectant in these products. However, H2O2 tends to fast decompose to water and 
oxygen, in spite of the quality of the products. As for the milk case, the several 
ingredients constituting the cleaning liquid formulation, such as dymethil adipate, 
dimethyl glutarate, dimethyl succinate, C12-C14 Pareth-X, MEK, poly(oxy- 1,2-
ethanediyl), alpha-isotridecyl-omega-hydroxy, C16-18 alcohols and C18 unsaturated 
alcohol can interfere with the analysis. The cleaning liquid sample was prepared diluting  
it 625 times with 0.1M TRIS-HCl pH 7.4 and adding known amounts of H2O2. The 
recoverydetermined by amperometric experiments was 109 with 5% of RSD.  
The recovery percentage is the sensor response obtained from an amount of the analyte 
added to the matrix, compared to the sensor response for the true concentration of the 
pure analyte. The obtained results for the real samples have demonstrated the 
selectivity and the reliability of the ox-SWCNHs@CeO2 application to H2O2 sensing also 
in commercial products bearing complex matrices. 
 
4.3.5 Conclusion 
 
As the obtained results have demonstrated, the choice of a hierarchical design for the 
development of an H2O2 sensor emerged as a winning strategy. The conjugation of ox-
SWCNHs and CeO2, has yielded a final nanostructured hybrid with properties better than 
the two single precursors. The tight contact between the nanocarbon and the nano-
CeO2 phase has been studied and confirmed using several techniques: TGA, Raman, 
AFM, HR-TEM and EDX mapping.   
The sensitivity reached towards the H2O2 detection (160±20 µA cm-2mM-1), was three 
orders of magnitude higher than the sensitivity corresponding to neat CeO2 (0.4±0.1 µA 
cm-2mM-1), suggesting that the application of hierarchical strategy allowed to design and 
develop an effective sensor using low amounts of nanostructured CeO2 without the 
necessity of further protecting groups to avoid CeO2 aggregation. The use of ox-SWCNHs 
not only plays an essential role in CeO2 shell stability, it also drives faster mobility of the 
electrons from the GCE surface to the nanocatalyst domains, increasing the electron 
transfer rate towards H2O2 analyte molecules. The obtained material exhibits  high 
stablility (82% stability after 2 weeks of continuous use) and reproducibility. Moreover, 
the test carried out in presence of interfering compounds and in real matrices such as 
milk and mouthwash liquids confirmed the high selectivity of the ox-SWCNHs@CeO2, 
and the good tolerance towards matrix effects. Taking into account the obtained results 
with the CeO2, it is possible to consider the employment of this strategy for the 
development of novel materials based on other metal oxides integrated with SWCNHs, 
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leading to a novel class of commercial sensors for H2O2 detection able to compete with 
the enzyme-based sensors. 
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Chapter 5 
Conclusions 
 
During this research project, hybrid materials based on carbon nanostructures have 
been synthesized using a hierarchical approach. The prepared multicomposites-
multifunctional materials have been used as electrocatalysts  in energy and sensing 
related preocesses. In order to gain information about their morphology and interaction 
between each component, a combination of macroscopic and microscopic techniques 
including TEM, HR-TEM, -EDX, STEM, AFM, TGA , FTIR, and Raman spectroscopy have 
been carried out. 
Moreover, for each nano-material a systematic electrochemical characterization has 
been conducted, unravelling the redox properties and the relative electrocatalytic 
properties of the nanocatalysts. The work targeted three specific catalytic processes: O2 
reduction reaction (ORR) and CO2 reduction reaction (CO2RR) related to energy 
applications, and H2O2 reduction related to sensing applications. 
1)CO2RR arose great interest during the last decades due the possibility to employ CO2, 
side product of fossil fuels use, as cheap carbon source for the manufacturing of high 
value products. 
Two catalytic systems were prepared and screened as CO2 reduction electrocatalysts: 
Pd@TiO2/ox-SWCNHs and NiCyclam@BMIM/p-SWCNHs. The former comprises 
Pd@TiO2 core-shells nanoparticles linked to ox-SWCNHs through a sol-gel method. This 
system has shown good selectivity towards the conversion of CO2 to HCOO- at very small 
overpotentials (applied potentials as low as -0.05 vs RHE) with FE as high as 40% when 
operating in 0.50 M NaClO4. These conditions were optimized studying the catalytic 
properties in other electrolytes such as PBS and NaHCO3. The FE decrease over time 
evidences the presence of deactivation pathways. Such deactivation may be explained 
in several terms, such as an adsorption of reaction intermediates onto specific catalytic 
sites or the successive decomposition of the as formed formate. However, 
comprehensive experimental proofs are still being established. Notably, the 
deactivation is only temporary and the catalytic properties can be restored, as  recycling 
tests have demonstrated.  
NiCyclam@BMIM/p-SWCNHs was obtained exploiting the dispersive forces acting 
between the ionic liquid and the carbon nanostructure, creating a supported ionic liquid 
phase (SILP). The well-known molecular catalyst NiCyclam has been successfully 
entrapped within the ionic liquid layer, providing an interesting example of 
heterogenized electrocatalyst for the reduction of CO2 in aqueous medium. Using CV the 
redox properties of NiCyclam have been evaluated confirming that the catalyst were still 
electroactive after the confinement. In particular the surface concentration of NiCyclam 
reached was 2.7x10-7 mol/cm2, which was higher than the values till now reported in 
literature. Catalytic tests have demonstrated that the catalyst retains its catalytic activity 
towards the conversion of CO2 to CO with a FE reaching 50% after 1 h of bulk electrolysis. 
2) ORR is a multi-electron reduction reaction, as mentioned in Chapter 3 it generally 
leads to formation of H2O2 or H2O (generally their mixtures). This process is strictly 
associated to the development of fuel cells and, in case of H2O2, industrial 
manufacturing. The ORR investigations were based on the utilization of two catalytic 
materials, t-Fe@MWCNTs and g-N-CNHs. 
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t-Fe@MWCNTs was achieved by covalent functionalization of the precursor 
Fe@MWCNTs with benzoic acid groups. The Fe-filled MWCNTs precursor was supplied 
by Prof. Bonifazi’s group. Using macroscopic techniques and microscopic techniques the 
endohedral confinement of Fe inside the MWCNTs was confirmed and the outer walls’ 
functionalization was displayed. In particular the amount of Fe confined in the tubes 
figured 27% by TGA analysis. Electrochemical characterization by means of CV reveals 
the availability of Fe to engage redox reactions, implying the role of the CNTs as electron 
mediator between the electrode surface and the confined Fe. CV experiments also 
highlighted that the organic functionalization on the outer wall did not affect the redox 
behavior of Fe. t-Fe@MWCNTs was effective as ORR electrocatalyst at neutral pH, 
enabling the conversion of O2 to H2O with higher current (0.99 mA) than the reference 
materials and triggering the process at lower potential (0.25 V). Furthermore, 
electrochemical impedance spectroscopy (EIS) demonstrates that the organic 
functionalization of the outer wall of the MWCNTs can positively influence the ORR 
catalysis facilitating the absorption of oxygen onto the tubes and allowing a more 
efficient inter-wall electron trafficking thanks to the as introduced defects.  
g-N-CNHs was supplied by the Dott. Daniel Isperilla-Iglesias consist of SWCNHs 
enveloped into an N-doped graphitic shell. The catalytic properties of g-N-CNHs towards 
O2 reduction have been evaluated at three different pH, 1, 7.4 and13. The 
electrocatalyst has demonstrated high selectivity toward H2O2 evolution over all the pH 
range, exerting the process at very positive potentials and with high efficiency: 95% pH1, 
90% pH7.4 and 63% pH13. Moreover, the stability over long time experiment has been 
evaluated collecting the current-time profile over 24hours of electrolysis experiment at 
fixed potential, displaying a very good stability.   
3) The detection of H2O2 has an important role either in daily used products quality 
control, than for clinical applications. A novel sensor made by the hybrid ox-
SWCNHs@CeO2 has been synthetized and characterized. The amperometric sensor 
obtained using ox-SWCNHs@CeO2, demonstrated higher sensitivity (160±20 µA cm-

2mM-1) than its relative reference materials, in particular three orders of magnitude 
bigger than the sensitivity corresponding to neat CeO2 (0.4±0.1 µA cm-2mM-1). 
By consecutive measurements carried out on a period of 14 days, the robustness could 
be positively assessed. Common H2O2 interferents in several products such as ascorbic 
acid, glucose and paracetamol did not affect the sensing ability of the catalyst toward 
H2O2, highlighting its selectivity. ox-SWCNHs/CeO2 has been also successfully employed 
for the detection of H2O2 in real samples, such as milk and washing mouth liquids, 
confirming the high selectivity towards H2O2also in highly complex matrices made by 
several ingredients. 
A common evaluation that can be proposed from the results obtained by this work is 
that the employment of carbon nanostructures for the development of hierarchical 
electrocatalytic systems bring great advantages due to the improved electronic 
communication between each component. This research may be of inspiration for the 
design of new nanomaterials for energy related applications and sensing. 
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Appendix A: Review of the experimental methods used and 
experimental procedures 
 
A1. Electrochemical techniques. 
 
Electrochemical techniques such as Cyclic Voltammetry (CV), Linear sweep Voltammetry 
(LSV), Chrono-amperometry (CA) and Impedance Electrochemical Spectroscopy (EIS) in 
particular have been extensively applied for the characterization and the investigation 
of the catalytic properties of the nanomaterials reported in this thesis. 
 
A.1.1 Set-up of the electrochemical cell used 
 
The set-up cell used for the experiment was a three-electrodes cell assembly: working 
electrode (WE), counter electrode (CE), reference electrode (RE). A gas-tight cell has 
been employed for the experiment of bulk electrocatalysis. 
WE was a glassy carbon electrode modified by drop casting with the studied material, 
CE was a Pt electrode and RE was an Ag/AgCl electrode.  
 
A.1.1 WE preparation 
 
Here the procedure used to assembly the modified GCE electrodes using the materials 
presented in this thesis are reported. 
Glassy carbon electrode before the modification has been polished using 1 µm alumina 
slurry for 1 minute, 0.3 µm alumina slurry for 1 minute and washed with milliQ water. 
The alumina residue has been removed sonicating the GCE 30 seconds in milliQ  water. 
 
A.1.1.1. Electrode modified with Pd@TiO2/ox-SWCNHs 
 
The working electrodes here used, after polish treatment were modified using a 20µL 
drop of 3mg ml-1 suspension of Pd@TiO2/ox-SWCNHs. The suspension was prepared 
sonicating the material powder in 1:0.9:0.02 H2O:EtOH:Nafion (2.5% vol in EtOH) 
solution for 1.5h.  
For the bulk electrolysis experiments, the electrode were prepared by drop casting of 4 
drop 50µl each one (two for side) on Toray paper. 
 
A.1.1.2. Electrode modified with NiCyclam@BMIM/p-SWCNHs 
 
The working electrodes here used, after polish treatment were modified using a 20µL 
drop of 5 mg ml-1 suspension of NiCyclam@BMIM/p-SWCNHs. The suspension was 
prepared sonicating the material powder in 1:0.9:0.02 H2O:EtOH:Nafion (2.5% vol in 
EtOH) solution for 1.5h.   
For the bulk electrolysis experiments, the electrode were prepared by drop casting of 2 
drop 100µl each one (two for side) on slide (0.8 cm x 1 cm) of glassy carbon plates. 
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A.1.1.3. Electrode modified with t-Fe@MWCNTs 
 
The working electrodes here used, after polish treatment were modified using a 30µL 
drop of 3mg ml-1 suspension of t-FeMWCNTs. The suspension was prepared sonicating 
the material powder in 1:0.9:0.02 H2O:EtOH:Nafion (2.5% vol in EtOH) solution for 1.5h. 
Subsequently, the dispersion was centrifuged at 500 rpm for 6 min to remove residual 
bundles remaining in solution.  
 
 
A.1.1.4. Electrode modified with g-N-CNHs 
 
The working electrodes used, after a polishing protocol, were modified with a 10µL drop 
of 2mg ml-1 dispersion of g-N-CNHs. The dispersion was prepared sonicating the material 
powder in milliQ water for 1.5h.  
For the bulk electrolysis experiments, the electrode were prepared by drop casting of 2 
drop 100µl each one (two for side) on slide (0.8 cm x 1 cm) of glassy carbon plates. 
 
A.1.1.5 Electrode modified with ox-SWCNHs@CeO2 

 
The working electrodes here used, after polish treatment were modified using a 10µL 
drop of 2.5mg ml-1 suspension of ox-SWCNHs@CeO2. The suspension was prepared 
sonicating the material powder in 50:50 H2O: EtOH solution for 30 mins.  
 
A.1.2. Linear Sweep Voltammetry 
 
Linear sweep voltammetry (LSV) has been used coupled with rotating disk electrode 
experiment and for the characterization of CO2 activation using NiCylam@BMIM/p-
SWCNHs, in chapter 3. 
LSV is a potential sweep technique, in which the current at the WE is collected in the 
screened potential range varying the potential linearly with the time using the desired 
scan rate v, depending of the designed experiment. Below figure A.1 reports the 
potential-time profile and its relative current-potential profile. 

    
Figure A.1. A) LSV potential-time profile. B) LSV recorded signal, current-potential profile. 

 
Changing v, the current potential profile changes. Decreasing v the time taken to scan 
the investigated potential range is longer and the diffusion layer become big. 
Consequently, the mass flux to the electrode surface is smaller when the scan rates is 

A B 
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small, thus, the current will be lower because it is proportional to the flux. When v is 
higher, the current is higher.  
 
A.1.3 Cyclic Voltammetry 
 
Cyclic Voltammetry (CV) has been employed for each material to characterize their 
redox behavior. 
As well as LSV, CV is a potential sweep technique. As LSV, the current evolved generated 
at the working electrode is collected scanning the potential range studied using the 
desired scan rate, depending on the designed experiment. However, the potential varied 
through a triangular impulse. Considering the potential range from V1 to V2, the 
potential is swept first from V1 to V2, and then from V1 to V2. Figure A.2. reports the 
potential-time profile and the relative signal recorded. 

                
Figure A.2. A) CV potential-time profile. B) CV recorded signal, current-potential profile. 
 

CV is very sensitive towards low concentration of the ionic species in solution, and is a 
non-destructive, fast and ease method for the characterization of the redox behavior of 
molecules and materials. Looking Figure A.2 B), going from V1 to V2, following the 
oxidation sweep, the current increases approaching Epa, at this potential the oxidation 
process is limited by diffusion of the substrate to the electrode surface. After Epa, the 
current decrease due to the depletion of the substrate concentration at the electrode 
surface. The reduction sweep from V2 to V1, can be discussed in the same way. The 
redox process reported in figure A.2, is relative to a reversible system. In a reversible 
system the product of the oxidation, underwent reduction, and the ratio of the current 
peaks, (ipa/ipc) is 1. 
 
A.1.4 Impedance electrochemical spectroscopy  
 
In order to gain further insight about the redox behavior, Electrochemical Impedance 
Spectroscopy (EIS). 
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 elaboration of 
the Nyquist plot the equivalent circuit can be deduced, from which resistive and 
capacitive parameters can be calculated. 
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A.1.4.1 Basic Knowledges 
 
Impedance is defined as the opposition to AC flow in a complex system. If the system is 
purely resistive, the impedance is correspondent to the resistance calculate as the ohm 
law: 

𝑅 =
𝑉

𝐼
 

Where R is the resistance, V is the potential and I is the current. 
However, a pure resistive material is ideal, and a modified Ohm Law is used to calculate 
the impedance: 

𝑍 =
𝑉 (𝑡)

𝐼(𝑡)
=

𝑉0cos (𝜔𝑡)

𝐼0cos (𝜔𝑡 − 𝜙)
= 𝑍0

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
= 𝑍0 exp(𝑗𝜙) = 𝑍0 exp(𝑐𝑜𝑠𝜙 − 𝑗sin𝜙) 

Using this equation the Nyquist plot can be obtained, where the imaginary component 
of the impedance is plotted in function of the real component. In figure A.3 a Nyquist 
plot example is reported. 

 
Figure A.3 Representation of Nyquist plot. 

 
Each point of the Nyquist plot is the impedance collected at a specific frequency. Two 
different region can be distinguished in the Nyquist plot, the right side of the graph is 
the low frequency side, and the left side is the high frequency side. The diffusion 
transport of the redox species to the electrode surface plays an important role. At high 
frequencies, the effect of the diffusion transport is smaller than at low frequencies. 
 
A.1.4.2 Equivalent circuits 
 
The equivalent circuit used to fit the EIS data, is composed by three fundamental 
elements: the resistive element (R), the capacitive element (C), and the inductive 
element (L).  
In an electrochemical cell can be considered resistive element the solution resistance, 
and the resistance to the charge-transfer at the electrode surface. 
The solution resistance defined by the following equation, is dependent by the ionic 
concentration of the solution and geometric area of the electrode. 

High 

ω  
Low 

ω  
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𝑅𝑠 = 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.  
The resistance to the charge transfer is dependent by the exchange current and the 
number of the electrons involved, it can be calculated using the equation reported 
below:  

𝑅𝐶𝑇 =
𝑅𝑇

𝑛𝐹𝑖0
 

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 is characterized by capacitive elements and inductive 
elements which represent charge-space separation regions.  Other elements can take 
part to the circuit: the constant phase element (CPE) and the Warburg element (Zw). The 
Warburg elements is used to represent the diffusion and mass transport effect on the 
impedance. It is calculated as reported below: 

𝑍𝑤 = 𝜎(𝜔)−1/2(1 − 𝑗) 
CPE derives from a capacitor which has a non-ideal behavior. 
In the table A.1. the common circuit elements are reported and their current versus 
potential relationship, and their impedance.  
 
 

Circuit 
element 

Relationship Impedance 

R 𝑉 = 𝐼𝑅 𝑍𝑅 = 𝑅 

C 
𝐼 = 𝐶

𝑑𝑉

𝑑𝑡
 𝑍𝐶 =

1

𝑗𝜔𝐶
= −

1

𝜔𝐶
 

L 
𝑉 = 𝐿

𝑑𝐼

𝑑𝑡
 

𝑍𝐿 = 𝑗𝜔𝐿 

Table A.1: List of the common circuit elements. 

 
A1.4.3 Data elaboration 
 
As mentioned above, EIS data are represented by Nyquist plot and Bode plot. The 
Nyquist plot relates the imaginary component of Z to the real component and the 
relation of the impedance by the frequency is implicit. The Bode plot reports the 
dependence of the impedance by the frequency. The Nyquist plot can contain more than 
one semicircle, the shape of the semicircle defines the physical characteristics of the 
investigated system.  
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Figure A.4 Representation of the Randles model circuit and the relative Nyquist plot. 

 
For the simplest equivalent circuit, the Randles circuit, the Nyquist is reported in figure 
A.4. The circuit is made by a resistive element associated to the solution resistance in 
series with a capacitive and a further resistive element representing respectively the 
double layer capacitance and the charge transfer resistance. The solution resistance is 
determined by the x-intercept of the semicircle on the left side of the plots. The 
diameter of the semicircle is the charge transfer resistance. Bode plot, is a powerful tool 
when more than one charge transfer resistance at high frequency are presented.  
 
A1.5 Rotating disk electrode technique (RDE)   
 
Rotating Disk Electrode (RDE) method have been employed to characterize ORR. In 
particular by means of this technique the number of the electrons involved in the ORR 
process has been calculated and further information on the kinetic feature of ORR 
catalyzed by Fe@MWCNTs and g-N-CNHs has been gained.  
RDE theory, was developed by Benjamin Levich in the XX century. 
RDE is a hydrodynamic working electrode. It is attached to an electric motor that can 
fine regulate the rotation rate of the electrode. During the experiment, LSV is carried 
out at slow scan rate (usually 0.005 V s-1) under forced convection condition. The 
rotation generates a laminar flow, which assures a constant flow of fresh solution from 
the bulk solution to the electrode surface. The bulk solution far from the electrode 
surface remains well-stirred, meanwhile the solution closer to the electrode rotate with 
it. If the rotating electrode is taken as reference system the solution near the electrode 
appears stagnant. This condition is known as hydrodynamic boundary layer. The mass 
transport from bulk solution to the stagnant layer of solution close to the electrode 
surface occurs by convenction, due to the stirring action of the electrode rotation. When 
an ionic species or a molecule enters the hydrodynamic layer which is stagnant, the mass 
transport is dominated by diffusion. The first mathematical treatment of convection and 
diffusion towards a rotating disk electrode was proposed by Levich. The equation is 
reported below: 
 

𝑖𝐿 = 0.062𝑛𝐹𝐴(𝐷𝑜)2/3𝑣−1/6𝐶0𝜔−1/2 
 
Where iL is the limiting current observed at the rotating electrode, 𝐶0is the 
concentration of the bulk solution, 𝑛 is the number of the electrons, A is the electrode 
geometric area, 𝐷𝑜is 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 
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relation is useful when the reaction studied is a reversible process not complicated by 
sluggish electron transfer kinetic or chemical reaction coupled to the redox reaction. In 
this case the LSV collected will have a sigmoidal shape regardless the rotation rate and 
the limiting current linearly increases as 𝜔 increases. 
When the electron transfer kinetic of the studied reaction exhibits a sluggish kinetic, the 
LSVs have no more a regular sigmoidal shape, the equation formulated by Levich, is 
substituted by the Koutecky-Levich equation: 
  

1

𝑖
=

1

𝑖𝑘
+

1

0.062𝑛𝐹𝐴(𝐷𝑜)2/3𝑣−1/6𝐶0
𝜔1/2 =  

1

𝑖𝑘
+

1

𝐵
𝜔−1/2 

 
In K-L equation a new term ik appears, named kinetic current. ik would be the current 
observed in absence of mass transport limitation. 
 
A.1.5.1 experimental procedure for the determination of the number of electrons 
involved in ORR 
 
The glassy carbon disk of the RDE was modified by drop casting with 5 µL of the material 
suspension.  
During a RDE experiment, several LSVs are collected in O2 saturated solution, varying the 
rotation rate, from the lowest to the fastest. The scan rate of LSV, 0.005 V s-1. The K-L 
plot can be obtained plotting the limiting current values (plateau current) against the 
square root of rotation rate. When the limiting current is reached, the reaction is not 
affected by kinetic limitation. The current is limited only by the mass transport. In figure 
A.5 a) is reported graph with several LSV collected at different 𝜔, and in b) the relative 
K-L plot. 
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Figure A.5 a) LSVs collected at different 𝜔, and in b) the relative K-L plot. 

 
Using the K-L plots, obtained as explain above, and the K-L equation, the number of 
electrons involved in the O2 reduction process have been calculated. The slope of the 
curve obtained fitting the reciprocal of the current density (j-1) and the reciprocal of the 
square root of 𝜔 correspond to the slope 1/B. 
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A.1.5.2 experimental procedure for Tafel plot calculation 
 
Tafel plot have been calculated using RDE method. The electrode was prepared as 
mentioned in the section above. LSV at 0.005 Vs-1 have been performed using high 
rotation rate (bigger than 1600 rpm) in N2 saturated solution and in O2 or CO2 saturated 
solution.  
The LSV collected in N2 is subtracted from the LSV collected in CO2 or O2 saturated 
solution.  
Thus, after log(i) calculation, the Tafel plot is obtained reporting in graph E vs (RHE) in 
function of log(i). 
 
A.1.6 Chronoamperometry 
 
Chronoamperometry (CA) has been applied to characterize products deriving by the 
processes (CO2RR and ORR) and  the stability of the electrocatalysts investigated in this 
thesis.  
In CA experiment, a potential value is fixed and the current response is followed during 
the experimental time. The products evolved by imposing the chosen potential can be 
analyzed and the yield of the redox reaction can be evaluated. The yield, called faradaic 
efficiency (FE%) is the ratio between the charge due to the product formation (Qp) and 
the total charge flow (Qtot), the mathematical formulation is reported below: 

𝐹𝐸% =
𝑄𝑃

𝑄 𝑡𝑜𝑡
 

Where: 
𝑄𝑃 = 𝑛 × 𝐹 × 𝑚𝑜𝑙𝑃 

 
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. 

𝑄𝑡𝑜𝑡 = ∫ 𝑖 𝑑𝑡
𝑡

0

 

This technique have been employed for the electroactive surface area calculation. 
 
A.1.6.1 EASA calculation 
 
The electroactive surface area (EASA) of the catalyst has been measured using the 
Hydroquinone (HQ) as redox probe. Using the modified electrode as WE a CV from -0.5V 
to 1V vs Ag/AgCl has been collected in 0.5mM of HQ in 0.1M PBS. After that, the peak 
potential of the oxidation peak has been fixed as working potential for a chrono-
amperometry experiment long 20 seconds. This is the time necessary to allow the 
formation of a monomolecular layer of HQ onto the modified GCE electrode. By the 
integration of the current-time profile obtained by CA experiment the charge (Q) is 
obtained. Q is plotted in function of the square root of the time, fitting Q in function of 
t1/2, using the slope of the linear fit and the Cottrel  equation, the EASA can be calculated. 

𝑖 =
𝑛𝐹 𝐸𝐴𝑆𝐴 𝐶0𝐷1/2

(𝜋𝑡)1/2
 

Knowing that i=Q/t, it follows: 
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𝑄

𝑡
=

𝑛 𝐹𝐴 𝐶0𝐷0
1/2

𝜋1/2𝑡1/2
 

𝑄𝑡1/2

𝑡
=

𝑛 𝐹𝐴 𝐶0𝐷0
1/2

𝜋1/2
 

𝑄

𝑡1/2
=

𝑛 𝐹𝐴 𝐶0𝐷0
1/2

𝜋1/2
 

Since 
𝑄

𝑡1/2
 is the slope calculated by the linear fit of Q vs t1/2, it is named B, and it follows: 

𝐸𝐴𝑆𝛢 =
𝜋1/2𝛣

𝑛𝐹𝐶0𝐷0
1/2

 

 
Where n is the number of involved electron, F is the faradaic constant 96485C mol-1, 
EASA is the electroactive area, C is the concentration of HQ in mol cm-3; D is the diffusion 
coefficient 0.8x105 cm2 s-1, t is the time and π is pi-greek. 
 
 
 
A.2 Thermogravimetric Analysis 
 
Thermogravimetric Analysis (TGA) has been used as investigation tool to quantify the 
amount of functional groups and metal oxides attached onto the carbon nanostructure 
surface upon the functionalization.  
TGA based on the thermal stability of the sample, the information acquired are 
percentage of weight loss and temperature at which the material components 
decompose. Each loss in weight in a composite material (as the materials investigated) 
can be associated to a material component. 
During TGA experiment, the change in weight of the sample is monitored as function of 
the increasing temperature. TGA can be carried out using inert atmosphere (N2 or Ar 
flow) or using an oxygen atmosphere. The choice of the atmosphere depends on the 
material nature. An inert atmosphere is choice when a totally organic material, like a 
carbon nanostructure functionalized with oraganic moieties, is analyzed. The amount of 
organic moieties binding the carbon nanostructure can be measured. 
TGA operated using oxygen flow is performed when the presence of metals is evaluated. 
The metal in the sample is converted into the correspondent oxide, and it is associated 
to the residual weight at the end of the run. 
The sensitivity of the technique depends on the precision of the balance and the power 
supply providing the temperature ramp of the furnace. 
The analysis procedure adopted in this thesis is the same for all the samples. An 
equilibration step followed by the linear temperature ramp. The equilibration step at 100 
°C for 20 minutes allow the removal of adsorbed water molecules on the sample. The 
data collection start simultaneously with the beginning of the linear temperature ramp. 
The temperature is ramped as 10°C min-1. 
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A.3 Raman Spectroscopy 
 
Raman spectroscopy is a powerful tool when carbon nanostructure materials are 
investigated. This technique was employed to characterize all the materials 
investigated in this thesis.  
Raman spectroscopy, is a non-linear spectroscopic technique and based on the 
inelastic scattering of monochromatic light. 
When a monochromatic light, usually a laser beam hits a sample, a light portion is 
elastically scattered and another portion is inelastically scattered. The elastic 
scattering, called Rayleigh scattering, it is associated to collision between photon and 
molecules occurring without energy change, meanwhile the inelastic scattering, called 
Raman scattering, corresponds to collision between photon and molecules occurring 
with energy change. Two types of Raman scattering can be distinguish: the Stokes 
scattering associated to high frequency scattered photon deriving from an energy 
transfer from the photon to the molecule; and Anti-Stokes scattering, associated to 
low frequency scattered photon deriving from an energy transfer from the molecule to 
the photon. The probability to observe a Stokes scattering is higher then the other 
scattering because at room temperature the molecules population is essentially in its 
ground-state level.  

 
 
Figure A.6 Schematic rapres.entation of Rayleigh and Raman scattering( Anti-Stokes and 
Stokes level)  

 
In Raman spectroscopy the spectra collected is reported using the Raman shifts (∆𝜈): 

∆𝜈 = 𝜈 − 𝜈𝑚 
where 𝜈 is the wavenumber (cm-1) of the incident light, and 𝜈𝑚is the wavenumber (cm-

1) of the energy transition between the lowest and first excited vibration energy level.   
Generally, a Raman spectroscopy instrument is made by monochromatic laser source, 
monochromator, filters which allow the detection at very low (∆𝜈), and a detector that 
usually is a charge coupled detector (CCD).  
Graphene based materials such as CNTs or SWCNHs have characteristic Raman bands, 
which allow to gain semi-quantitative information on the functionalization of the 
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carbon nanostructure surface. Mainly, the characterization is performed evaluating the 
presence of the bands called band D and band G. 
The band D, called disorder band, occurs  1350 cm-1 and it is associated to the presence 
of sp3 carbon atoms in the carbon nanostructure. D band can be generated by a second 
order scattering, in particular to a two photon scattering, or one-phonon and one elastic 
scattering event. It may stem from decreasing of symmetry due to defects like pentagon 
rings, typical of CNT caps and SWCNHs tips or introduced by covalently linked functional 
groups, presence of carbon nanoparticle or amorphous carbon. The intensity of this 
band depends on the size of graphite microcrystals and the order of the sample 
G band, where G indicates graphite, occurs at 1580 cm-1, is associated to a first order 
transition, generated by a phonon emission. In general, it is the more intense band, and 
is related to the conductive property of the materials.  
The ratio ID/IG can be used as tool to gain information about the carbon nanostructure 
functionalization. Comparing the ID/IG of a functionalized materials with the IG/ID ratio of 
the relative pristine is possible evaluate if the functionalization treatment successfully 
occurred. 
 
A.4 Fourier Transform Infrared Spectroscopy 
 
FT-IR has been used to characterize the occurrence of the material functionalization.  
FT-IR spectroscopy is a linear spectroscopic technique, mainly applied for qualitative 
characterization. It based on the interaction between the sample and IR radiation. The 
interaction between IR and molecules excites vibrational transitions, associated to a 
dipolar moment variation. The absorption band stemming by IR radiation absorption are 
associated to stretching mode and bending movements of atoms sharing a bond. The 
stretching modes occur at frequencies higher than bending modes. In general the bonds, 
where one of the atoms is H, have higher frequencies due to the small mass of H. Each 
bond has a characteristic frequency, which depend by the mass of the atoms and the 
force constant as reported by the Hooke law: 

 
Where K is the force constant, µ is the reduced mass, π is the pi-greek and c is the rate 
of the light. The reduced mass is calculated as: 

 
Where m1 is the mass of the atom 1 and m2 is the mass of the atom 2.  
Consequently, the vibrational mode of a functional group has the own specific 
frequency. Thus, the functionalization of the carbon nanostructure can be followed by 
IR, evaluating the appearance of bands associated to the new bonds introduced on the 
carbon nanostructure. The organic functionalization bands occur in the high frequency 
region, meanwhile functionalization with metal oxide induce the appearance of broad 
bands associated to the stretching of the bond between metal atom and oxygen in the 
low-frequency region, due to the big mass of the metals atoms. The samples for FT-IR 
spectra have been prepared producing a pills with a little amount of material and  KBr.  
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A.5 Transmission Electron Microscopy 
 
Transmission Electron microscopy (TEM) has been used as tool to evaluate the 
morphological feature of each material presented in this thesis. 
The electron microscope operates under vacuum. The main part of an electron 
microscope is the column in which the electron gun is placed, the acceleration field and 
the condensed and magnetic filters, which control the size of the beam.  The pictures 
obtained by the microscope are the results of the elaboration of several type of signals 
generated by the interaction between the electrons and the matter. 
In this thesis, TEM and High resolution-TEM (HR-TEM) have been employed. The 
specimens were prepared depositing the samples on grids made from a metallic 
framework and covered with a carbon film. The electrons diffracted after the passage 
through the specimen are focused by electromagnetic objective lens in the image plane. 
The HR-TEM allows the detection of differences in phase of the scattered electrons, 
permitting to highlight nanosized structure such as nanoparticles. HR-TEM allows to 
perform of Energy Dispersive X-Ray (EDX) analysis, widely used for the further 
characterization of the hybrids. EDX analysis, enables to gain deeper information about 
the sample morphology through the elements recognition, and in this thesis has been a 
powerful tool to investigate on the interface between the components of the 
hierarchical materials investigated. The elements recognition is ascribed to the X-rays 
generated by the interaction of the electron beams and the sample, which have 
characteristic energies for each element.  
 
A6. Atom Force Microscopy 
 
Atom Force Microscopy, have been employed for the morphology characterization of 
ox-SWCNHs@CeO2. 
AFM analysis is a scanning probe microscopy technique, based on the revelation of 
forces such as Pauli, Van der Waals or electrostatic between a small tip and the sample.   
The AFM uses as the probe a sharp tip, placed at the end of cantilever. The laser beam 
is focused on the back of the cantilever. The reflective laser beam is detected by a four 
quadrant Position Sensitive Photo Diode (PSPD), which enables to track the laser spot 
movement while the tip is scanning the sample surface. By means of Hook laws and 
geometric calculation about the laser movements tracked by the PSPD, information 
about the interaction occurring between the tips and the sample can be obtained.  
A feedback system, over the PSPD, controls the tip-sample interactions, using a fixed 
set-point during the measurement.  The set-point can be measured by two different 
mode: using a contact mode, based on the cantilever deflection, or the non-contact 
mode based on the variation of resonance frequency and amplitude at a specific 
frequency. 
The sample of ox-SWCNHs@CeO2 was prepared by drop casting of a diluted suspension 
of ox-SWCNHs@CeO2 in EtOH on a piece of slide of mica foil. 
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A7. N2 physisorption analysis 
 
N2 physisorption analysis is a powerful tool for the characterization of materials surface. 
Using N2 physisorption information about properties such as porosity, strength, 
hardness, permeability, separation selectivity.  
Brunauer, Emmett and Teller theory (BET) provides a mathematical model for the 
process of gas sorption.  BET is an extension of the Langmuir theory, because it assume 
that the gas adsorbed is a molecular monolayer. The physisorption of gas onto a material 
results by weak interaction such as Van der Waals,  
By a physisorption experiment, N2, is physical adsorbed over the entire surface material 
exposed, filling also the pores. Estimating the amount of nitrogen adsorbed related in 
relationship with its pressure, under normal atmospheric pressure and at the boiling 
point of the liquid N2, the specific surface area can be calculated. The mathematical 
expression of the BET theory is reported below: 

 
Where p and p0 are the equilibrium pressure and the saturation pressure of the 
adsorbates, v is the amount of gas adsorbed, vm is the monolayer adsorbed gas 
quantity, and c is called BET constant, calculated as reported below: 

 
Where E1 and EL are associated to the heat of adsorption for the first layer of 
adsorbate and liquefaction heat respectively. The specific area is obtained plotting 
𝟏 𝝊[(𝒑𝟎 𝒑⁄ ) − 𝟏]⁄  in function of  (𝒑𝟎 𝒑⁄ ), which is called BET plot. The relation 
between them is linear in the range 0.05< (𝒑𝟎 𝒑⁄ )>0.35. By the slope and the 
intercept, vm and c values can be calculated. Then the total surface and the specific 
surface area can be calculated using the following equation: 

 
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. 
The measurement process of physisorption involves chilling the surface of the measured 
powder, using nitrogen to adhere to the surface-adsorption, then taking the chilling 
away – leading to desorption. 
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Appendix B: Materials & synthesis 
 
B1. Materials 
 
Single-walled carbon nanohorns (SWCNHs) were provided by Car-bonium S.R.L. 
Chemicals and solvents for synthesis were obtained from Sigma Aldrich, and they were 
used without further purification.  
 
B2. Mild oxidation of p-SWCNHs: Synthesis of ox-SWCNHs 
 
Pristine SWCNHs (p-SWCNHs) were dissolved in a 4 M nitric acid solution in order to get 
a suspension 1 mg mL-1. The suspensions were sonicated for 15 minutes to dissolve the 
present bundles 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 
honeycomb structure surface. The solid was then filtered and washed with distilled 
water until neutral pH of the washing water (ox-SWCNHs). 
 
B3. Synthesis of Pd@TiO2/ox-SWCNHs hybrid 
 
The appropriate amount of MUA–protected Pd nanoparticle (Pd-MUA) was dissolved in 
the needed amount of Titanium butoxide Ti(OBu)4, in order to get the desired ratio 
components. The solution of Pd@TiO2 precursor was added dropwise to ox-SWCNHs 
suspension (0.25 mg mL-1 in EtOH) under continuous sonication. The resulting 
suspension of “Pd@TiO2/ox-SWCNHs” was vigorously sonicated for 30 minutes. Finally, 
a mixture of H2O (1.5 mL) and THF (13.5 mL) was added to ensure the complete 
hydrolysis of the Ti alkoxide. The mixture was sonicated for further 30 min and then the 
product was filtered, washed with MeOH/H2O 2:1 v/v and finally with MeOH. The final 
materials were dried at 80 °C overnight prior to being used (Pd@TiO2/ox-SWCNHs). A 
similar approach was adopted in the absence of Pd-MUA in order to obtain the 
corresponding Pd-free catalyst (TiO2/ox-SWCNHs). 
 
B4. Synthesis of Pd/ox-SWCNHs 
 
The right amount of Pd NP precursor (K2PdCl4) was added dropwise to ox-SWCNHs 
suspension( 1 mg mL-1 in EtOH). The suspension so obtained was kept under sonication 
for 15 minutes and than the right amount of NaBH4 was added to the suspension. The 
suspension was kept under sonication for other 15minutes. The material Pd/ox-SWCNHs 
have been filtered and whashed two time with H2O, and then with neat EtOH. The final 
materials were dried at 80 °C overnight prior to being used.  
 
B5. NiCyclam@BIMIM/p-SWCNHs 
 
B5.1 BMIM/p-SWCNHs 
 
The right amount of BMIMPF6 solution in anhydrous THF was mixed with p-SWCNHs 
suspension (1mg mL-1 in anhydrous THF) in order to obtain the desired composition. 
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After one night under stirring, the mixture was dried by vacuum evaporation. The final 
materials were dried at 80 °C overnight prior to being used. 
 
B5.2 NiCyclam@BMIM/p-SWCNHs  
The right amount of NiCyclam2+ have been dissolved in the right amount of BMIMPF6 
solution in anhydrous THF. The solution, so obtained have been stirred till NiCyclam2+ 
dissolution (NiCyclam@BIMIM precursor). NiCyclam@BMIM precursor solution have 
been added to p-SWCNHs suspension (1mg mL-1 in anhydrous THF). After one night 
under stirring, the mixture was dried by vacuum evaporation. The final materials were 
dried at 80 °C overnight prior to being used. 
 
B6. t-Fe@MWCNTs 
 
B6.1 Synthesis of Fe@MWCNTs and HCl-Fe@MWCNTs  
 
The following synthesis has been performed in the laboratory of the Prof. Davide 
Bonifazi at the University of Namur. In the 180 cm-long quartz tube of a furnace setup, 
a 10 cm long quartz substrate was introduced in the temperature region around 1173 K, 
and a constant flow of 0.2 m3h¢1 of argon was used to purge the system of remaining 
air. Under this flux, ferrocene (5 g) was introduced in a boat and placed in a region close 
to 823 K. Toluene vapour was then introduced into the quartz tube of the furnace by the 
argon purge of 0.2 m3h¢1 for 15 min. The toluene flow was then turned off and the 
quartz substrate was moved to a cool zone of the 180 cm long quartz tube to allow the 
sample to cool to room temperature under an argon flux of 0.2 m3h¢1. The black 
material was then washed with ethanol to remove any residual ferrocene to give pristine 
Fe@MWCNT (about 2.3 g). The material was then washed with HCl to remove any 
external Fe or Fe oxide (HCl- Fe@MWCNT). In detail, the as-produced material (250 mg) 
was placed in a 1 L round-bottomed flask, and methanol (375 mL) was added. The 
solution was sonicated for 10 min and a 4m aqueous solution of hydrochloric acid (125 
mL) was added to the flask. The mixture was sonicated for a further 10 min and the 
solution was stirred for 24 h at room temperature. The solution was diluted with water 
(375 mL) and then filtered through a 0.45 mm hydrophobic polytetrafluoroethylene 
filter. The resulting precipitate was then redispersed by 10 min of sonication in methanol 
(100 mL), filtered through the same filter, and washed with water (100 mL). This 
procedure was repeated twice, and the final precipitate was finally washed with few 
millilitres of methanol to facilitate drying. HCl- Fe@MWCNT was thus recovered as a 
black powder (about 220 mg). 
 
B6.2 Synthesis of t-Fe@MWCNTs 
 
HCl-Fe@MWCNTs (100 mg) were placed in a 500 mL round-bottomed flask and N-
methyl-2-pyrrolidone (NMP, 67 mL) was added. The solution was sonicated for 20 min, 
p-aminophenylacetic acid (675 mg) was added, the solution was sonicated for another 
10 min and diisopropylethylamine (40 mL) was added. After 10 min of further sonication, 
isoamyl nitrite (1.5 mL) was added slowly and the reaction mixture was stirred at 363 K 
for 20 h. The solution was cooled to room temperature and was filtered through a 0.45 
mm hydrophobic polytetrafluoroethylene filter. The precipitate was redispersed by 10 
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min of sonication in 100 mL of ethyl acetate and filtered through the same filter. This 
step was repeated two additional times and the final precipitate was dispersed in 100 
mL of methanol by 10 min of sonication, water (200 mL) was added and the suspension 
was filtered through the same filter. Two additional washing steps with water (50 mL) 
were performed. The precipitate was finally washed with few millilitres of methanol to 
facilitate drying. About 85 mg of t-Fe@MWCNT was thus recovered as a black powder.  
 
B7. g-N-CNHs 
 
B7.1 Ox-CNHs 
 
100 mg of p-CNHs were sonicated in 100 ml of HNO3 (69 %) for 15 min. The resulting 
dispersion was stirred for 3 h at 35 oC. Cold water (200 ml) was then added to the 
reaction and the crude was filtered through a Millipore membrane (JHWP, 0.45 µm) and 
washed with deionized water till neutralization of the washings. The black powder was 
finally washed with MeOH and dried with Et2O affording 99 mg of ox-CNHs. 
 
B7.2 Ox-CNHs@PDA  
 
Dopamine hydrochloride (400 mg, 2.11 mmol) and ox-CNHs (10 mg) were ultrasonicated 
in deionized water (40 ml) for 30 min. Tris buffer pH 8.5 (10 ml, 50 mM) was then added 
and the reaction was stirred for 16 h at room temperature. The crude was filtered 
through a Millipore membrane (JHWP, 0.45 µm) and washed with cycles of 
ultrasonication/filtration in water (2 x 50 ml) and ethanol (2 x 50 ml). The black product 
was rinsed with Et2O and dried under vacuum affording 50 mg of ox-CNHs@PDA. 
 
B7.3 g-N-CNHs 
 
Ox-CNHs@PDA (140 mg) were annealed under Ar for 3 h to afford g-N-CNHs (92 mg). 
No further purification was required. 
 
B8. Ox-SWCNHs@CeO2  
 
ox-SWCNHs@CeO2 structures were prepared by a sol-gel method. The solution of 
precursor Ce4+tetrakis(decyloxide) was added dropwise to ox-SWCNHs suspension (0.25 
mg mL-1 in EtOH) under continuous sonication. The mixture was kept under sonication 
for 30 min. A mixture of H2O (1.5 mL) and THF (13.5 mL) was added to ensure the 
complete hydrolysis of the CeO2 precursor, and the mixture was sonicated for an 
additional 30 minutes. The solids were then recovered by filtration and washed with 
EtOH/H2O  2:1 and one time with pure EtOH. The final materials were then dried at 80 
◦C overnight prior to being used. 
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Appendix C: Apparatus 

 
C1. Electrochemical apparatus 
 
All electrochemical measurements were performed on a Autolab 302 N 
electrochemical workstation (Metrohm, The Netherlands) at room temperature, using 
a conventional three-electrode system composed of a modified glassy carbon 
electrode(GCE; CH Instrument, CH 104) as a working electrode, a platinum wire as an 
auxiliary electrode and a Ag/AgCl (3 M NaCl) (CHInstrument, CH 111). 
 
C2. Thermogravimetric apparatus 
 
Thermogravimetric analyses (TGA) of approximately 1 mg of each compound was 
recorded on a TGA Q500 (TA Instruments). 
 
C3. Raman spectroscopy apparatus 
 
Raman spectra were recorded with an Invia Renishaw microspectrometer (50) 
equipped with He–Nelaser at 532 nm. 
 
C4. FT-IR spectroscopy apparatus 
 
Fourier Transform Infrared Spectroscopy (FTIR) was measured in a System 2000–Perkin 
Elmer spectrometer in an optical range of 370–4000 cm−1at a resolution of 4 cm−1. 
 
C5. Transmission Electron Microscopy apparatus 
 
Transmission Electron Microscopy (TEM) measurements were per-formed on a TEM 
Philips EM208, using an acceleration voltage of100 kV. 
High resolution TEM (HRTEM) were acquired on a JEOL 2200FS microscope operating 
at 200 kV, equipped with an Energy Dispersive Spectrometer (EDX), in-column energy 
(Omega) filter, and High-Angle Annular Dark-Field (HAADF) detector. 
 
C6. Atomic Force Microscopy apparatus 
 
Atomic Force Microscopy(AFM) measurements were performed using a Nanoscope V 
micro-scope (Digital Instruments Metrology Group, model MMAFMLN)in tapping mode 
in air at room temperature, using standard µmasch®SPM probe (HQ:NSC15/AIBS) with 
tip height 12–18 µm, cone anglen <40◦(Resonant frequency 325 kHz, force constant of 
∼40 N m−1). Image analysis has been performed with Gwid-dion software.  
 
C7. N2 Physisorption apparatus 
 
N2 physisorption at the liquid nitrogen temperature was collected using a 
Micromeritics ASAP 2020 analyzer. Before analysis, the samples were degassed at 
150◦C for at least 12 hat a pressure lower than 10 mHg. The specific surface area of the 
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samples was calculated applying the BET method. Pore size distributions were 
calculated applying the BJH method to the adsorption branch of the isotherms. 
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