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Summary 

The focus of the present thesis is to prepare and characterize surfaces 

modified with carbon nano-onions (CNOs) to develop 

electrocatalytic systems and electrochemical (bio)sensors for 

biomedical and environmental applications. 

Chapter 1 is a general introduction to the topics that will be 

discussed in this thesis. It covers general information about carbon 

materials with emphasis in the preparation, characterization, 

functionalization and electrochemical (bio)sensing applications of 

CNOs. 

Chapter 2 covers the dispersibility study of CNOs in 20 solvents of 

different polarities. These solvents were classified as “good” or “bad” 

to determine the Hansen solubility parameters (HSPs) for CNOs 

using various optimization approaches. These parameters were 

further used to predict the dispersion behavior of CNOs in other 

solvents with a very good agreement between expected and observed 

dispersibilities. 

Chapter 3 is dedicated to study the effect of two oxidation treatments 

on the electronic structure and the surface chemical composition of 

CNOs. Pristine, physical and chemical oxidized CNOs were analyzed 

by using ultraviolet photoelectron spectroscopy (UPS) and X-ray 

photoelectron spectroscopy (XPS). It was found that each oxidative 

treatment affects the electronic structure and the surface chemical 

composition of CNOs in different ways. The interfacial energy 
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diagrams for pristine and oxidized CNOs are also provided and used 

to explain some electrochemical properties of these materials. 

Chapter 4 provides electrochemical data for pristine CNOs, radio 

frequency Ar/O2 plasma oxidized CNOs (CNO-RF) and chemically 

oxidized CNOs (CNO-OXI) cast on glassy carbon (GC) electrodes. 

The electrochemical response was evaluated by cyclic voltammetry 

using [Fe(CN)6]
3-, [Ru(NH3)6]

3+, [Fe(H2O)6]
2+ and 

ferrocenemethanol (FcCH2OH) as redox probes. The results indicate 

the electron transfer kinetics for these probes was influenced by the 

nature of functional groups on the electrode material, adsorption 

processes and the electrostatic interactions between the redox probes 

and the surface of the different carbon nano-onions. 

Chapter 5 is a deeper understanding of the electrochemical 

behaviour of FcCH2OH and [Fe(CN)6]
3- redox probes at unmodified 

and CNOs modified GC electrodes. Cyclic voltammetry experiments 

were used to demonstrate that the electrochemical response of 

[Fe(CN)6]
3- is a fully diffusion-controlled process, while for 

FcCH2OH a weak adsorption of its reduced form takes place on the 

GCE/CNO electrodes and in higher extension than on bare GC 

electrodes. Double potential step chronocoulometry was used to 

obtain the empirical adsorption isotherms which were found to 

respond to the Sips model isotherm. 

Chapter 6 explores the electrocatalytic properties of CNO, CNO-RF 

and CNO-OXI modified electrodes. At these surfaces, the 

electroreduction of O2 to H2O2 in acid media and the electrooxidation 

of H2O2, ascorbic acid (AA), dopamine (DA) and uric acid (UA) were 
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studied by cyclic voltammetry and differential pulse voltammetry. 

The modified electrodes displayed excellent electrocatalytic activity 

to these molecules. The results demonstrate that CNOs enhance the 

electroactive properties of redox molecules and are thus promising 

materials for electrochemical detection and metal-free 

electrocatalysts of different reactions. 

Chapter 7 introduces a novel potentiometric pH sensor based on 

polydopamine films coated on CNOs conductive surfaces. Glassy 

carbon electrodes containing a carbon nano-onion layer were 

modified by electropolymerization and self-polymerization of 

dopamine. The modified surfaces were characterized by ESEM, 

Raman spectroscopy and cyclic voltammetry. The modified 

electrodes displayed an almost Nernstian potentiometric response 

over the pH range 2-10. Furthermore, the pH sensors exhibit a fast 

and reversible behavior toward variations of pH and negligible 

interference effects from monovalent cations. The sensors showed an 

excellent correspondence between the pH values obtained using the 

GCE/CNO/PDA electrodes and those measured with glass 

electrodes. 

Chapter 8 explores the possibility to use the co-

electropolymerization of DA and L-3,4-dihydroxyphenylalanine (L-

DOPA) on CNOs modified electrodes as versatile platform to 

develop electrochemical immunosensors. Mixtures of DA and L-

DOPA at different molar rations were co-electropolymerized on 

CNOs-modified glassy carbon electrodes to form a poly(L-

DOPA/DA) film. This platform was applied to the electrochemical 
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detection of IgA antibodies using both a HRP-based sandwich type 

assay and a label-free detection based on [Fe(CN)6]
3-/4- signal 

blocking. The sandwich and the label-free assays showed a wide 

linear response and suitable LOD to allow the detection of serum IgA 

deficiency. Most remarkably, the incorporation of CNOs layer led to 

a significant improvement (three-orders of magnitude) of the 

analytical performance of these immunosensors. 

Overall, the presented thesis has contributed to expand the current 

knowledge on the dispersibility, electronic structure, surface 

chemical composition and electrochemical properties of CNOs. 

Novel electrocatalytic properties and electrochemical (bio)sensing 

applications of these materials were also explored and systematized 

to understand their relationship with the electronic structure of 

CNOs. The results presented here illustrate the advantages of 

incorporating CNOs in the design of electrochemical systems to 

improve their performance. These results might also help to fabricate 

tailor made surfaces with unique properties to realize high potential 

of CNOs to the maximum and to open new application possibilities 

in areas such as electrochemical energy storage and electroanalytical 

methods.
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Chapter 1 

Introduction 

1.1. Carbon materials 

The earliest known use of carbon materials dates back to circa 3750 

B.C., when Egyptians and Sumerians used wood chars (charcoal) for 

the reduction of copper, zinc and tin ores to manufacture bronze [1]. 

Since then, carbon materials have played important roles in industry 

and technology. For example, coal is the second largest fuel after oil 

accounting for about the 30% of the global energy production [2], 

graphite electrodes are extensively used in batteries and to slow-

down fission reactions in nuclear plants. Carbon materials are also 

one of the hottest topics in materials research nowadays. In the last 

three decades, research on these materials have led to two Nobel 

Prizes (for fullerenes and graphene), and two Kavli Prizes in 

Nanoscience (to M. Dresselhaus and S. Iijima for work on carbon 

nanotubes) [3]. These examples illustrate the immense importance of 

carbon materials and research on this field.  

Carbon materials are a huge family of materials that are mainly 

constituted by carbon atoms, although their structures and properties 

can vary significantly. Some of them like diamond are electric 

insulators and transparent with carbon atoms bonded in a tetrahedral 

geometry. Others like graphite are electric conductors and black 

opaque with carbon atoms arranged in a honeycomb lattice. 

Diamond, graphite, carbon fibers, glassy carbons, amorphous carbon 

and activated carbons (Figure 1.1 left) represent the bulky 
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(macroscopic) members of the carbon materials’ family. Their 

preparations, properties, and applications have been covered in 

different works and are out of the scope of this chapter [4,5].  

Carbon materials with nanoscopic dimensions, also known as carbon 

nanomaterials, are a growing subgroup that is difficult to cover totally 

in a simple chapter. Thus, here it will be only mentioned some of 

them (Figure 1.1 right) that we modestly considered the most 

representative carbon nanomaterials. More information about carbon 

nanomaterials can be found in detailed reviews [6–8], and 

monographies [9,10], among many others. 

The subgroup of carbon nanomaterials started with the discovery of  

fullerene (C60) by H. Kroto, R. E. Smalley, and R. F. Curl in 1985 

[11]. Fullerene C60 has a truncated icosahedral structure with 

hexagonal and pentagonal rings made up of “sp2” hybridized carbon 

atoms. Since the arrangement of carbon atoms is pyramidalized to 

allow curvature, a pseudo sp3 bonding component must be present. 

Thus, the hybridization of carbon atoms in C60 should be between sp2 

and sp3 instead of a purely sp2 hybridization [12]. Several other Cn-

type structures have been subsequently discovered, but C60 is by far 

the most widely studied to date [6]. The properties of C60 lie on the 

boundary between molecules and nanomaterials. Thus, it has 

gathered intense research interest for many applications in functional 

materials and nanodevices [13–15]. 
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Figure 1.1. Schematic representation of different carbon materials. CF: 

carbon fibers, GC: glassy carbon, AMC: amorphous carbon, AC: activated 

carbon, C60: fullerene, CNOs: carbon nano-onions, NDs: nanodiamonds, 

SWCNTs: single-walled carbon nanotubes, and MWCNTs: multi-walled 

carbon nanotubes. 

In 1991, carbon nanotubes (CNTs) were formally rediscovered by S. 

Iijima [16,17]. It seems that multi-walled carbon nanotubes 

(MWCNTs) were first discovered by two Russian scientists, L.V. 

Radushkevich and V.M. Lukyanovich, in 1952 [18], and it has been 

argued they should be credited for the discovery of CNTs [19]. CNTs 

consist in 1 or n-th rolls of graphene layers (where n is an integer) 

wrapped around together to form a cylindrical tube formed by sp2 

hybridized carbon atoms. The diameter of the tube ranges from few 

nanometers up to 100 nm, while the longitude may be up to the order 

of millimeters [20]. The sp2 hybridized carbon atoms in a cylindrical 

shape give CNTs a high conductivity, excellent strength and stiffness 

[21]. These characteristics are translated in suitable properties of 

CNTs for a wide range of applications [22,23]. 
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Nanodiamonds (NDs) became popular in the 90’s, although they 

were accidentally discovered much back in the 1960s by Russian 

scientists [24]. NDs are polyhedral particles with sizes between 2 and 

10 nm. Their structure consists of a diamond core built up of sp3 

hybridized carbon atoms, which may be partially coated by a 

graphitic shell or amorphous carbon with dangling bonds terminated 

by functional groups [25]. The properties of NDs differ from that of 

bulk diamond expanding the applications of NDs in a variety of 

research fields as it was reviewed recently [26].  

The next major step on carbon nanomaterials was taken in 2004 with 

the isolation and characterization of graphene by A. Geim and K. 

Novoselov [27]. The existence of graphene was predicted in 1947 

[28], and experimentally identified by Boehm et al. in 1962 [29]. 

Graphene is a one-atom-thick layer of sp2-hybridized carbon atoms 

arranged in a honeycomb lattice. Thus, it can be considered as the 

building block of graphite and CNTs. Graphene is remarkably strong 

for its atomic thinness and conducts heat and electricity with great 

efficiency because of its unusual electronic structure [10,28]. More 

details about graphene structure, its properties and applications can 

be found in several books and reviews [5,10,30–33].  

Further efforts on the design and synthesis of new carbon materials 

resulted in the synthesis of novel carbon allotropes named generically 

graphynes. The existence of these structures were predicted by 

Baughman et al. in 1987 [34], but they were synthesized for the first 

time in 2010 by Y. Li et al. [35]. Graphynes are formed by the 

combination of sp and sp2 hybridized carbon atoms according to 
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certain periodic rules [36]. The presence of sp-hybridized carbon 

atoms resulted in different structures and properties when compared 

to graphene or CNTs. A comprehensive update on the synthesis, 

properties and applications of graphynes can be found in recent 

reviews [6,36,37]. 

Probably one of the least studied carbon nanomaterial despite their 

discovery before nanotubes and fullerenes are carbon nano-onions 

(CNOs) also known as multilayered fullerenes or onion-like carbons. 

CNOs were initially described by S. Iijima in the early 80’s [38], and 

further rediscovered by D. Ugarte in 1992 [39]. CNOs are quasi-

spherical multi-shelled fullerenes resembling the structure of an 

onion. The number of onion shells can be described by the series: 

C60@C240@C540@...@C60n
2, where n is the shell number and thus, 

they can be considered as spherical analogues of MWCNTs [40]. 

Depending on the preparation method, CNOs are typically 2–50 nm 

in diameter [41]. CNOs present interesting properties that make them 

suitable for different applications [42–46]. Since CNOs are the 

subject of the present Doctoral Thesis, a more detailed overview on 

their synthesis, properties, characterization, functionalization and 

applications will be provided in the further sections of this chapter. 

1.2. Synthesis of CNOs 

Historically, CNOs were prepared for the first time by S. Iijima in the 

80’s during an in situ TEM analysis of amorphous carbon films [38]. 

Further in the 90’s, Ugarte found that carbon soots were also 

transformed into CNOs by intense electron-beam irradiation in TEM 

experiments [39]. However, both approaches did not allow to 
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produce enough amounts of CNOs to extend their structural and 

physico-chemical characterization. Consequently, various studies 

were further published regarding to the synthesis of CNOs. Some 

examples of these synthetic procedures are the thermal annealing of 

NDs, underwater arc discharge between two graphite electrodes, 

pyrolysis of organic materials, ion implantation, chemical vapour 

deposition, electron-beam irradiation and laser irradiation and 

ablation [10,45,46]. Among them, thermal annealing of NDs, 

underwater arc discharge between graphite electrodes and pyrolysis 

of organic materials (Figure 1.2.1) are the most popular methods to 

synthesize CNOs and thus, they will be briefly described in 

subsequent paragraphs. 

 

Figure 1.2.1. Schematic of the experimental setups to prepare CNOs by: a) 

annealing of nanodiamonds, b) underwater arc discharge and, c-d) pyrolysis 

of organic materials. 
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The thermal annealing of NDs was proposed by Kuznetsov et al. in 

1994 to synthesize gram quantities of CNOs [47]. The method 

consists on the annealing (heating) of NDs (average diameter of 5 

nm) at temperatures higher that 1100 0C in an inert atmosphere (Ar, 

He, N2, and H2) under high vacuum (Figure 1.2.1a). Under these 

conditions, the sp3 hybridized carbon atoms of NDs are transformed 

to sp2 hybridized ones forming curved graphene-like shells. 

Experimental evidence and theoretical simulations have 

demonstrated that this process occurs in different steps and takes 

place from the surface to the core of NDs [44,48–50]. The phase 

transformation is also connected with changes in the density, the 

surface area and the electrical conductivity of the annealed material 

as is summarized in Figure 1.2.2 [44]. The annealing of NDs allows 

to prepare quasi-spherical CNOs with small diameter (5-6 nm and 6-

8 graphitic shells) in high yields (>80%) and in gram-scales [46]. As 

a result, this method has emerged as the most common approach to 

prepare CNOs in small and large quantities. 

 

Figure 1.2.2. Schematic of the transformation from NDs to CNOs by the 

annealing process (top). Variation of the CNOs properties with the 

annealing temperature (bottom). Image reproduced from reference [44]. 
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The underwater arc discharge between graphite electrodes method 

(Figure 1.2.1b) has been used to synthesize different carbon 

nanomaterials [51]. It was explored by Sano et. al. in 2001 to prepare 

CNOs in larger quantities and without using vacuum equipment [52]. 

This method consists in applying a direct current voltage (~16 V and 

~30 A) across two high purity graphite electrodes submerged in water 

to generate and arc discharge (i.e. a plasma) between them [53–55]. 

Under these conditions, graphite is vaporized because of the plasma 

temperature (> 6000 K) [56], and then, the vapor is cooled down by 

surrounding water leading the formation of CNOs [56]. The CNOs 

are obtained as a floating powder on the water surface. The diameters 

of these CNOs are bigger than 20 nm, which correspond to 

approximately 30 graphene layers [57], and they can have quasi-

spherical and polyhedral forms [53,58]. Additionally, other carbon 

particles like graphene, MWCNTs, amorphous and graphitic 

impurities are also formed [58]. This issue requires some sort of 

posterior purification/separation process that limit the practical 

applications of this method [54]. 

The pyrolysis of organic matters is a more recent strategy to prepare 

larger amount of CNOs. There are two approaches: i) pyrolysis of 

wood wool in a muffle furnace under a flow of N2:O2 (95:5) gas 

mixture (Figure 1.2.1c) [59], and ii) the open-flame pyrolysis of 

organic precursors also known as candle soot method (Figure 1.2.1d) 

[60]. A wide variety of organic precursors have been used like 

lycopene [61], rice husk [62], naphthalene [63], polymers [64,65] 

vegetal oils [66] and waste tyres [67]. In both approaches, the organic 

precursor is decomposed into atomic or radical fragments that leads 
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the formation of graphite-like structures [68]. These structures 

nucleate and self-curl promoting the growth of CNOs from inside-

out like the snowball accreting process [66,69]. The CNOs prepared 

following these methods are quasi-spherical and have diameters 

between 15-60 nm. 

1.3. Characterization of CNOs 

Several techniques can be employed to characterize the surface and 

structural properties of CNOs. High resolution transmission electron 

microscopy (HRTEM), Raman spectroscopy, X-ray diffraction 

(XRD) and N2 isothermal adsorption are used for structural 

characterization. Nuclear magnetic resonance, Fourier-transformed 

infrared spectroscopy (FTIR), X-ray photoemission spectroscopy 

(XPS), ultraviolet photoelectron spectroscopy (UPS), and 

thermogravimetric analysis are employed to study the chemical 

composition of CNOs. Electron paramagnetic resonance 

spectroscopy, scanning tunneling microscopy and electrochemical 

techniques are useful to study the electrical and electrochemical 

properties of CNOs. In this section, we will briefly comment the 

techniques used in this work to characterize the CNOs. 

HRTEM is very useful to clearly visualize the structural features of 

CNOs and to study its mechanism of formation [44]. Figure 1.3.1 

show HRTEM images of CNOs prepared by thermal annealing of 

NDs [70], pyrolysis of wood wool [71], and underwater arc discharge 

methods [58]. Quasi-spherical multi-shell structures are observed in 

the case of CNOs prepared by thermal annealing and pyrolysis 

methods. In contrast, polygonal CNOs are obtained by the 
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underwater arc discharge method. Another feature that can be 

extracted from HRTEM are the distances between lattice fringes. For 

CNOs show in Figure 1.3.1, the distances are 0.34-0.37, 0.34-0.22 

and 0.35-0.37 nm, respectively. These values are very close to the 

distance between two (002) planes of graphite indicating the basic 

graphitic structure of CNOs [72]. 

 

Figure 1.3.1. HRTEM images of CNOs obtained by a) annealing of NDs 

[70], b) pyrolysis of wood wool [71], and c) underwater arc discharge 

method [58]. 

Raman spectroscopy is a routine technique to characterize carbon 

materials [73]. This technique has been used systematically as a tool 

for characterization of CNOs to mainly distinguish the different 

structures that originate during their synthesis, to corroborate the 

graphitic-like structure of CNOs, and to detect the presence of 

structural defects [41,74,75]. Figure 1.3.2a shows Raman spectra of 

CNOs prepared by annealing of NDs at different temperatures [76]. 

It is observed that the Raman spectrum of CNOs contain three main 

bands. These three bands are also observed in the spectrum of 

graphite and graphene confirming the basic graphitic structure of 

CNOs [77]. The first two bands located at about 1580 and 1350 cm-1 

are the G and D band, respectively [74]. The G band corresponds to 

the in-plane stretching mode E2g of carbon atoms in sp2-hybridized 

networks. The D band is due to the A1g breathing mode of six-atom 
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rings in disordered structure [77]. The D band is always present in 

curved carbon nanostructures like CNTs and CNOs. The third band 

located near 2700 cm-1 is the 2D band and corresponds to a two-

phonon process involving phonons with opposite wave vectors [74]. 

The 2D band offers complementary information about the 

arrangement of the different layers on CNOs [74]. The full width at 

half maximum (FWHM) of the D and G bands and their intensity 

ratio (ID/IG) are used as criteria to assess the degree of defect and 

functionalization of CNOs. From Figure 1.3.2b, it is observed that 

the FWHM and the ID/IG ratio decreases with an increase of the 

annealing temperature indicating a higher structural order. On the 

other hand, the covalent functionalization of CNOs increases the 

ID/IG ratios due to the increase of sp3- hybridized carbon atoms on the 

surface of CNOs [43]. 

 

Figure 1.3.2. a) Raman spectra of CNOs prepared at different temperatures, 

and b) calculated D and G band line width and their corresponding ID/IG 

ratios. Images taken from reference [76]. 

X-ray photoelectron spectroscopy (XPS) and ultraviolet 

photoelectron spectroscopy (UPS) are two valuable techniques to 

extract the chemical composition and the electronic structure of a 

material, respectively. In the case of CNOs, XPS is extensively used 
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to identify the different functional groups on the CNOs surface at 

each step of their synthesis or the new ones introduced by chemical 

functionalization [78–83]. Figure 1.3.3a shows the high-resolution 

XPS C 1s spectra of CNOs prepared by annealing of NDs at 1750 0C 

[82]. The deconvolution of the spectrum allows to identify the 

presence of sp2 and sp3 hybridized carbon atoms as well as of 

different oxygen-containing groups. In contrast, the UPS studies of 

CNOs are scarce and have mainly focused on studying how the 

annealing temperature used during their synthesis from NDs affects 

the electronic structure of the resulting CNOs [80,81,84,85]. 

 

Figure 1.3.3. a) High-resolution XPS C 1s spectra of CNOs prepared by 

annealing of NDs at 1750 0C and, b) UPS spectra  of CNOs prepared at 

different annealing temperatures. Images taken from references [82] and 

[81], respectively. 

Figure 1.3.3b illustrates the UPS spectra of CNOs obtained at 

different temperatures [81]. The main features are the signals at about 

3, 4 and 7 eV. These correspond to the π, mixed π-σ, and σ states of 

CNOs, respectively. These features are similar to those of graphite 

and CNTs [86,87]. Moreover, the non-zero intensity at the Fermi 

Level indicates that the CNOs have a metallic-like electronic 
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structure. A more detailed discussion on XPS and UPS of CNOs will 

be provided in Chapter 3.  

1.4. Functionalization of CNOs 

Analogous to other carbon materials, CNOs display poor 

dispersibility in both aqueous and organic solvents. This is due to the 

tendency of CNOs to form aggregates as a result of strong 

interparticle interactions. To overcome this tendency, covalent or 

non-covalent functionalization of the outer shells of CNOs are the 

methods of choice. Since the structure of CNOs (sp2-hybridized 

carbon atoms network) is similar to that of CNTs, the same strategies 

used for the functionalization of CNTs can be applied to CNOs. A 

detailed description and examples of all these strategies can be found 

in references [43], [88] and [89]. Thus, here we will just comment 

some of them that we considered the most versatile (Figure 1.4.1). 

Probably the simplest approach to functionalize CNOs is the 

oxidation of their outer shells. In general, oxidation is used as the first 

step for further chemical modifications of CNOs and to produce 

particles that are well dispersible in many polar solvents including 

water [90]. The oxidation of CNOs is achieved by chemical oxidation 

with oxidant acids such as HNO3 or a mixture of HNO3 and H2SO4 

in a 1:3 volume ratio [57,91–93], and by chemical activation using 

concentrate KOH solutions [94]. Oxidation of CNOs by 

electrochemical methods is also possible [95]. All these treatments 

introduce different oxygen-containing functional groups on the 

surface of the CNOs, such as aldehydes, ketones, esters, alcohols, and 

carboxylic acids [90]. On the other hand, chemical oxidation is a 
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harsh process that introduces defects on the graphitic shells that 

disrupt the π-conjugation and might result in the loss of the structural 

integrity of CNOs [94,96,97]. A less aggressive oxidation can be 

done by ozonolysis of CNOs. This process does not result in any 

damage to the structure of the CNOs while introducing similar 

oxygen-containing groups as acid oxidation does [98]. More recently, 

our group reported the oxidation of CNOs by an Ar/O2 radio 

frequency plasma [78]. Following this procedure, ketone and 

phenolic groups were preferentially introduced in the CNOs outer 

shells without significative structural damages. 

 

Figure 1.4.1. Some synthetic strategies for the functionalization of CNOs: 

chemical oxidation [57,91–93], 1,3-dipolar cycloaddition of azomethine 

ylides [99,100], radical addition of diazonium salts [101], polymer 

wrapping [93,102–105], π-π stacking with pyrene derivatives [106], and 

hydrophobic interaction with surfactants [89,107,108]. 

One of the first reported synthetic procedures to functionalize CNOs 

was the 1,3-dipolar cycloaddition of azomethine ylides developed by 
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Prato’s group [99] and further extended by Echegoyen’s group [100]. 

In general, this procedure consists on reacting under reflux the CNOs 

with an aldehyde and an N-substituted glycine derivative. The 

product is a pyrrolidine functionalized CNOs that are more 

dispersible in different solvents than pristine CNOs. Other 

cycloaddition approaches have been reported to functionalize CNOs 

like the Bingel-Hirsch cyclopropanation [57] and the cycloaddition 

of nitrenes [109]. 

Aryl group can be attached to the CNOs surface by radical addition 

to obtain dispersible CNOs. In this case, the most common approach 

is the radical addition of diazonium salts, known as Tour reaction 

[101]. In this method, CNOs are dispersed in a suitable solvent and 

then the aniline derivative and isoamyl nitrite are subsequently added 

to generate, in situ, the corresponding diazonium salt. Following this 

approach, bromides, benzoic acids, tert-butyl, nitro, methyl esters, 

and trimethylsilyl acetylenes functional groups were attached to the 

surface of CNOs. More recently, our group used this approach to 

attach 4-aminobenzo-18-crown-6 ether moieties to the surface of 

CNOs [110]. The modified CNOs formed stable dispersions in water 

in the presence of aminated carboxymethyl cellulose or poly-L-lysine 

because of non-covalent interactions between the positive charged 

ammonium groups in the polymers and the oxygen atoms in the 

crown ether. 

Non-covalent functionalization of CNOs is another approach to 

improve the dispersibility in different solvents without disrupting the 

electronic structure of CNOs. The current understanding and 
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developments in non-covalent approaches to surface modification of 

CNOs have been recently reviewed by Bartkowski and Giordani [89]. 

The non-covalent interactions used for CNOs functionalization 

include electrostatic interactions, van der Waal forces, and π 

interactions (Figure 1.4.2). 

 

Figure 1.4.2. Common non-covalent interactions that may be utilized in the 

non-covalent functionalization of CNOs. Image taken from reference [89]. 

The first example of non-covalent functionalization of CNOs 

consisted in the complexation between a zinc tetraphenyl porphyrin 

and pyridyl functionalized CNOs [93]. This CNOs-porphyrin hybrid 

showed possible applications in catalysis and hydrogen storage. 

Polymer wrapping is another approach for non-covalent 

functionalization of CNOs. Poly(3,4-ethylene-dioxythiophene), 

poly(styrenesulfonate), poly(ethylene glycol), polysorbate 20, 

poly(4-vinylpyridine-co-styrene), poly(diallyldimethylammonium 

chloride), chitosan and poly(vinyl alcohol) have been used to prepare 

supramolecular systems with CNOs [93,102–105]. Overall, these 

CNOs/polymer systems showed enhanced water dispersibility and 

were suitable for supercapacitors, (bio)sensing and drug delivery 

applications. 

Our group has demonstrated the possibility to prepare stable aqueous 

dispersion of CNOs through host-guest non covalent interactions 

between β-cyclodextrin modified CNOs and ferrocene grafted 
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dextran polymer [111], and also through crown ether/ammonium 

interactions between 4-aminobenzo-18-crown-6 ether modified 

CNOs and aminated carboxymethyl cellulose or poly-L-lysine [110]. 

Non-covalent π-π interactions of pyrene derivatives and the CNOs 

surface have been used for cell imaging and cell internalization 

pathway elucidation. In this example, a soluble CNOs-based 

supramolecular system with fluorescent properties was prepared by 

reacting pristine CNOs and pyrene-BODIPY dyad fluorophore, 

whereby the pyrene moiety of the dyad was π–π stacked onto the 

CNOs surface [106]. Cationic, anionic and non-ionic surfactants can 

be used for non-covalent functionalization of CNOs. Sodium dodecyl 

sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS), 

hexadecyltrimethylammonium bromide (CTAB), 4-(1,1,3,3-

tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100), and 

polyethylene glycol sorbitan monolaurate (Tween 20) have been 

investigated to disperse CNOs in water [107]. These studies revealed 

that these surfactants adsorb onto the CNOs surface, resulting in 

stable and well dispersed CNOs/surfactant composites [89]. A recent 

study demonstrated that anionic surfactants show the best ability to 

create stable CNOs dispersions, with SDBS exhibiting superior 

efficacy [108]. 

1.5. Application of CNOs 

In the recent years, many potential applications of CNOs have been 

proposed including energy storage [44], photovoltaic cells [112], 

lubricants [113], catalysis [114], and biomedical applications 

[42,105]. A more wide overview on CNOs application can be found 

in various reviews [6,7,42–46]. These applications are the result of a 
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combination of electronic (high conductivity) and interfacial (high 

area-to-volume ratio) properties and illustrate that CNOs are very 

attractive nanomaterials with a wide range of potential applications 

still to be explored or are at the fundamental research level. This is 

the case of electrochemical (bio)sensing applications where the 

studies incorporating CNOs are scarce with less than 20 articles in a 

decade. Since a half of this thesis is devoted to electrochemical 

(bio)sensing applications of CNOs, some of these articles will be 

commented in the following paragraphs.  

Small molecules with biological interest like dopamine, epinephrine 

and norepinephrine have been detected by using CNOs/polymer 

composites or pristine CNOs cast on glassy carbon electrodes (GCE) 

[103,115,116]. The results indicated that the electrochemical 

performance of sensors containing CNOs showed higher sensitivity, 

higher selectivity and more stable electrode responses than other 

carbon materials like MWCNTs, graphite nanoflakes, and glassy 

carbon [115]. In another example developed by our group, CNOs 

were deposited on GC surfaces followed by electrochemical grafting 

of o-aminophenol or physical adsorption of thionine to detect nitrite 

ions and ascorbic acid in aqueous solution and in real samples, such 

as orange juice. The sensors incorporating CNOs showed enhanced 

sensitivity and a lower detection limit that those without CNOs [117]. 

More recently, the electrochemical detection of Fentanyl (a pain 

reliever stronger and deadlier than heroin) was addressed by casting 

CNOs on GCE. The electrochemical studies indicated the sensor was 

capable of the voltammetric determination of traces of Fentanyl with 

no influences in the current responses in the presence of common 
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interferents with 100-fold concentrations [118]. Similarly, the 

simultaneous detection of carcinogenic substances like the 

dihydroxybenzene (DHB) isomers was reported by using nitrogen-

doped CNOs (Figure 1.5a). The authors stated that the sensor showed 

approximately 1000-times better electrocatalytic performance and 

outperformed the Au, Ag, Pd, metal organic frameworks, 

conventional carbon allotropes, including their various composites in 

determining the DHB isomers with the ultrahigh sensitivity and 

ultralow detection limit [119].  

 

Figure 1.5. Schematic representation of some electrochemical (bio)sensor 

architectures incorporating CNOs: a) to detect small electroactive 

molecules [119], b) enzymatic glyphosate biosensor [120], c) human 

papillomavirus genosensor [121], and d) label-free immunosensor for 

carcinoembryonic antigen [122]. N-CNOs : nitrogen doped CNOs, HQ: 

hydroquinone, CC: catechol, RS: resorcinol, TMB: 3,3',5,5'-

tetramethylbenzidine, HRP: horseradish peroxidase, and BSA: bovine 

serum albumin. 

In the case of enzymatic sensors, a hybrid nanocomposite of 

CNOs/Nafion®/glucose oxidase was reported to detect glucose under 
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physiological conditions. In the same work, Pt nanoparticles 

decorated on CNOs have also shown to possess an excellent catalytic 

activity for glucose oxidation [123]. Recently, in a work developed 

by our group, a biosensor for glyphosate (a carcinogenic pesticide) 

was described which consisted of a CNOs/tyrosinase conjugate 

immobilized in a chitosan (CS) matrix on a screen-printed electrode 

(Figure 1.5b). The sensor was applied to the detection of glyphosate 

in water and soil samples taken from irrigation of a rice field after 

aerial application. Results were in good agreement with data obtained 

by a commercial ELISA kit to detect glyphosate [120]. 

The incorporation of CNOs in sensors has also demonstrated 

advantages to detecting electrochemically more complex molecules 

like DNA sequences and proteins. Our group reported the 

amperometric detection of a DNA sequence associated with the 

human papillomavirus (HPV) by using CNOs (Figure 1.5c). In this 

work, CNOs were cast on GCE and further modified by 

electrografting of diazonium salts to attach the capture DNA probe 

on the CNOs surface. It was demonstrated that the incorporation of 

CNOs resulted in better sensitivities (~ four times) and lower limits 

of detection as compared to a GCE electrode without CNOs [121]. 

More recently, a nanocomposite of gold nanoparticles (AuNPs), 

CNOs, SWCNTs and CS (AuNPs/CNOs/SWCNTs/CS) was 

prepared to develop a “label-free” electrochemical immunosensor to 

detect the carcinoembryonic antigen (CEA), a clinical tumor marker 

(Figure 1.5d) [122]. The same group also reported an electrochemical 

immunosensor to detect human chorionic gonadotropin (hCG), a 

biomarker related to hydatid pregnancy, trophoblastic cancer and 
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orchic teratoma. The immunosensor incorporated a nanocomposite 

of CNOs, AuNPs and polyethylene glycol to bind the recognition 

element, anti-hCG antibodies, by electrostatic and physical 

adsorption [124]. Both immunosensors showed wide linear ranges 

and detection limits of their respective analytes in the fg mL-1 order 

without significative interference caused by other antigens presented 

in real samples.  

All these platforms can also be extended or used as inspiration to 

design highly selective and sensitive (bio)sensors to detect other 

molecules or clinically important biomarkers as it will be illustrated 

in the further chapters of this thesis. 

1.6. Thesis objective 

Nanomaterials based on carbon allotropes have gained significant 

attention in the last three decades. Carbon allotropes possess unique 

properties leading to unprecedented functions with numerous 

applications.  

As described in the preceding sections, CNOs present very 

interesting properties which makes them promising materials to 

develop novel electrocatalytic systems and electrochemical 

(bio)sensors with improved analytical performance. Although, more 

understanding on CNOs properties must be obtained in order to 

realize their high potential to the maximum. 

The overall objective of this thesis is thus to prepare and characterize 

surfaces modified with carbon nano-onions to develop 

electrocatalytic systems and (bio)sensors for biomedical and 

environmental applications. 
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To achieve this general objective, we have focused on the following 

aspects: 

-To study the dispersion of CNOs in different organic solvents. 

-To elucidate the electronic structure of CNOs and the effect of the 

oxidation treatments on it. 

-To modify electrode surfaces with dispersions of pristine and 

oxidized CNOs to form films and to perform their electrochemical 

characterization. 

-To post-functionalize CNOs modified surfaces with 

polycatecholamines and to perform their electrochemical 

characterization. 

-To apply the CNOs and CNOs/polycatecholamines modified 

electrodes to develop electrochemical (bio)sensors to detect small 

molecules like ascorbic acid, dopamine, uric acid, hydrogen 

peroxide, oxygen and also antibodies like IgA.  

This thesis is thus a contribution to the general understanding of the 

relationship between electronic structure, properties and applications 

of CNOs and an attempt to expand the current knowledge on these 

materials and open new application possibilities in areas such as 

electrochemical energy storage and electroanalytical methods. 
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Chapter 2 

Determination of the Hansen solubility parameters for 

carbon nano-onions and prediction of their 

dispersibility in organic solvents1 

2.1. Introduction 

CNOs are probably the least studied allotropes of carbon despite their 

discovery before nanotubes and fullerenes. In the recent years, many 

potential applications of CNOs have been proposed including energy 

storage [1], photovoltaic cells [2], lubricants [3], catalysis [4], and 

biomedical applications [5]. Our group has recently demonstrated 

that incorporating CNOs in the construction of electrochemical 

sensors leads to a marked improvement of the analytical performance 

of such devices [6,7]. These applications are the result of a 

combination of electronic (high conductivity) and interfacial (high 

area-to-volume ratio) properties and illustrate that CNOs are very 

attractive nanomaterials with a wide range of potential applications 

still to be explored. 

Like other carbon nanomaterials, CNOs are poorly dispersible in 

polar and nonpolar solvents. The strong intermolecular interactions 

such as van der Waals and -stacking forces between the CNOs lead 

to the formation of non-dispersible aggregates. To overcome this 

problem, chemical or supramolecular modifications of the outer layer 

 
1 This Chapter was published in J.C. Zuaznabar-Gardona, A. Fragoso, Journal of 

Molecular Liquids, 294 (2019) 111646. 
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of CNOs are the most extended choices [8]. The introduction of 

functional groups on the surface of CNOs hinders the formation of 

the aggregates and favors the interaction with the solvents. As a 

result, CNOs dispersible in polar and nonpolar solvents can be 

obtained [9–11]. Recently, the dispersion of carbon-based 

nanomaterials including functionalized CNOs have been reviewed 

[12]. However, studies on the dispersion behavior of pristine CNOs 

in different solvents have not been reported. This is very important, 

considering that covalent modifications may alter the electronic 

properties of the CNOs. 

The determination of the solubility parameter (δ) is an effective way 

to evaluate the solubility or the dispersibility of a material in different 

solvents or the interaction between two materials [13]. The concept 

of the solubility parameter was first used by Hildebrand and Scott 

[14] and further extended by Hansen [15]. In Hansen’s theory, the 

solubility parameter is split into three components called the Hansen 

solubility parameters (HSPs). These parameters represent the 

contributions from dispersive (δD), dipolar (δP), and hydrogen bond 

(δH) interactions between a solute and a solvent. The HSPs of a 

substance define the center of a sphere of radius R0 in a three-

dimensional space with axes δD, δP and δH (Figure 2.1a). R0 is called 

the interaction radius and defines the maximum difference in 

interaction between solute and solvent or, in general, between the 

studied material and any other substance. This interaction is 

described by the solubility parameter distance (Ra) and the Relative 

Energy Difference (RED). Ra and RED are calculated according to 

equations 1 and 2, respectively: 
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𝑅𝑎 = √4(𝛿𝐷1
− 𝛿𝐷2

)2 + (𝛿𝑃1
− 𝛿𝑃2

)2 + (𝛿𝐻1
− 𝛿𝐻2

)2                      (1) 

𝑅𝐸𝐷 =
𝑅𝑎

𝑅0
                                                                                                          (2) 

where subscript 1 refers to the studied material and, 2 to the solvent. 

A RED lower than 1 (for Ra < R0) suggest a relatively strong 

interaction between the studied material and the solvent while RED 

> 1 means that there is a weak interaction between the two 

substances. 

The HSPs could be calculated by group contributions or classical 

methods. The group contributions method uses the contributions of 

dispersive forces, dipolar and hydrogen bond interactions from each 

functional group present on the structure of the studied material to 

the respective solubility parameters [16–18]. In the other hand, the 

classical approach consists in testing the studied material in a series 

of solvents with known HSPs. The solvents are arbitrarily classified 

in good or bad depending on whether there is or not interaction with 

the material, respectively. Finally, the values of δD, δP, δH and R0 are 

determined by finding a sphere in the δD, δP, δH space with the 

minimum radio such that only the good solvents could lie inside, and 

all bad solvents are outside the sphere. This step involves an 

optimization problem and has been solved with the aid of different 

mathematical algorithms [19]. 

HSPs have been used to assess the solubility or the dispersion 

behavior of various materials including polymers, biomolecules and 

nanomaterials. For instance, the solubility of C60 has been correlated 

with the HSPs of various solvents and polymers being its δD, δP and 
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δH values equal to 19.7, 2.9, and 2.7 MPa0.5, respectively [20]. For 

carbon nanotubes, the HSPs vary depending on the nature of the 

nanotubes and the functional groups present on the surface. The 

reported HSPs values for pristine single-walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are 17.8, 

7.5, 7.6 MPa0.5 and 16.0, 10.0, 8.5 MPa0.5, respectively [21,22]. 

Finally, Hernández and co-workers estimated the Hansen solubility 

parameters for graphene to be δD ≈ 18.0, δP ≈ 9.3, and δH ≈ 7.7 MPa0.5 

[23]. In all cases, carbon nanomaterials show an important 

contribution of dispersive forces as a result of strong intermolecular 

hydrophobic forces. 

To the best of our knowledge, the dispersion of CNOs in different 

solvents and the determination of their HSPs have not been 

addressed. Thus, in this Chapter, we study the dispersion behavior of 

CNOs in a series of 20 solvents with different polarities to estimate 

the HSPs for CNOs using different optimization algorithms. The 

reported HSPs for CNOs were then, used to predict their dispersion 

in other solvents.  

2.2. Materials and methods 

Hexane (HEX), heptane (HEP), dioxane (DIOX), cyclohexane 

(cHEX), toluene (TOL), diethyl ether (Et2O), tert-butyl alcohol 

(TBA), 1-butanol (BuOH), ethanol (EtOH), methanol (MeOH), 

dimethyl sulfoxide (DMSO), chloroform (CHCl3), tetrahydrofuran 

(THF), 1,1,2,2-tetrachloroethane (TCE), benzyl alcohol (BzOH), 

acetone (ACE), N-methyl-2-pyrrolidone (NMP), N,N-

dimethylformamide (DMF), acetonitrile (ACN) and MiliQ® water 
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were of high purity (<99.9%) and obtained from commercial 

suppliers. CNOs were prepared by annealing of nanodiamonds (NDs) 

at 1200ºC under inert atmosphere as previously reported [24]. 

The synthesized CNOs samples were characterized using high 

resolution transmission electron microscopy (HRTEM) on a Jeol 

2011 instrument operated at 200 kV. Samples were prepared in 

copper grids with a carbon layer and the CNOs were dispersed in 

ethanol. Raman spectra were acquired with a Renishaw 2003 

spectrometer operating at a wavelength of 244 and 514 nm and 10 s 

of exposition time for NDs and CNOs samples, respectively. The 

spectra were analyzed using Wire v 3.2 software (Renishaw plc, 

United Kingdom). A glass slide was used to hold the samples. 

The dispersion of CNOs was tested in 20 solvents. In all cases, 

appropriate amounts of CNOs powder were placed in a 3 mL glass 

vial before adding a volume of solvent to obtain a 1 mg mL-1 

dispersion. Then, the mixture was sonicated in an ultrasonic bath (40 

kHz, 110 W) for 1 hour. If the CNOs powder remained as sediment 

after ultrasonic treatment, the solvent was considered as incompatible 

or a bad solvent. Solvents in which the CNOs remained clearly 

dispersed one hour after sonication were classified as compatible or 

good solvents. 

The size distribution of the CNOs in the dispersion of good solvents 

was measured by Dynamic Light Scattering (DLS) with a 3000HSa 

ZetaSizer from Malvern Instruments at 25ºC. A 0.05 mg mL-1 

dispersion was used directly without filtration. The scattered 

intensity fell within the range between 100 and 350 kcps, as 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

43 

 

suggested by the equipment vendor. The size distribution was 

reported in terms of the particle volume density (% volume). The 

stability of the dispersions was investigated by  ζ-potential 

measurements using the same instrument. Ammonium acetate (1 

mmol L-1) was added to increase the conductivity of the dispersions 

in the good solvents [25]. 

The Hansen solubility parameters for CNOs were estimated by fitting 

the dispersion data to a sphere with the center defined by the δD, δP, 

δH values for the CNOs and a radius R0 where only the good solvents 

could lie inside and all the bad solvents outside the sphere. The 

procedure for data fitting was based on the algorithm described by 

Gharagheizi [26], which seeks to minimize the objective function 

given by equation 3: 

𝑓(𝛿𝐷𝐶𝑁𝑂𝑠
, 𝛿𝑃𝐶𝑁𝑂𝑠

, 𝛿𝐻𝐶𝑁𝑂𝑠
,  𝑅0) = 1 − 𝑑𝑎𝑡𝑎_𝑓𝑖𝑡                    (3) 

where data_fit is a quality-of-fit function called the Desirability 

Function that is the most appropriate statistical treatment for this type 

of problem [27]. The data_fit function has the following form: 

𝑑𝑎𝑡𝑎_𝑓𝑖𝑡 = (𝐴1 ∙ 𝐴2 … 𝐴𝑛)
1

𝑛                                                 (4) 

where n is the total number of solvents tested and 𝐴𝑖 is the data fit for 

the ith solvent given in equations 5, 6 and 7: 

𝐴𝑖 = 𝑒−(𝑒𝑟𝑟𝑜𝑟_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)                                                          (5) 

-For good solvents, (dispersibility (i) = 1): 

𝑒𝑟𝑟𝑜𝑟_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = {
𝑅𝑎𝑖

− 𝑅0 𝑖𝑓 𝑅𝑎𝑖
> 𝑅0

   0          𝑖𝑓 𝑅𝑎𝑖
≤ 𝑅0

                           (6) 
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-For bad solvents, (dispersibility (i) = 0): 

𝑒𝑟𝑟𝑜𝑟_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = {
0                  𝑖𝑓 𝑅𝑎𝑖

> 𝑅0

   𝑅0 − 𝑅𝑎𝑖
    𝑖𝑓 𝑅𝑎𝑖

≤ 𝑅0
                (7) 

The minimization of equation 3 resulted in the determination of δD, 

δP, δH and R0 for CNOs. Equation 3 was minimized by using different 

global and local solvers implemented in the Optimization Toolbox of 

MATLAB® version R2018b.  

Once the Hansen sphere for CNOs was constructed, the δD, δP, δH and 

RED values of a group of 8 solvents not tested before were 

determined and compared with the experimental dispersibility of the 

CNOs in these solvents determined as described before.  

2.3. Results and discussion 

2.3.1. Preparation and characterization of CNOs 

CNOs were prepared by annealing of nanodiamonds at 1200ºC under 

inert atmosphere. The structural transformation of NDs to CNOs 

results in a color change from grey to black (Figure 2.1b). The 

transformation is also reflected in the Raman active vibration modes 

of C-C bonds which are used systematically to characterize carbon 

nanostructures [28]. Raman spectra of NDs and the as-prepared 

CNOs are presented in Figure 2.1c. The Raman spectrum of NDs 

showed a sharp band at 1335 cm−1 due to the C-C sp3 vibrations and 

a broad band around 1570 cm−1 which originates from surface 

functional groups and adsorbed molecules in nanodiamonds [29,30]. 

In contrast, the Raman spectrum of synthesized CNOs showed the 

so-called G and D bands [31]. The G band of CNOs is found at 1581 
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cm−1 and it is due to a Raman-active optic in-plane stretching mode 

of sp2 bonded carbons. The D band at 1345 cm−1, is related with 

defects in the crystalline lattice of the carbon material. Furthermore, 

the deconvolution of the G band in only one Lorentzian peak suggests 

the lack of edges observed in polyhedral carbon nano-onions (Figure 

2.1c, inset) [31]. The D/G ratio was 1.03 and remained essentially 

unchanged after ultrasonication in acetone and TCE, similar to what 

has been observed for CNOs and CNTs [25].  

 

Figure 2.1. a) Schematic representation of the Hansen sphere. b) 

Transformation of NDs to CNOs after thermal annealing. c) Raman spectra 

of NDs and synthesized CNOs. Inset: Deconvolution of G and D bands of 

CNOs. d) HRTEM image of as-prepared CNOs. 

High resolution transmission electron microscopy (HRTEM) was 

used to confirm the synthesis of CNOs from the annealing of NDs. A 

representative HRTEM image of synthesized CNOs is presented in 

Figure 2.1d. Inspection of HRTEM image showed quasi-spherical 

multilayered particles of around 5 nm. The particles have an average 
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of 5-6 graphitic shells separated by around of 0.35 nm. These results 

agree with the Raman analysis and indicate that the synthetic 

conditions were adequate to form small diameter CNOs from NDs. 

2.3.2. Dispersion of CNOs in different solvents 

The dispersion of CNOs was addressed in 20 solvents with a wide 

range of characteristics including protic, polar aprotic and nonpolar 

solvents (Table 2.1). After ultrasonic treatment, stable dispersions 

were obtained in chloroform (CHCl3), tetrahydrofuran (THF), 

1,1,2,2-tetrachloroethane (TCE), benzyl alcohol (BzOH), acetone 

(ACE), N-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide 

(DMF) and acetonitrile (ACN) (Figure 2.2a). 

 

Figure 2.2. Photographs of CNOs dispersed in a) good and, b) bad solvents 

after ultrasonication for 1 hour. 

In these solvents, no sedimentation was observed with time, even 

after five months in the case of NMP and DMF. Thus, these eight 

solvents were considered as good solvents. In contrast, most of the 

nonpolar solvents and some polar solvents like methanol (MeOH), 1-

butanol (BuOH) and ethanol (EtOH) resulted in poor dispersion of 

CNOs (Figure 2.2b) and were classified as bad solvents for 

determination of the HSPs. 
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DLS analysis was performed to CNOs dispersions (0.05 mg/mL) in 

all of the good solvents. A monomodal particle size distribution was 

observed in all the cases. As an example, the particle size distribution 

of CNOs dispersed in DMF is illustrated in Figure 2.3a. 

 

Figure 2.3. a) DLS particle size distribution of CNOs dispersed in DMF 

(0.5 mg mL-1). b) Hydrodynamic particle sizes obtained by DLS analysis of 

CNOs dispersed in all good solvents. TEM images of CNOs dispersed in c) 

DMF and d) toluene. 

The particle size of CNOs dispersed in these solvents are summarized 

in Figure 2.3b. In general, CNO dispersions contained particles 

ranging from 70 to 900 nm in size. Such sizes are greater than the 

size of a single CNO (~5 nm) and indicates that even in good 

solvents, CNOs form aggregates of different sizes. The presence of 

CNO aggregates was confirmed by TEM analysis. Representative 

TEM images of CNO dispersions in DMF (a good solvent) and 

toluene (a bad solvent) are shown in Figures 2.3c and 2.3d, 

respectively. CNO aggregates of around 180 nm are observed in the 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

48 

 

case of CNOs dispersed in DMF while highly aggregated micrometer 

sized particles were observed in toluene.  

The CNO dispersions in the good solvents showed -potential values 

higher than ±15 mV indicating they form stable dispersions (Figure 

2.4). The differences in the sign of the values can be explained in 

terms of proton exchange between the solvents and the polar groups 

present on the surface of CNOs. When CNOs are placed in a solvent 

that is not a good proton acceptor like CHCl3 or TCE, CNO groups 

are unable to donate protons to the medium, resulting in a positive 

value of the -potential. On the other hand, solvents like DMF, or 

acetone enable CNOs to donate protons, switching the -potential to 

negative values [32].  

 

Figure 2.4.  potential values of CNO dispersions in the good solvents.  

2.3.3. Determination of Hansen solubility parameters for CNOs 

The results of the dispersion test of CNOs in the 20 solvents are 

tabulated in Table 2.1 and were used to determine the HSPs values 

for CNOs.  
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Table 2.1. List of solvents tested to determine the HSPs values for 

CNOs. 
 Calculated parameters Experimental 

Solvent δD δP δH RED* dispersibility 

acetone 15.5 10.4 7.0 0.171 1 

tetrahydrofuran 16.8 5.7 8.0 0.553 1 

N-methyl-2-

pyrrolidone 
18.0 12.3 7.2 0.574 1 

N,N-

dimethylformamide 
17.4 13.7 11.3 0.686 1 

1,1,2,2-

tetrachloroethane 
18.8 5.1 5.3 0.958 1 

chloroform 17.8 3.1 5.7 0.978 1 

benzyl alcohol 18.4 6.3 13.7 0.999 1 

acetonitrile 15.3 18 6.1 0.999 1 

dimethyl sulfoxide  18.4 16.4 10.2 1.001 0 

tert-butyl alcohol 15.2 5.1 14.7 1.003 0 

diethyl ether 14.5 2.9 4.6 1.004 0 

dioxane 17.5 1.8 9.0 1.055 0 

1-butanol 16.0 5.7 15.8 1.060 0 

water 18.1 12.9 15.5 1.088 0 

toluene 18.0 1.4 2.0 1.350 0 

ethanol 15.8 8.8 19.4 1.366 0 

cyclohexane 16.8 0.0 0.2 1.534 0 

heptane 15.3 0.0 0.0 1.543 0 

hexane 14.9 0.0 0.0 1.555 0 

methanol 15.1 12.3 22.3 1.739 0 

*RED was calculated using the HSPs average values listed in Table 

2.2, see below. 

The HSPs of each tested solvent were obtained from literature [15]. 

In all cases, δD, δP, δH and R0 values are expressed in MPa0.5 units. 

The dispersibility behavior of the test solvent was arbitrary judged as 

1 if good dispersions of CNOs were obtained or 0 in the contrary 

(Figure 2.2).  

This experimental data was fitted further to a sphere following the 

procedure described in the Experimental section. The δD, δP, δH and 
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R0 values for CNOs were estimated by using different local and 

global solvers implemented in MATLAB® version R2018b. The 

global solvers used here were surrogate, pattern search, genetic 

algorithm, particle swarm and global search. Additionally, three local 

solvers were also tested for comparison: fminsearch, fmincon and 

fminunc. Genetic algorithm [33], particle swarm [19], and fminsearch 

solvers [26] have been used previously to estimate the HSPs for 

polymeric materials. All these solvers are able to find global or local 

solutions to optimization problems that contain multiple maxima or 

minima. They employ different algorithms to find the best solutions 

and their description are out of the scope of the present work. The 

values of δD, δP, δH and R0 obtained with the different solvers are 

summarized in Table 2.2. 

The HSPs and R0 values calculated using the global solvers were 

quite similar among them. Additionally, these algorithms were 

able to find the best solutions since the values of 1‒data_fit 

function was 0. This means that all good solvents are located 

inside the solubility sphere while the bad solvents lied outside. 

On the contrary, the solutions found by two of the local solvers, 

fminsearch and fminunc, resulted in a local minimum since 1‒

data_fit was greater than 0. That means that the HSPs and R0 

values obtained with these local solvers are local solutions and 

not a global solution of equation 3. This is one of the drawbacks 

of using local solvers algorithms to find global solutions for an 

optimization problem. 
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Table 2.2. HSPs for CNOs calculated using different local and 

global solver algorithms implemented in MATLAB®. 

  Solver 𝟏 − 𝒅𝒂𝒕𝒂_𝒇𝒊𝒕 δD δP δH R0 
lo

ca
l 

fmincon 0 16.0 10.0 8.0 8.4 

fminsearch 0.0004 15.9 10.0 8.1 8.4 

fminunc 0.1594 15.9 10.0 8.1 8.4 

g
lo

b
a
l 

pattern search 0 15.9 10.0 8.0 8.4 

genetic algorithm 0 15.9 10.0 8.1 8.3 

particle swarm 0 16.0 10.0 8.0 8.4 

global search 0 15.9 10.0 8.0 8.4 

surrogate 0 16.0 10.0 8.0 8.3 

 
 Average 15.9 10.0 8.0 8.4 

The HSPs and R0 values for other carbon-based materials 

reported in previous studies are listed in Table 2.3 together with 

the solubility parameters for CNOs calculated in this work. The 

inspection of the tabulated values reflects the structural features 

of as-prepared CNOs and the similarities with other carbon-

based materials. The small diameter (c.a. 5 nm) of studied CNOs 

increases the number of possible π-π interactions between the 

CNOs, which results in the relatively high value of the δD term 

[34].These multiple interactions difficult CNOs to be dispersed 

in common solvents. The δP term for CNOs is three times higher 

than that for C60 but similar to the values for MWCNTs and 

oxidized SWCNTs (SWCNTs-OXI). In these structures, the 

dipole moment depends mainly on the number of π electrons 

[22]. The presence of defects or carbon atoms with sp3 hybrid 

orbitals increases the dipole moment resulting in higher δP 

values for CNOs, MWCNTs and SWCNTs-OXI in comparison 

to fullerenes which have a “purer” sp2 structure. As for δH, the 
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greater the number of functional groups that form hydrogen-

bonds, the greater the value of this parameter. Thus, the δH value 

for CNOs indicates the presence of hydrogen-bonding 

functional groups on the outer-shell of CNOs. The presence of 

oxygenated functional groups in the CNOs prepared by NDs 

annealing have been previously confirmed by X-ray 

photoelectron spectroscopy analysis [24]. According to the 

values of the HSPs for CNOs, the good solvents would be those 

with relatively high values of δD, δP, and δH like DMF, NMP, acetic 

anhydride, etc. 

Table 2.3. Comparison of HSPs and Ro values for CNOs and 

other reported carbon-based materials. 
Material δD δP δH R0 Ref. 

SWCNTs-OXI 18.9 10.7 11.4 9.2 [35]  

[35] SWCNTs 16.0 4.3 2.1 5.2 

MWCNTs 16.0 9.9 8.7 - [22] 

Carbon fibers 21.3 8.7 11.5 9.3 [36]  

[36] C60 19.7 2.9 2.7 3.9 

Graphene 18.0 9.3 7.7 - [23] 

CNOs 15.9 10.0 8.0 8.4 This work 

The average of HSPs and R0 values obtained with the global 

solvers were used to construct the Hansen solubility sphere for 

CNOs in the δD,δP,δH space (Figure 2.5). As a result of the 

optimization process the eight good solvents are inside the sphere 

while the bad ones are outside. These results are a visual 

indication that the optimization algorithms used in the present 

work were valid to calculate the HSPs for CNOs 
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Figure 2.5. Hansen solubility sphere for CNOs calculated with the 

average values of HSPs and R0 in Table 2.2. Green sphere points 

indicate good solvents and red crosses points bad solvents from Table 

2.1. 

2.3.4. Prediction of the dispersion of CNOs using their HSPs 

values 

One practical application of the Hansen method is to estimate 

the solubility, the dispersibility or the interaction between two 

materials once their δD, δP, δH and R0 values are known. To 

illustrate this, the prediction of the dispersion of CNOs in other 

solvents was attempted. The dispersion of CNOs was tested in 

four solvents with RED > 1 and other four with RED < 1. These 

solvents are listed in Table 2.4. 
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Table 2.4. HSPs values for the solvents used to predict the 

dispersion of CNOs. 

Solvent 
Calculated parameters Experimental 

δD δP δH RED dispersibility 

2,4-pentanedione 16.1 11.2 6.2 0.267 1 

acetic anhydride 16 11.7 10.2 0.329 1 

EGDA* 16.2 4.7 9.8 0.669 1 

DPME* 15.5 4 10.3 0.773 1 

ethylbenzene 17.8 0.6 1.4 1.447 0 

nitrobenzene 20 10.6 3.1 1.140 0 

octane 15.5 0 0 1.539 0 

formamide 17.2 26.2 19 2.361 0 

*EGDA: ethylene glycol diacetate, DPME: dipropylene glycol 

methyl ether 

According to the RED definition (Equation 2), it would be 

expected that CNOs were dispersed only in those solvents where 

RED values were lower than 1. The results are presented in 

Figure 2.6. Cleary, only the solvents with RED < 1 were able to 

disperse the CNOs (Figure 2.6a). In the contrary, solvents with 

RED > 1 resulted in the precipitation of CNOs (Figure 2.6b). 

For solvents with RED close to 1 such as nitrobenzene, the 

dispersion sedimented slower than for the other three solvents. 

Among these four bad solvents, the solubility parameter (δ=

√𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2 ) for PhNO2 is the closest to the δ for CNOs 

(22.8 and 20.5 MPa0.5, respectively). This means that the energy 

to separate the PhNO2 molecules in the liquid phase is similar to 

the energy required to disaggregate the CNOs. Thus, the 

interaction between the CNOs and PhNO2 molecules are the 

most favorable energetically. As a result, a slower precipitation 
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of CNOs in nitrobenzene is observed respect to the other three 

bad solvents.  

 

Figure 2.6. Digital pictures showing CNOs dispersed in solvents with 

a) RED < 1 and b) RED > 1. The solvents were 2,4-pentanedione 

(ACA), acetic anhydride (Ac2O), ethylene glycol diacetate (EGDA), 

dipropylene glycol methyl ether (DPME), ethylbenzene (PhEt), 

nitrobenzene (PhNO2), octane (OCT) and formamide (FA). 

2.4. Conclusions 

Carbon nano-onions (CNOs) were prepared by thermal 

annealing of  nanodiamonds (NDs). Raman analysis and 

HRTEM images confirmed the transformation of NDs to quasi-

spherical CNOs. The dispersion behavior of as-prepared CNOs 

was tested in 20 solvents with different polarities. Dynamical 

Light Scattering analysis revealed the presence of CNO 

aggregates even in those solvents where stable dispersions were 
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obtained. This data was further used to calculate the Hansen 

solubility parameters (δD, δP, δH) and the solubility sphere for 

CNOs. Different global and local optimization algorithms 

implemented in MATLAB® were used for this purpose. There 

were not significant differences between the solutions found by 

the different solvers. The calculated δD (15.9), δP (10.0), δH (8.0) 

and R0 (8.4) values for CNOs were similar to other carbon 

nanostructures (SWNTs and MWNTs). The HSPs and R0 values 

for CNOs reported here were used to successfully predict their 

dispersion in other solvents. These results will be helpful to predict 

the behavior of CNOs in other solvents or their interaction with other 

materials with known HSPs. 
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Chapter 3 

Band structure, work function and interfacial diagrams 

of oxygen-functionalized carbon nano-onions2 

3.1. Introduction 

The interface between a CNOs layer and a metal or semiconductor 

becomes very important for most of their applications. This requires 

knowledge of the electronic structure of CNOs and the factors that 

can affect it. Ultraviolet photoelectron spectroscopy (UPS) is a useful 

tool to elucidate the electronic structure of a material and its 

corresponding work function, Fermi level and valence band position 

parameters [1]. UPS analysis of CNOs have mainly focused on 

studying how the annealing temperature used during their synthesis 

from nanodiamonds (NDs) affects their electronic structure [2–5]. 

These studies indicate the density of states (DOS) at the Fermi level 

increases with the annealing temperature. The increase in DOS was 

associated with the presence of unpaired electrons due to the 

accumulation of different types of defects in the curved graphite 

layers during graphitization of nanodiamonds [3,5]. Electron 

paramagnetic resonance (EPR) spectroscopy measurements 

confirmed the paramagnetism of CNOs prepared by the annealing of 

NDs [6]. 

 
2 This Chapter was published in J.C. Zuaznabar-Gardona, A. Fragoso, Synthetic 

Metals, 266 (2020) 116434. 
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On the other hand, as it was discussed in Chapter 2, CNOs are poorly 

dispersible in polar and nonpolar solvents, similar to other carbon 

nanomaterials [7,8]. Chemical functionalization is a common 

strategy to overcome this problem. In particular, oxidative treatments 

have been frequently used for purification or as a first stage in further 

chemical modifications improving the dispersibility in a wide range 

of solvents [9]. However, few is known about the effect of the 

oxidation on the electronic structure of CNOs. Thus, in this Chapter, 

we study the effect of two oxidation treatments on the morphology 

and electronic structure of CNOs prepared by the annealing of NDs. 

CNOs were oxidized by using an Ar/O2 radio frequency (RF) plasma 

or in the presence of a strong acid mixture (HNO3/H2SO4) and the 

resulting products were analyzed by HRTEM, XPS and UPS. The 

interfacial energy diagrams were constructed from their respective 

UPS data with the aim to understand the electronic interactions at the 

interface between CNO particles and metal or semiconductor 

surfaces which could be exploited in the design of novel 

electrochemical or photovoltaic devices. 

3.2. Materials and methods 

CNOs were prepared by thermal annealing of detonation 

nanodiamonds (NDs) (from Tokyo Chemical Industry Co.) and 

further physically oxidized (CNO-RF) by using an Ar/O2 radio 

frequency (RF) plasma [10] or chemically oxidized (CNO-OXI) in a 

HNO3/H2SO4 mixture [11] as reported (Scheme 3.1).  

High resolution transmission electron microscopy (HRTEM), X-Ray 

photoemission spectroscopy (XPS) and Ultraviolet photoelectron 
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spectroscopy (UPS) were conducted at facilities of the Catalan 

Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona, 

Spain. HRTEM images were recorded in a FEI TECNAI G2 F20 

microscope operated at 200 kV. Samples were dispersed in ethanol, 

cast on holey carbon grids and dried at room temperature before 

measurements. 

 

Scheme 3.1. Synthesis of CNO, CNO-RF and CNO-OXI. 

XPS measurements were carried out using a Specs PHOIBOS 150 

hemispherical energy analyzer using a monochromatic X-ray source 

(Al Kα line with an energy of 1486.6 eV and 400 W) with the energy 

referenced to the Fermi level. UPS spectra were obtained with 

incident irradiation from He I 21.2 eV ultraviolet light using the same 

hemispherical analyzer. Work functions were determined from the 

secondary electron cutoff of UPS He I spectra. The samples for XPS 

and UPS experiments were prepared by dropping a N,N-
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dimethylformamide suspension (4 mg mL-1) of pristine CNO, CNO-

RF or CNO-OXI onto a square piece cut from a glassy carbon wafer. 

The samples were then left to dry for several hours in vacuum prior 

to measurements. High-resolution XPS spectra were processed using 

the Casa XPS v 2.3.19 software. 

Specific surface areas and pore size distribution of degassed samples 

of CNO, CNO-RF and CNO-OXI were calculated from the nitrogen 

adsorption isotherms at 77 K on a Quadrasorb SI (Quantachrome 

Instruments) surface area and pore size analyzer. 

3.3. Results and discussion 

3.3.1. Morphological and structural characterization of CNO, 

CNO-RF and CNO-OXI particles 

HRTEM was employed to study the morphological structure of the 

starting material to synthesize the CNOs and the products obtained 

by the annealing process and by the oxidative treatments of the as-

prepared CNOs (e.i. Ar/O2 RF plasma and chemical oxidation in a 

HNO3/H2SO4 mixture). The HRTEM image of the starting NDs 

particles (Figure 3.1a) shows the typical crystal lattice of diamond 

formed by the family of {111} planes, in agreement with previous 

reports [12]. After the annealing process, HRTEM images revealed 

quasi-spherical particles of 5 to 10 nm in diameter formed by several 

concentric graphitic shells, confirming the formation of the CNOs 

(Figure 3.1b). Inspection of HRTEM image of CNOs oxidized by 

using the Ar/O2 RF plasma suggests that this treatment did not result 

in significant structural changes (Figure 3.1c). In contrast, the 
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chemical oxidation of CNOs in the HNO3/H2SO4 mixture (CNO-

OXI) caused visible structural modifications which consist on a 

rougher outer shell (Figure 3.1d). It is known that the HNO3/H2SO4 

treatment is a very aggressive oxidation procedure that disrupts the 

external graphitic shells and creates surface defects of carbon 

materials [13].  

 

Figure 3.1. HRTEM images of a) starting NDs, b) CNOs, c) CNO-RF and 

d) CNO-OXI. 

The Raman spectra of CNO [10], CNO-RF [10] and CNO-OXI [11] 

showed the D- and G-bands characteristic of graphitic carbon at 

about 1340 and 1580 cm-1, respectively. The D to G band intensity 

ratios (ID/IG) for the studied CNO forms were 0.94, 1.01 and 1.7, 
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respectively. This indicates that the defect density on the CNO was 

slightly increased by the Ar/O2 RF plasma treatment, while it was 

almost doubled by oxidation in the HNO3/H2SO4 mixture. These 

results are in line with the HRTEM analysis where visible defects on 

the outer-shell of CNO-OXI sample were observed.  

Furthermore, the presence of surface defects can also be inferred 

from textural properties and capacitance measurements. The specific 

surface area (SSA) calculated from nitrogen adsorption/desorption 

measurements, and specific capacitances are listed in Table 3.1. The 

SSA of CNO was 273 m2 g-1 and increased up to 333 m2 g-1 when 

treated in the Ar/O2 RF plasma, similar to what has been observed 

for CNOs before and after mild oxidation in air [14]. When CNO 

were oxidized with HNO3/H2SO4, the SSA greatly increases up to 

524 m2 g-1. This increase of the surface area by the oxidation of CNO 

is associated with a high concentration of defect (pores) possibly 

accompanied by the removal of a part of the outer shell of the CNOs 

caused by the oxidation process [14].  

Table 3.1. Specific surface area (SSA), pore diameter and specific 

capacitances (Cs) for CNO, CNO-RF and CNO-OXI particles. 

Sample 
SSA 

(m2 g-1) 

Pore diameter 

(nm) 

Cs 

(F g-1)* 

CNO 273 9.5 11.5 

CNO-RF 333 11.5 21.9 

CNO-OXI 524 12 66.1 

* Calculated by integration of the cyclic voltammograms between -

0.2 and 0 V vs. Ag/AgCl recorded in 0.1 mol L-1 HClO4 at 0.1 V s-1. 

Additionally, the pore size distribution shows a pore size in the 

micropore region (∼1.5 nm) and mesopores of about 9-12 nm, 

corresponding to interparticle and inter-cluster spaces between the 
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CNOs. These changes in the specific area are also associated with an 

increase in the specific capacitance of the materials [14]. Hence, the 

textural properties are in good agreement with HRTEM and Raman 

analysis and should be considered when explaining the electronic 

properties of the CNOs. 

3.3.2 XPS analysis of the functional groups on CNO, CNO-RF 

and CNO-OXI 

XPS analysis was carried out to estimate the chemical composition 

and identify the possible functional groups present on the surface of 

CNO, CNO-RF and CNO-OXI. In all survey spectra, the signatures 

of carbon and oxygen atoms were measurable in all particles. The 

oxygen atomic composition was 2.86, 4.27 and 5.98 atomic percent 

for CNO, CNO-RF and CNO-OXI, respectively, indicating an 

increased oxidation degree in that order.  

Figure 3.2 presents the high-resolution XPS C 1s spectra of CNO, 

CNO-RF and CNO-OXI nanoparticles. All C 1s peaks were 

unsymmetrical which is characteristic of conducting forms of carbon 

[15]. For the as-prepared CNO, the main C 1s peak could be fitted 

with six components (Figure 3.2a). The main peaks centered at 284.4 

and 284.7 eV can be assigned to sp2 hybridized carbon atoms in 

strained C-C bonds due to the curvature of the onions [16]. The peak 

at 285.4 eV correspond to mixed sp2+sp3 hybridized carbon atoms 

[17]. The peak at 286.6 eV was assigned to phenolic OH groups. The 

other two peaks at 289.1 and 291.1 eV were assigned to carboxylic 

groups and a π-π* relaxation shake-up satellite peak, respectively 

[15]. The presence of oxygenated species on the surface of  CNO 
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prepared by the annealing of NDs have been also observed in a 

previous work [5] and it is in line with our results on the dispersibility 

of these CNO in some polar solvents (e.g. DMF and NMP) [7]. These 

oxygenated groups may be originated by the reaction of oxygen with 

the edges of incomplete graphitic layers containing highly reactive 

dangling bonds [18].  

 

Figure 3.2. XPS spectra in the C 1s region and the fit components of a) 

CNO, b) CNO-RF, and c) CNO-OXI. 

For the CNO-RF sample, the C 1s peak was deconvoluted into five 

components centered at 284.5, 284.8 (sp2 hybridized carbon atoms), 

286.1 (phenolic C-OH) and 288.1 (>C=O from carbonyl groups) and 

291.4 eV (π-π* relaxation shake-up satellite) [10] (Figure 3.2b). 

These results indicate that the Ar/O2 RF plasma treatment mildly 

oxidized the CNO introducing mainly carbonyl and hydroxyl groups 
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onto the surface. In the case of the C 1s spectra of the CNO-OXI 

nanoparticles (Figure 3.2c), the peaks assigned to sp2 hybridized 

carbon atoms were located at 284.4 and 284.7 eV. The peak at 286.1 

eV could arise from carbon atoms bound to oxygen in the form of 

phenol groups or oxygen bridges -C-O-C-. The peaks at 288.3 and 

291.3 eV correspond to carboxylic groups and the π-π* relaxation 

shake-up satellite, respectively [19,20]. The integrated intensity of 

the carboxylic peak in the spectra for CNO-OXI sample increased 3.7 

times relative to as-prepared CNO nanoparticles. Thus, the acid 

treatment of CNO mainly introduces new carboxylic acid moieties 

on the CNO surface. Similar XPS features have been previously 

described for oxidized CNO [21].  

The relative intensities (expressed in %) of each fit component of the 

C 1s spectra and the O/C ratios of CNO, CNO-RF and CNO-OXI are 

summarized in Table 3.2. It is clear that oxidation of CNOs results in 

an increased number of oxygenated species bound to the carbon 

atoms of CNOs. It is also observed that there are significant 

differences between the oxidized CNOs. For the CNOs oxidized by 

Ar/O2 RF plasma treatment, hydroxyl and carbonyl groups were 

mainly formed. For CNOs oxidized in the HNO3/H2SO4 mixture, a 

higher oxygen content was found, and it was confirmed that 

carboxylic and phenol groups were preferentially formed, in contrast 

to the other dry oxidative treatment. These results suggest that 

different oxidative approaches could be used to introduce selectively 

different functional groups on the surface of CNOs. 
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Table 3.2. Curve fitting results of XPS C 1s spectra of CNO, CNO-

RF and CNO-OXI. 

Sample 
O/C 

ratio 

Composition of the fit components (%) 

sp2 sp2+sp3 >C-OH >C=O COOH π- π* 

CNO 0.029 54.2 34.3 4.3 - 3.1 4.1 

CNO-RF 0.045 64.8 - 22.2 12.1 - 0.9 

CNO-OXI 0.064 70.0 - 12.4 - 11.5 6.1 

3.3.3. Band structure and work function of CNO, CNO-RF and 

CNO-OXI 

Figure 3.3 shows the UPS spectra of CNO, CNO-RF and CNO-OXI 

nanoparticles which provide the structure of the valence band of these 

materials. The intensity of the spectra is related with the density of 

states (DOS) of the samples under study. In the regions between -3 

to -4 eV and -6 to -8 eV this intensity corresponds to the DOS of 

valence bands of 𝜋𝑝𝑧
and 𝜎𝑝𝑥,𝑦

 nature, respectively [22]. It is seen that 

the relative intensity of the 𝜋𝑝𝑧
-derived DOS to the 𝜎𝑝𝑥,𝑦

-derived 

DOS was smaller for CNO-RF and CNO-OXI than that of CNO. This 

means that 𝜋𝑝𝑧
 and 𝜎𝑝𝑥,𝑦

 -derived DOS were noticeably affected by 

oxidative treatment due to the generation of structural defects and the 

introduction of different functional groups on the surface of CNOs, 

as indicated by the morphological, Raman and textural data. 
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Figure 3.3. UPS spectra of CNO, CNO-RF and CNO-OXI. Inset: close-up 

of the UPS spectra in the 0 to -0.4 eV region. EF corresponds to the Fermi 

level. 

The inset in Figure 3.3 shows the valence band spectra near the Fermi 

level (EF) of CNO, CNO-RF and CNO-OXI. It is interesting to note 

that the DOS near EF of CNO and CNO-OXI is not zero, being the 

former the highest. This fact provides a strong indication of the 

metallic-like behavior of these two materials. STM experiments have 

shown that carbon nano-onions possess conductance values 

comparable to those of metallic nanowires [23]. Theoretical 

calculations of multi-shelled fullerenes indicate that the metallic 

properties of CNOs increase with the number of graphite shells [24–

26]. Moreover, the difference in crystal structures of diamond and 

graphite results in an accumulation of different types of defects (five 

or seven atom rings, “Y” junctions of two graphite planes or an 

interstitial plane between two planes and vacancies) in the graphitic 

curved shells of CNO during the annealing process [5]. These defects 
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are reflected in the appearance of the D band in the Raman spectrum 

of CNOs and lead to inter-shell and surface dangling bonds that 

generate a high density of states near de Fermi level [27]. All this 

contributes to CNOs to present metallic or semi-metallic 

characteristics. 

As it was mentioned, the UPS spectrum of CNO-OXI shows lower 

DOS near the EF than pristine CNO, whereas the metallic or semi-

metallic characteristics were maintained (i.e. a non-zero DOS at the 

EF). Thus, CNO-OXI has an electronic structure similar to that of 

pristine CNO except for the number of electronic states near the EF. 

This change in the valence band of CNO after the oxidation in the 

HNO3/H2SO4 mixture might be explained by i) the partial elimination 

of dangling bonds that contribute to the DOS near the EF, ii) the 

creation of certain amount of holes in the outer-shells that disrupts 

the π conjugation of the graphitic layers as evidenced by textural 

measures, and iii) the introduction of oxygenated species (phenolic 

and carboxylic) which down-shift the DOS of the 𝜋𝑝𝑧
 states due to 

electron withdrawing characteristic of carboxylic moieties [28] as 

evidence by XPS. It has been shown that dangling bonds and carbon 

atoms located in structural defects are the first sites that are oxidized 

by the HNO3/H2SO4 mixtures [29,30]. This also leads to the 

formation of holes on the graphitic shells as was observed on the 

HRTEM images of CNO-OXI and translated in an increase in 

specific surface area up to 524 m2 g-1 and a higher ID/IG ratio in the 

Raman spectrum. However, it seems that the number of these holes 

was not too high to cause a drastic change in the electronic structure 
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of the particle. On the other hand, the introduction of a high density 

of holes might result in the destruction of the concentric structure of 

the carbon nano-onions with a loss in their metallic characteristics.  

Conversely, the UPS spectrum of CNO-RF revealed that the DOS is 

zero and hence no electronic states exist between EF and -0.2 eV. This 

corresponds to the electronic characteristics of a semiconductor with 

a valence band located 0.2 eV below its EF [31,32]. In this case, the 

electronic states disappeared near the EF because of bonding between 

the graphitic 𝜋𝑝𝑧
 states and oxygen-related states to form carbonyl 

and hydroxyl groups. This produces electron transfer from sp2 

carbons to oxygen atoms resulting in a downward shift of the highest 

occupied molecular orbital (HOMO) state to higher binding energy 

and generate empty states just above the Fermi level which, in turn, 

opens a band gap [28,33]. Previous works provided some insight into 

the role of oxygen bonding on the electronic structure of some carbon 

materials [28,33,34]. They showed that increasing the amount of 

oxygen in the form of carbonyl and hydroxyl groups can modify the 

electronic structure of a carbon material from the metallic to a wide-

bandgap semiconductor behavior. Thus, in the case of CNO-RF the 

observed changes in the valence band structure are due to electronic 

effects of the carbonyl and phenolic groups rather than due to the 

generation of structural defects as observed in CNO-OXI particles.  

The work function () of a material is another property that can be 

extracted from UPS experiments. The value of  represents the 

minimum energy needed to remove an electron from the surface of a 
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material to a point in the vacuum. Thus,  indicates how below the 

vacuum level, the Fermi level of a material is [35]. Knowing the 

values of   is very useful in the design of metal oxide–semiconductor 

field effect transistors [36], Schottky contacts [37], solid-state 

thermionics [38], etc. Moreover, since the values of  depend on the 

structure and chemical composition of a surface, it is also a very 

useful piece of information in chemisorption process and in surface 

analysis [39]. The  values of CNO, CNO-RF and CNO-OXI were 

determined from the secondary electron cutoff of UPS He I spectra. 

The results are listed in Table 3.3 together with those of multiwall 

carbon nanotubes (MWCNTs) and highly oriented pyrolytic graphite 

(HOPG) [40]. The CNO and CNO-RF nanoparticles have smaller  

values that MWCNTs and HOPG. This means that the binding energy 

of π-electrons for CNO and CNO-RF is smaller than that for 

MWCNTs and HOPG. The smaller  values of CNO and CNO-RF 

might be explained in terms of the destabilization of the π-electrons 

due to curvature of the graphene sheets [41].This destabilization is 

also responsible of the higher reactivity of small CNO with respect 

to MWCNTs and larger CNOs prepared by arch discharge methods 

[6]. On the other hand, CNO-OXI shows a higher  value (4.8 eV). 

This increase in  could be explained by: i) a reduction of the π 

conjugation on the outer-shell of CNO-OXI and ii) an enhancement 

of surface dipoles because of the presence of oxygenated moieties 

[40]. 
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Table 3.3. Work Functions of CNO, CNO-RF and CNO-OXI 

determined from the cutoff of the secondary electrons in UPS HeI 

spectra. 
Sample Work Function (eV) 

CNO 4.3 

CNO-RF 4.3 

CNO-OXI 4.8 

plasma oxidized MWCNTs 4.8 

acid oxidized MWCNTs 5.1 

HOPG 4.4 

MWCNTs: multiwall carbon nanotubes, HOPG: highly oriented 

pyrolytic graphite. Data from reference [40]. 

3.3.4 Interfacial diagrams of CNO, CNO-RF and CNO-OXI 

Interfacial electron transfer phenomena between two materials are 

very important in the design of electronic devices and also to explain 

some electrochemical behaviors. An approach to address this is to 

construct the respective interfacial energy diagrams [42]. These 

diagrams represent how the electronic densities of the two materials 

(in terms of DOS) vary over a same energy scale which is usually 

referred to the vacuum level. Since the  of a material is indicative of 

how far below the vacuum level is the EF, the construction of the 

diagrams is straightforward by summing the respective value of  to 

the energy scale of each UPS spectra and plotting the resulting energy 

values vs. the DOS. Notice that in the case of UPS spectra, the DOS 

is plotted vs. energy. Figure 3.4 shows the interfacial energy diagram 

for CNO, CNO-RF and CNO-OXI resulting from lining up the UPS 

data with respect to the vacuum level. The relative positions of some 

redox systems were also represented, taking into account that the 

absolute potential of the Normal Hydrogen Electrode (NHE) 
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recommended by IUPAC is 4.44 eV, (i.e. the NHE is 4.44 eV below 

the vacuum level) [43,44].  

 

Figure 3.4. Interfacial energy diagrams for CNO, CNO-RF and CNO-OXI 

(left) and the relative position for different redox species (right). EF: Fermi 

level, : work function, AA: ascorbic acid, DA: dopamine. 

Figure 3.4 is helpful to explain the electrochemical activities of CNO, 

CNO-RF and CNO-OXI [45]. According to the Marcus–Hush–

Chidsey theory of heterogeneous electron transfer (HET), the HET 

rate (k0) might be dominated by the DOS of the electrode material 

[46]. Thus, k0 increases when there are sufficient electronic states in 

the electrode with energies near the formal potential level of the 

redox probe involved [47]. From the formal potential level of the 

redox probes showed in Figure 3.4 and the available DOS of CNO, 

CNO-RF or CNO-OXI at these energy values, it could be expected 

that electron transfer takes place between these redox species and the 

CNO, CNO-RF or CNO-OXI electrodes. We have observed well-
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defined and peak-shaped redox waves in the cyclic voltammograms 

of these redox probes recorded at CNO, CNO-RF or CNO-OXI 

electrodes indicating a relatively fast electron transfer kinetics (see 

next Chapter or reference [48]). This clearly indicates that the 

relatively high DOS of these materials facilitates the direct electron 

transfer with the redox probe, in correspondence with the response 

observed in the cyclic voltammograms. 

To further illustrate the applicability of the interfacial diagrams, we 

analyzed the redox probes [Fe(CN)6]
3- (inner-sphere) and 

[Ru(NH3)6]
3+ (outer-sphere) which are commonly used to benchmark 

different electrode materials [49]. In the case of [Fe(CN)6]
3-, the DOS 

at the formal potential level of the redox couple follows the order 

CNO > CNO-RF > CNO-OXI. Thus, it would be expected that the 

electron transfer kinetics also follows this trend. Cyclic 

voltammograms (CVs) of 1 mmol L-1 [Fe(CN)6]
3- in 1 mol L-1 KCl 

recorded at CNO, CNO-RF or CNO-OXI  modified electrodes 

presented anodic-to-cathodic peak separations of 67, 71 and 82 mV, 

respectively (Table 3.4). As result, the k0 for [Fe(CN)6]
3- at CNO, 

CNO-RF or CNO-OXI  also follows the trend CNO > CNO-RF > 

CNO-OXI with a slower electron transfer kinetics at CNO-OXI. It is 

interesting to note that the electron transfer kinetics of [Fe(CN)6]
3– 

might be influenced by the DOS of the electrode materials and its 

defect density [49]. However, in our case it seems that the DOS of 

the electrodes play a more important role in the electron-transfer 

kinetics than the defect density. 
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Table 3.4. Cyclic voltammetric data and calculated apparent 

heterogeneous electron transfer constants for [Fe(CN)6]
3- and 

[Ru(NH3)6]
3+ redox species.* 

Parameter GCE/CNO GCE/CNO-RF GCE/CNO-OXI 

  1 mmol L-1 [Fe(CN)6]3- 

ΔEp (mV) 67 71 82 

k0 (cm s-1) 0.0457 0.0361 0.0247 

  1 mmol L-1 [Ru(NH3)6]3+ 

ΔEp (mV) 60 68 52 

k0 (cm s-1) 0.0769 0.0365 0.0677 

*ΔEp: anodic-to-cathodic peak separation, k0: apparent 

heterogeneous electron transfer rate constant calculated from the 

intercept of the Tafel plot of the anodic brand of the cyclic 

voltammogram. The supporting electrolyte was 1 mol L-1 KCl. Scan 

rate: 0.1 V s-1. The geometric area of the electrode (Aelectrode = 0.070 

cm2). 

On the other hand, in the case of the outer-sphere redox system 

[Ru(NH3)6]
3+, its electron transfer kinetics depends mainly on the 

DOS near the Fermi level of the electrode material [49]. From Figure 

3.4, the DOS near the Fermi level follows the order CNO > CNO-

OXI > CNO-RF. Thus, it would be expected that the k0 values should 

also follow this order indicating the most sluggish kinetic at the 

CNO-RF surface. The kinetic data extracted from CVs of 1 mmol L-

1 [Ru(NH3)6]
3+ in 1 mol L-1 KCl at CNO, CNO-RF and CNO-OXI  

modified electrodes were also listed in Table 3.4. It is observed that 

k0 decreases from CNO (0.0769 cm s-1) to CNO-OXI (0.0677 cm s-

1) and to CNO-RF (0.0365 cm s-1). This is consistent with the 

decreasing DOS near the Fermi level from CNO to CNO-OXI and to 

CNO-RF and confirms the sluggish heterogeneous electron kinetics 
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of [Ru(NH3)6]
3+ at CNO-RF in comparison with the other two 

materials. 

These examples further demonstrate the applicability of the 

interfacial energy diagrams to explain the electrochemical properties 

of a material in the absence of other process like adsorption or 

specific chemical interactions with the electrode surface [50,51]. 

Additionally, these diagrams could be also employed to study the 

photophysical properties of these carbon nanomaterials [32,52]. 

3.4. Conclusions 

In this Chapter, the electronic structure of CNOs and its oxidation 

products obtained by Ar/O2 RF plasma and acid oxidation has been 

studied for the first time using ultraviolet and X-ray photoelectron 

spectroscopies. The as-prepared CNOs presented hydroxyl and 

carboxylic acid groups on the graphite shells and its electronic 

structure corresponds to a metallic state with a work function of 4.3 

eV. The Ar/O2 RF plasma oxidation of CNO introduces mainly 

hydroxyl and carbonyl groups and changes the electronic state to a 

semiconductor with a work function of 4.3 eV and a valence band 

located 0.2 eV below the Fermi level. The oxidation of CNO with a 

HNO3/H2SO4 mixture resulted in visible morphological changes of 

the outer shells of CNO with the preferential introduction of hydroxyl 

and carboxylic acid moieties and an increase on the work functions 

(4.8eV) while preserving the metallic behavior. The changes in the 

electronic structures were explained in terms of a reduction of DOS 

𝜋𝑝𝑧
-derived valence band due to the elimination/generation of 

structural defects on the outer shells of CNO and the electronic 
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effects that resulted from the introduction of different oxygen-

containing functional groups.. The interfacial energy diagrams for 

CNO, CNO-RF and CNO-OXI were constructed and used to explain 

the electrochemical properties of these materials. These results 

provide new information about the properties of carbon nano-onions 

that could be useful in the design of novel electrochemical or 

photovoltaic devices. 
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Chapter 4 

Electrochemistry of redox probes at thin films of 

carbon nano-onions produced by thermal annealing of 

nanodiamonds3 

4.1. Introduction 

Research in the electrochemistry of CNOs have been mainly focused 

on their capacitive properties for applications in supercapacitors. 

Most of these works dealt with methods to enhance the capacitive 

properties of CNOs by using chemical activation [1], 

pseudocapacitive metal oxides [2], or electrochemical oxidation [3]. 

On the other hand, few reports have explored other aspects of the 

electrochemistry of CNOs. The electrocatalytic activities of CNOs 

(25-35 nm) produced by arch-discharge have been investigated using 

coordination compounds ([Fe(CN)6]
3-/4-, [IrCl6]

2-/3- and 

[Fe(H2O)6]
3+/2+) and neurotransmitters (dopamine, serotonin and 

norepinephrine) as electrochemical redox probes [4]. More recently, 

the electrochemical properties of composites of 

poly(diallyldimethylammonium chloride) (PDDA) and CNOs 

produced by annealing of nanodiamonds were compared with other 

carbon nanomaterials [5]. However, the electrochemical properties of 

CNOs without PDDA were not addressed nor the effect of the 

chemical functional groups of CNOs on their redox properties. 

 
3 This Chapter is part of a published work in J.C. Zuaznabar-Gardona, A. Fragoso, 

Electrochimica Acta, 353 (2020) 136495. 
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In this Chapter, we address the electroactivity of charged and neutral 

redox probes at electrodes modified with thin films of different CNOs 

produced by annealing of nanodiamonds. We also studied the effect 

of oxidation degree of CNOs on the redox activities of standard outer- 

and inner-sphere redox probes. 

4.2. Materials and methods 

K3[Fe(CN)]6, (NH4)2Fe(SO4)2·6H2O, [Ru(NH3)6]Cl3, HClO4 (60%), 

FcCH2OH, nitric acid, sulfuric acid, KCl, and dimethylformamide 

(DMF) were purchased from Sigma-Aldrich (Spain) and were used 

as received. All solutions were prepared with double distilled water 

(18.2 MΩ cm) obtained from a Milli-Q® system (Millipore, Madrid, 

Spain). CNOs were prepared by thermal annealing of nanodiamonds 

and further oxidized by radio frequency Ar/O2 plasma, and 

chemically oxidized as previously reported [6,7]. 

All electrochemical measurements were obtained using a PC-

controlled CHI 660A electrochemical workstation (CH Instruments, 

Austin, USA) with a three-electrode cell configuration. A platinum 

wire was used as counter electrode and a commercial Ag/AgCl (sat) 

electrode serves as reference electrode. Glassy carbon electrodes (CH 

Instruments model CHI104, 3.0 mm diameter, 0.07 cm2 geometric 

area) coated with pristine CNO, radio frequency Ar/O2 plasma 

oxidized CNO (CNO-RF) or chemically oxidized CNO (CNO-OXI) 

films were used as working electrodes. 

4.2.1. Electrode preparation 

Prior to modification, bare GC electrodes (GCE) were first manually 

smoothed with emery paper # 600 followed by polishing to a mirror 

finish with 0.3 μm alumina slurries. The polished GCE were 
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sonicated in Milli-Q® water for 5 min and dried under a stream of 

nitrogen. GCE were modified by drop-casting a homogeneous 

dispersion of CNO, CNO-RF or CNO-OXI in DMF (4 mg mL-1) 

prepared using an ultrasonic-bath for 30 minutes. To obtain a thin 

layer of CNO, CNO-RF or CNO-OXI, 1 µL of the dispersion was 

cast twice on the surface of the electrodes and dried in an oven at 

80ºC under DMF atmosphere for 30 minutes. This procedure was 

used to avoid the formation of the so called coffee-ring effect which 

results in non-homogeneous films [8]. 

4.2.2. Surface analysis of CNO, CNO-RF and CNO-OXI 

modified GC electrodes 

The surface of GC electrodes modified with CNO, CNO-RF and 

CNO-OXI were examined by environmental scanning electron 

microscopy (ESEM) and X-ray photoemission spectroscopy (XPS) 

conducted at Catalan Institute of Nanoscience and Nanotechnology 

(ICN2) facilities in Barcelona, Spain. ESEM images were recorded 

in a Quanta 600 microscope (FEI Company, Inc.) under high vacuum 

at 25 kV. Samples were analyzed at a 10-mm working distance. XPS 

experiments were performed at room temperature with a SPECS 

PHOIBOS 150 hemispherical analyzer at 10 eV pass energy using 

monochromatic Al Kα (1486.74 eV) radiation as excitation source in 

a base pressure of 10-10 mbar. High-resolution XPS spectra were 

deconvoluted using CasaXPS v 2.3.19 processing software. 
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4.2.3. Electrochemistry at CNO, CNO-RF and CNO-OXI 

modified GC electrodes 

The intrinsic electrochemical properties of GC electrodes modified 

with CNO, CNO-RF and CNO-OXI were investigated by means of 

cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) in 0.2 mol L-1 HClO4 solutions as electrolyte. The 

electrolytes were deoxygenated by purging pure N2 gas for about 20 

min, and the gas was kept flowing over the liquids during the 

electrochemical measurements. CV was performed in different 

potential windows in the range of -1 to 1 V at a scan rate of 0.1V s-1. 

EIS measurements were done at a constant frequency (400 Hz) by 

scanning the dc potential from -0.5 to 0.9 V at a scan rate of 0.01 V 

s-1 and a sinusoidal ac potential with 10 mV amplitude was 

superimposed on dc potential. From the EIS data, the value of the 

double layer capacitance (Cd) at the electrode-electrolyte interface 

was derived using the following equation [9]: 

𝐶𝑑 = −
1

2𝜋𝑓𝑍"
             (1) 

where 𝑓is the frequency used in the EIS measurement and Z” is the 

imaginary component of impedance. The resulting dependence of Cd 

on electrode potential E (i.e. Cd vs E curves) of all surfaces under 

study were deconvoluted using the peak-fitting software Fityk v1.3.1 

as was recently reported [10]. 

Furthermore, the voltammetric responses of GC electrodes modified 

with CNO, CNO-RF and CNO-OXI were also assessed by means of 

CV using 1 mmol L-1 [Fe(CN)6]
3-, 1 mmol L-1 [Ru(NH3)6]

3+ and 0.16 

mmol L-1 FcCH2OH, all in 1 mol L-1 KCl and 1 mmol L-1 
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[Fe(H2O)6]
2+ in 0.2 mol L-1 HClO4. The peak-to-peak separation 

(ΔEp), anodic and cathodic peak current density ratio (jpa/jpc) and 

anodic peak current density (jpa) were extracted from cyclic 

voltammograms recorded at 0.1Vs-1 of scan rate. No correction was 

made for double-layer or iR effects. The apparent heterogeneous 

electron transfer constants (ko) for the redox probes were calculated 

from the intercept of the linear part of the Tafel plot according to the 

following equation [11]: 

ln(𝐼) =
𝛼𝐹(𝐸−𝐸𝑓

0)

𝑅𝑇
+ ln(𝐴𝐹𝑘0𝑐(𝑋))           (2) 

where I is the current from the anodic brand of the voltammogram, α 

is the anodic transfer coefficient, F is the Faraday constant (96 485 C 

mol-1), E is the potential of the working electrode, 𝐸𝑓
0 is the formal 

potential, R is the gas constant (8.314 J mol-1 K-1), T is the absolute 

temperature, A is the geometric area of the electrode in cm2, k0 is the 

standard rate constant and c(X) is the concentration of the redox 

species in mol L-1.  

4.3. Results and discussion 

4.3.1. ESEM and XPS analysis of GC surfaces modified with 

CNO, CNO-RF and CNO-OXI 

CNO, CNO-RF and CNO-OXI dispersions were deposited by casting 

an aliquot on the surface of the GC electrodes. The stationary air-

drying of these dispersions resulted in non-uniform films due to the 

manifestation of the so-called ‘coffee-ring’ effect [12]. To obtain 

uniform films of CNO, CNO-RF and CNO-OXI, we adapted a 

procedure to deposit Pt/C catalyst dispersions on electrode surfaces 
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[8]. It consisted in drying the aliquot of the dispersions on the 

electrode surface in an oven at 80 0C under DMF atmosphere. Figure 

4.1(a-c) depicts ESEM images of CNO, CNO-RF and CNO-OXI 

films on GC electrodes. The films prepared using this procedure did 

not present appreciable coffee-ring effect and their microscopic 

topographies were markedly rough as observed in the ESEM images. 

Figure 4.1. ESEM images (top) and high resolution XPS spectra in the C 

1s region (bottom) of GCE/CNO (a, d), GCE/CNO-RF (b, e) and 

GCE/CNO-OXI (c, f). 

XPS analysis was also carried out to estimate the chemical 

composition and identify the possible functional groups present on 

the surface of CNO, CNO-RF and CNO-OXI deposited on GC 

electrodes. Figures 4.1d-f present the high-resolution XPS C1s 

spectra and the fit components into which the spectra were 

deconvoluted for the modified surfaces. The energy positions and the 

percentages of each component of the spectrum deconvolution are 

summarized in Table 4.1. In general, phenol groups and sp2 

hybridized carbon atoms in strained C=C bonds due to the curvature 

of the onions were identified in all samples [13]. Additionally, 

carboxylic groups were detected in the GCE/CNO and in higher 
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proportion (ca. 4 times) in the GCE/CNO-OXI surfaces. In contrast, 

carbonyl groups were found in the GCE/CNO-RF surface. Similar 

XPS features have been previously described for pristine and 

oxidized CNOs [14]. This indicates that different oxidation 

procedures result in the introduction of different oxygenated species 

on the CNO surface. 

Table 4.1. Curve fitting results of XPS C 1s spectra of GC surface 

modified with CNO, CNO-RF and CNO-OXI. 
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 O/C ratio 0.029 0.045 0.064 

𝒔𝒑𝒂
𝟐* 284.4/25.4 284.5/24.5 284.4/28.0 

𝒔𝒑𝒃
𝟐* 284.7/28.9 284.9/40.3 284.7/42.0 

𝒔𝒑𝟐 + 𝒔𝒑𝟑 285.1/34.3 - - 
>C-OH 286.8/4.3 286.1/22.2 286.1/12.4 
>C=O - 288.1/12.1 - 
-COOH 288.9/3.1 - 288.3/11.5 
π- π* 290.7/4.1 291.4/0.8 291.3/6.1 

*𝑠𝑝𝑎
2 and 𝑠𝑝𝑏

2 refer to sp2 hybridized carbon atoms in non- and 

strained C=C bonds due to the curvature of graphene sheets in the 

CNOs, respectively. 

4.3.2. Electrochemical properties of GC surfaces modified with 

CNO, CNO-RF and CNO-OXI 

As mentioned before, research works on the electrochemistry of 

CNO have been mainly focused on their capacitive properties. The 

inherent electrochemistry as well as the effect oxygen containing 

groups on the redox responses of CNO have not been fully addressed. 

Thus, here we attempt to overcome this studying the electrochemical 

response of GC electrodes modified with CNO, CNO-RF and CNO-

OXI toward different electroactive species. 
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Figure 4.2a shows cyclic voltammograms (CVs) at CNO, CNO-RF 

and CNO-OXI modified GC electrodes in 0.2 mol L-1 HClO4 

solution. All CVs exhibit a pseudo-rectangular shape which is 

characteristic of the electric double layer capacitive behavior of 

CNOs [15]. The capacitive current increases with the oxidation 

degree of CNO due to the presence of functional groups on their 

surface as reported previously and confirmed by XPS analysis [3]. In 

addition to the capacitive current, anodic and cathodic peaks at 0.37 

and 0.30 V (vs. Ag/AgCl), respectively, are also observed in the CVs 

of electrodes modified with CNO-OXI. The peak currents were found 

to vary linearly with the scan rate, indicating that the redox process 

was due to redox species confined on the surface of CNO-OXI 

(Figure 4.2b). This faradaic process was also observed at electrodes 

modified with CNO and CNO-RF, but with much lower current 

intensity than that for CNO-OXI. 

The effect of pH on the electrochemical behavior of CNO-OXI film 

was also investigated by recording cyclic voltammograms at different 

pH (Figure 4.2c). Cathodic and anodic peak potentials shifted 

negatively with increasing pH. It was found that the peak position of 

both peaks depended linearly on the pH according to the equations: 

Epa=0.41-0.061×pH and Epc=0.35-0.064×pH. Epa and Epc are the peak 

position for anodic and cathodic signal, respectively (Figure 4.2d). 

The slopes of the plots of Epa (0.061 V pH-1) and Epc (0.064 V  pH-1) 

vs pH were very close to the theoretical values of 0.059 V pH-1 at 

25°C for a redox process involving as many protons as electrons. The 

number of electrons involved on the redox process was estimated by 

the approximation proposed by Laviron [16]. It assumes that for a 
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surface confined redox specie, the width at mid-height of the redox 

peaks tends towards 90.6/n mV at low scan rates, where n is the total 

number of electrons involved in the redox process. Thus, from a CV 

recorded at 25 mV s-1, n was estimated to be 4.3 electrons. According 

to the results mentioned above, the peaks observed at GCE/CNO-

OXI electrodes might correspond to a redox process where 

carboxylic acid groups are the electroactive species. 

 

Figure 4.2. a) Cyclic voltammograms for GCE modified with CNO, CNO-

RF and CNO-OXI recorded in 0.2 mol L-1 HClO4. Scan rate: 0.1 V s-1. b) 

Dependence of anodic and cathodic peak currents with scan rate of the 

redox couple observed for GCE/CNO-OXI in 0.2 mol L-1 HClO4. c) Cyclic 

voltammograms of GCE/CNO-OXI at pH 1, 4.5, 6.7, 7.4, 8.5 and 13. d) 

Plot of oxidation and reduction peak potentials as a function of pH 

corresponding to (c). 

The -COOH groups are reduced to -CH2OH in a four-proton/four-

electron process (Scheme 4.1). Similar redox pair and identification 

of the electroactive species were proposed for oxidized single-walled 

carbon nanotubes and CNO films [1,17,18]. However, it should be 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

93 

 

mentioned that redox processes of phenolic and pyrone groups 

probably found in CNO-OXI surface can also occur in the same 

potential range and have the same pH dependence as the obtained 

here [3,19]. Thus, it might be possible that the redox peaks showed 

in Figure 4.2a were the result of simultaneous redox processes 

involving different oxygenated functional groups. 

 

Scheme 4.1. Half-equations for the reduction of a) carboxylic, b) 

hydroquinoid/quinoid and c) pyrone groups present in carbon materials.  

To go further on this aspect, the dependence of the capacitance of the 

double layer (Cd) on the applied potential (i.e. Cd vs E curves) were 

determined by means of EIS at fixed frequency in a potential window 

between -0.5 and 0.9 V in 0.1 mol L-1 HClO4 (Figure 4.3). The 

purpose of these measurements was to determine the presence of 

individual electroactive functional groups (e.g. phenol, carbonyl, 

carboxyl, quinoid, etc.) from the shape of Cd vs. E curves as reported 

recently [10,20]. Figure 4.3a shows the Cd vs. E curves for bare, 

CNO, CNO-RF and CNO-OXI modified electrodes. The Cd value 

increases with the degree of oxidation of CNO and the occurrence of 
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a pseudo-capacitance maximum around 0.30 V confirmed the 

presence of electroactive functional groups on all CNO surfaces 

[20,21]. Moreover, each peak consists of several overlapping peaks 

which indicates the contribution of functional groups of different 

types on Cd. Gaussian peak deconvolution of the pseudo-capacitance 

maximum of the Cd vs E curves resulted in two main redox responses 

present in all electrode surfaces (Figure 4.3b-d). This is in agreement 

with the XPS results, that reveal the presence of two different 

oxygenated groups on each of the modified surfaces, i.e phenol and 

carboxylic on CNO and CNO-OXI and phenol and carbonyl on 

CNO-RF. The deconvoluted peak at higher potential (peak A) is 

centered at 0.30 V for all surfaces. In contrast, the peak at lower 

potential (peak B) is centered at the same potential (0.18 V) for CNO 

and CNO-OXI modified electrodes while for CNO-RF modified 

electrodes the peak is shifted to more cathodic potentials (0.0 V). This 

indicates that peak B might correspond to different electroactive 

species. Accordingly, peak A could be fairly assigned to the response 

of the phenolic groups which are present on all modified surfaces [20] 

while peak B could be assigned to the carboxylic moieties present in 

CNO and CNO-OXI modified electrodes and to the carbonyl groups 

present in CNO-RF. 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

95 

 

 

Figure 4.3. a) Capacitance of the double layer (Cd) vs applied potential (E) 

for bare, CNO, CNO-RF and CNO-OXI modified glassy carbon electrodes 

measured in 0.1 mol L-1 HClO4 by EIS at 400 Hz from -0.5 to 0.9 V. b-d) 

Normalized capacitance (Cnorm) and Gaussian deconvolution fits of the 

pseudo-capacitance maximum for CNO, CNO-RF and CNO-OXI modified 

electrodes, respectively. The Cnorm vs E curves were obtained by 

normalizing the Cd values to its corresponding pseudo-capacitance 

maximum. 

4.3.3. Voltammetry of redox probes at CNO, CNO-RF and CNO-

OXI modified GC electrodes 

The electrochemical responses of 1 mmol L-1 [Fe(CN)6]
3-, 1 mmol L-

1 [Ru(NH3)6]
3+, 0.16 mmol L-1 FcCH2OH in 1 mol L-1 KCl and for 1 

mmol L-1 [Fe(H2O)6]
2+ in 0.2 mol L-1 HClO4 on bare and CNO, CNO-

RF and CNO-OXI modified electrodes were studied by cyclic 

voltammetry (Figure 4.4). These redox probes were chosen to assess 

the effect of the oxidation degree of CNO on their electrochemical 

properties. The peak-to-peak separation (ΔEp), anodic and cathodic 

peak current density ratios (jpa/jpc), anodic current density 
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(ja=Ipa/Aelectroactive) and apparent heterogeneous electron transfer rate 

constants (k0) for the different redox probes are summarized in Table 

4.2. Rate constants were calculated from the intercept of the Tafel 

plot in the current range from 1% to 99% of the anodic peak current 

[11]. 

 

Figure 4.4. Cyclic voltammograms of a) 1 mmol L-1 [Fe(CN)6]3- in 1 mol 

L-1 KCl, b) 1 mmol L-1 [Ru(NH3)6]3+ in 1 mol L-1 KCl, c) 1 mmol L-1 

[Fe(H2O)6]2+ in 0.2 mol L-1 HClO4, and d) 0.16 mmol L-1 FcCH2OH in 1 

mol L-1 KCl at GCE, GCE/CNO, GCE/CNO-RF and GCE/CNO-OXI 

electrodes. Scan rate: 0.1 V s-1. 
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Table 4.2. Cyclic voltammetry data and calculated apparent 

heterogeneous electron transfer constants for [Fe(CN)6]
3-, 

[Ru(NH3)6]
3+, [Fe(H2O)6]

2+ and FcCH2OH redox probes.* 

Parameter GCE GCE/CNO GCE/CNO-RF GCE/CNO-OXI 

  1 mmol L-1 [Fe(CN)6]3- 

ΔEp (mV) 68 67 71 82 

jpa/jpc 1.0 1.0 0.9 0.8 

ja (mA cm-2) 0.7 0.7 0.6 0.5 

k0 (cm s-1) 0.0295 0.0457 0.0361 0.0247 

  1 mmol L-1 [Ru(NH3)6]3+ 

ΔEp (mV) 68 60 68 52 

jpa/jpc 1.0 1.0 0.9 0.2 

ja (mA cm-2) 0.6 1.0 0.7 0.3 

k0 (cm s-1) 0.0333 0.0769 0.0365 0.0677 

  1 mmol L-1 [Fe(H2O)6]2+ 

ΔEp (mV) 320 120 132 46 

jpa/jpc 1.1 1.0 0.9 0.3 

ja (mA cm-2) 0.3 0.6 0.5 0.2 

k0 (cm s-1) 0.0084 0.0282 0.0224 0.0517 

  0.16 mmol L-1 FcCH2OH 

ΔEp (mV) 58 42 14 40 

jpa/jpc 1.5 5.9 3.3 2.8 

ja (mA cm-2) 0.3 2.6 2.7 1.9 

k0 (cm s-1) 0.0164 0.1192 0.1862 0.1530 

* The supporting electrolyte was 1 mol L-1 KCl for [Fe(CN)6]
3-, 

[Ru(NH3)6]
2+ and FcCH2OH and 0.2 mol L-1 HClO4 for [Fe(H2O)6]

2+. 

Scan rate: 0.1 V s-1. ko values determined from the intercept of the 

Tafel plot of the anodic brand of the cyclic voltammogram. Oxidation 

peak currents are normalized to the electroactive area of the 

electrodes which are 0.0215, 0.0257, 0.0241 and 0.0289 cm2 for 

GCE, GCE/CNO, GCE/CNO-RF and GCE/CNO-OXI electrodes 

respectively. 
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For [Fe(CN)6]
3- (Figure 4.4a), the main difference observed was the 

higher ΔEp value of the [Fe(CN)6]
3-/4- redox pair at the GCE/CNO-

OXI electrodes in comparison with the other modified surfaces. This 

increase in the ΔEp might be due to repulsive interactions between 

the [Fe(CN)6]
3- anions and the carboxylate groups on the surface of 

the GCE/CNO-OXI electrodes which result in a hindered electron 

transfer. On the other hand, the electrochemical responses of 

[Fe(CN)6]
3- on CNO, CNO-RF and CNO-OXI were lower than 

CNOs prepared by arc-discharge methods [4]. The electron transfer 

of [Fe(CN)6]
3- is sensitive to the density of exposed edge planes of 

the electrode material [22]. CNOs prepared by arc-discharge method 

possess a higher density of exposed edge-planes and defects than the 

CNO prepared here. Thus, it would be expected that CNOs prepared 

by annealing of nanodiamonds induce a lower electrochemical 

response of the [Fe(CN)6]
3-/4- redox pair than arc-discharge CNOs. 

The [Ru(NH3)6]
3+ complex was employed as outer sphere redox 

probe (Figure 4.4b). A small peak separation (60 mV) near the ideal 

value (59 mV) was obtained with GCE/CNO electrodes in 

comparison to those obtained with GCE and GCE/CNO-RF 

electrodes. The electron transfer kinetics of [Ru(NH3)6]
3+ is primarily 

affected by the electronic properties of the electrode, specifically the 

density of electronic states (DOS) near the formal potential of the 

redox system [22]. Thus, the improved electron transfer kinetics for 

GCE/CNO electrodes might be the result of a higher DOS of the 

CNO in comparison with the other two materials as it was described 

in Chapter 3. Previous X-ray emission studies of the valence band of 

CNO prepared by annealing of nanodiamonds also revealed an 
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increase in the DOS of CNOs when compared to HOPG [23]. In the 

case of the GCE/CNO-OXI, the response of [Ru(NH3)6]
3+ was 

mainly influenced by the attractive electrostatic interactions between 

the carboxylic moieties on GCE/CNO-OXI and the positive charge 

probe. As a result, an asymmetric voltammogram with a jpc higher 

than jpa and a ΔEp < 59 mV was observed. This asymmetry in the 

voltammograms is characteristic when redox species are physisorbed 

on the electrode surface [24].  

Figure 4.4c shows cyclic voltammograms for the [Fe(H2O)6]
2+ redox 

probe. The modification of the GC electrodes with CNO, CNO-RF 

and CNO-OXI resulted in significantly smaller ΔEp in comparison 

with a bare GC electrode. The electron transfer kinetics of the 

[Fe(H2O)6]
2+/3+ redox couple is very sensitive to the presence of 

oxygenated species on the surface due to their oxophylic character 

[25]. Hence, the k0 values increased about 3 (at GCE/CNO and 

GCE/CNO-RF) and 6 times (at GCE/CNO-OXI) with respect to 

GCE, consistent with an increase in the number of oxygenated 

functional groups on the modified surfaces. In the case of GCE/CNO-

OXI electrodes, ΔEp was 46 mV with a jpa/jpc equal to 0.3 which 

indicates that the [Fe(H2O)6]
2+ cations were physisorbed on the 

surface probably by electrostatic interactions as in the case of 

[Ru(NH3)6]
3+. This peak is overlapped in part with the organic redox 

pair at 0.3 V observed for the CNO-OXI surface.   

FcCH2OH was also studied, in this case as a neutral redox probe 

(Figure 4.4d). Considerably higher peak current values were obtained 

with the CNO, CNO-RF and CNO-OXI modified electrodes respect 
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to unmodified GC electrodes. This increase was also higher than 

those obtained when metal complexes were employed as redox 

probes. The asymmetric shape of the voltammograms with ΔEp < 59 

mV and jpa/jpc ≠ 1 for all modified electrodes also indicated interfacial 

adsorption. In particular, the high current values of the anodic peaks 

respect to the cathodic peak suggest weak adsorption of the reduced 

molecular form of FcCH2OH on the electrode surface. Interestingly, 

the jpa/jpc ratio decreases as the oxygen content increases. 

Additionally, anodic peaks were also widened in the same trend. This 

widening is due to the reduction of attractive forces between the 

molecules of the reduced form of FcCH2OH on the electrode surface 

[26]. The differences between CNO, CNO-RF and CNO-OXI might 

be explained in terms of the π-π interaction between the FcCH2OH 

molecules and the surface of CNO. The oxidation of CNO results in 

the partial rupture of the sp2 framework of the graphene outer-shell. 

This rupture reduces the number of contact points for effective π-π 

interactions taking place. Thus, weaker interactions would be 

expected between the cyclopentadienyl rings of FcCH2OH and the 

surface of oxidized CNO in comparison with pristine CNOs. As a 

result, the jpa/jpc would be expected to decrease as the oxidation 

degree of CNOs increases.   

The voltammetric data presented above reveal that the electroactivity 

of [Fe(CN)6]
3-/4- and [Ru(NH3)6]

2+/3+ redox pairs were enhanced at 

the CNO, CNO-RF and CNO-OXI modified electrodes. In both 

cases, the ja/jc values decrease in the order GCE/CNO < GCE/CNO-

RF < GCE/CNO-OXI and correlate well with the Raman ID/IG band 

intensity ratios [16,17], which also decrease in the same order and 
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suggests that the adsorption of these two redox labels was favored by 

increasing the defect density and functional groups on the electrode 

surface. The ko for each probe are in the order or greater than 

unmodified GC electrodes or other carbon-based nanomaterials 

[27,28]. Relative fast electron transfer kinetics was also obtained for 

the [Fe(H2O)6]
3+/2+ redox pair due to the presence of oxygen 

containing functional groups on the surface of CNO, CNO-RF and 

CNO-OXI. On the other hand, the electrochemical response of 

FcCH2OH was dictated by the adsorption of its reduced form which 

was favored at the less polar GCE/CNO electrodes than at 

GCE/CNO-RF and GCE/CNO-OXI. This behavior of FcCH2OH at 

the GCE/CNO surface will be discussed in more details in the next 

chapter. 

4.4. Conclusions 

In summary, we investigated and compared the electrochemical 

properties of pristine CNOs, radio frequency Ar/O2 plasma oxidized 

CNO (CNO-RF) and chemically oxidized CNO (CNO-OXI) 

deposited on glassy carbon electrodes (GCE). The intrinsic 

electrochemical properties of CNO, CNO-RF and CNO-OXI 

modified electrodes were markedly influenced by the presence of 

different oxygenated functional groups as confirmed by XPs analysis 

and pseudo-capacitance measurements. CNO, CNO-RF and CNO-

OXI modified electrodes exhibit fast electron transfer to [Fe(CN)6]
3- 

, [Ru(NH3)6]
3+, [Fe(H2O)6]

2+ and FcCH2OH redox probes. The 

electrode kinetics for [Fe(CN)6]
3- and [Ru(NH3)6]

3+ probes at CNO 

and CNO-RF modified electrodes were sensitive to the relative 

density of state of the electrodes while at CNO-OXI electrodes, the 
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electrode kinetics was affected by the electrostatic interactions 

between the redox probes and the functional groups on the surface of 

CNO-OXI. Relative fast electron transfer kinetics was also obtained 

for the [Fe(H2O)6]
3+/2+ redox pair due to the presence of oxygen 

containing functional groups on the surface of CNO, CNO-RF and 

CNO-OXI. For FcCH2OH the electrochemical response was dictated 

by the adsorption of its reduced form [FcCH2OH]0. Such adsorption 

was more favored at the GCE/CNO electrodes than at GCE/CNO-RF 

and GCE/CNO-OXI. The electrochemical data obtained here can 

serve as an all-important benchmark for CNO modified electrode 

performance. 
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Chapter 5 

Electrochemical characterization of the adsorption of 

ferrocenemethanol on carbon nano-onion modified 

electrodes4 

5.1. Introduction 

Carbon based materials are ubiquitous in modern electrochemistry 

[1,2]. Glassy carbons, carbon fibres and cloths, nanotubes, graphene, 

diamond-like carbons, nanodiamonds or carbon-dots are intensively 

studied for applications in electroanalysis, electrocatalysis, fuel cells, 

supercapacitor, electronics, etc [3,4]. Despite the extensive available 

literature on the structural, chemical and electrochemical properties 

of these materials ([4] and references therein), it is often difficult to 

understand the relationship between properties and applications due 

to the complexity of these systems. This is more difficult in the case 

of less studied carbon allotropes like the family of multilayer 

fullerenes also known as carbon nano-onions (CNOs). These 

materials show interesting properties for different electrochemical 

applications. For example, CNOs have been used as metal-free 

electrocatalysts for the reduction of oxygen and hydrogen peroxide 

[5,6]. They exhibit high capacity and excellent cycling performance 

as anode materials in lithium-ion batteries and electrochemical 

supercapacitors [7,8]. These properties of CNOs stem from their 

exohedral structure (convex curvature) that facilitates the access of 

 
4 This Chapter was published in J.C. Zuaznabar-Gardona, A. Fragoso, Journal of 

Electroanalytical Chemistry, 871 (2020) 114314. 
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the electrolyte ions and the formation of the double layer on the outer-

shell of CNOs instead of pores as in other materials [9]. Our group 

has applied CNO-modified electrodes in the construction of a 

sensitive biosensors to detect Human Papilloma Virus and IgA 

antibodies [10,11]. In both cases, a marked increase in amperometric 

response and biosensor sensitivity has been observed when compared 

with analogous systems without CNOs. The origin of this sensitivity 

enhancement has been explained in terms of an increased surface area 

and improved electron transfer provided by the immobilized CNOs. 

However, it could be possible that the redox mediators or the 

products of the enzymatic reactions used as analytical signals interact 

to some extent with the CNO layer resulting in an enhanced 

sensitivity. Thus, further studies are required to explain this 

phenomenon. 

Ferrocene and its derivatives are popular as benchmark redox 

systems to assess the electroactivity of electrodes [12], and as redox 

mediators in several electrochemical biosensors [13]. This popularity 

relies on the fact that these metallocenes undergo fast outer-sphere 

electron transfer on noble metal electrodes [14]. In water, the redox 

process of ferrocene is not as simple as in organic solvents as it 

involves a weak electrode and electrolyte dependent adsorption on 

glassy carbon electrode (GCE) surfaces [15]. Evidence of ferrocene 

adsorption has also been found on GC electrodes modified with 

multiwalled carbon nanotubes [16]. Moreover, recent works 

demonstrated that (ferrocenylmethyl)trimethylammonium ions, 

ferrocenecarboxylic acid and ferrocenemethanol (FcCH2OH) can 

also adsorb up to a monolayer onto highly oriented pyrolytic graphite 
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(HOPG) surfaces [12]. The adsorption of FcCH2OH onto chemical 

vapour deposited graphene and mildly oxidized graphene has been 

also reported [17,18]. In the case of the mildly oxidized graphene, the 

adsorption of FcCH2OH induces an enhancement of the 

heterogeneous electron transfer rate [18]. Hence, the adsorption of 

ferrocene and its derivatives onto electrode surfaces has a clear 

impact on their voltammetric responses [19], and it is a parameter to 

take into account in order to understand the electrochemistry of 

nanocarbon-based electrodes. In this Chapter, we present a cyclic 

voltammetry (CV) and double step chronocoulometry study of the 

electrochemical response of FcCH2OH on GC electrodes modified 

with carbon nano-onions (GCE/CNO) and compare its behaviour 

with [Fe(CN)6]
3- as inner-sphere redox probe in an attempt to explain 

the sensitivity enhancement observed in the presence of CNOs.  

5.2. Materials and methods 

Dimethylformamide (DMF), FcCH2OH, K3[Fe(CN) 6], and KCl were 

purchased from Sigma-Aldrich (Spain) and were used as received. 

Nanodiamonds (particle size: 2-8 nm) were obtained from TCI 

Europe BV and used as received. All solutions were prepared with 

double distilled water (18.2 MΩ cm) obtained from a Milli-Q® 

system (Millipore, Madrid, Spain). CNOs were prepared by thermal 

annealing of nanodiamonds under inert atmosphere as reported 

elsewhere [20]. 

5.2.1. Electrode preparation 

Prior to modification, bare GC electrodes (GCE) were first manually 

smoothed with emery paper # 600 followed by polishing to a mirror 

finish with 0.3 μm alumina slurries. The polished GCE were 
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sonicated in Milli-Q® water for 5 min and dried under a stream of 

nitrogen. GCE were modified by drop-casting a homogeneous 

dispersion of CNOs in DMF (4 mg mL-1) prepared using an 

ultrasonic-bath for 30 minutes. To obtain a thin layer of CNO, 1 µL 

of the dispersion was cast twice on the surface of the electrodes and 

dried in an oven at 80ºC under DMF atmosphere for 30 minutes. This 

procedure was used to avoid the formation of the so called coffee-

ring effect which results in non-homogeneous films [21]. 

5.2.2. Cyclic voltammetry and chronocoulometry measurements 

Electrochemical measurements were obtained using a PC-controlled 

CHI 660A electrochemical workstation (CH Instruments, Austin, 

USA) with a three-electrode cell configuration. A platinum wire was 

used as counter electrode and a commercial Ag/AgCl (sat) electrode 

serves as reference electrode. Glassy carbon electrodes (CH 

Instruments model CHI104, 3.0 mm diameter, 0.07 cm2 geometric 

area) coated with CNO films were used as working electrodes. 

Cyclic voltammetry (CV) and double potential step 

chronocoulometry (DPSC) were used to quantify the adsorption of 

the redox species at CNO modified GC electrodes (GCE/CNO). CV 

at different scan rates (0.025 to 2 V s-1) and DPSC (pulse width = 100 

milliseconds) were performed from -0.1 to 0.6 V in 1 mol L-1 KCl 

containing [Fe(CN) 6]
 3- or FcCH2OH as redox probes. Simulations 

of cyclic voltammetry experiments were performed using the in-built 

CV simulator implemented in the controlling software for the CHI 

660A potentiostat. 
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5.3. Results and discussion 

Figure 5.1 shows the CVs of [Fe(CN)6]
3- and FcCH2OH at bare and 

CNO modified GC electrodes. For [Fe(CN)6]
3-, identical peak-to-

peak separation (ΔEp = 65 mV), similar peak current intensities and 

equal anodic and cathodic peak current ratios (Ia/Ic = 1) are observed 

on both GCE and GCE/CNO electrodes. On the other hand, CVs of 

FcCH2OH recorded at GCE/CNO show a markedly higher peak 

current (ca. 9 times) and lower ΔEp (42 mV) than those at unmodified 

GC electrodes. Additionally, the CV presented an increased anodic 

peak with respect to the cathodic peak with an Ia/Ic ratio equal to 5.9. 

This voltammetric behaviour of FcCH2OH, is a clear signature of 

adsorption of its reduced form with the oxidized form ([FcCH2OH]+) 

diffusing into solution as evidenced by the much smaller cathodic 

peak [19]. 

 

Figure 5.1. Cyclic voltammograms of a) 1 mmol L-1 [Fe(CN)6]3- and b) 

0.16 mmol L-1 FcCH2OH in 1 mol L-1 KCl at GCE and GCE/CNO 

electrodes. Scan rate: 0.1 V s-1 

Cyclic voltammetry is very useful to determine whether and to what 

extension redox probes adsorb on the surface of electrodes. In the 

presence of strongly adsorbed molecules, a separate adsorption peak 

may occur prior to or after the normal peak observed for a fully 

diffusion-controlled process. On the other hand, when redox probes 
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are weakly adsorbed on the electrode surface, the CVs may exhibit 

an enhancement of the peak currents where the Ia/Ic ratio differs from 

unity [19]. According to this and the results showed in Figure 5.1, we 

could qualitatively infer that the electrochemistry of FcCH2OH probe 

is affected by the adsorption of its reduced form on GCE and 

GCE/CNO electrodes, while the electrochemistry of [Fe(CN)6]
3- is a 

fully diffusion-controlled process at these two surfaces. To address 

qualitatively this problem, we carried out voltammetric and 

chronocoulometric analysis to corroborate the adsorption of 

FcCH2OH on GCE/CNO and GC electrodes.  

Scan rate is the most useful parameter to differentiate the effect due 

to species arriving at the electrode by diffusion and those adsorbed 

on the surface [19]. In a diffusion-controlled process, the ratio of 

anodic to cathodic peak currents (Ia/Ic) is equal to 1 and remains 

constant for increasing values of the scan rates. Conversely, if redox 

species adsorb on the electrode, the values of Ia/Ic will be different 

than unity and vary with the scan rates due to the different behaviour 

of the adsorbed oxidised and reduced forms. The CVs at increasing 

scan rates of 1 mmol L-1 [Fe(CN)6]
3- and 0.16 mmol L-1 FcCH2OH in 

1 mol L-1 KCl at GCE/CNO are shown in Figures 5.2a and 5.2b, 

respectively. In both cases, Ia and Ic increase with the scan rate up to 

2 V s-1. For FcCH2OH, Ia and Ic are shifted anodically and 

cathodically, respectively, which is a signature of the adsorption of 

FcCH2OH on the GCE/CNO surface. The variations of the Ia/Ic ratio 

with the square root of the scan rate (ʋ1/2) for [Fe(CN)6]
3- and 

FcCH2OH are presented in Figure 5.2c. For [Fe(CN)6]
3-, Ia/Ic is 

independent on ʋ1/2 as expected for a fully diffusion-controlled 
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process. In contrast, the Ia/Ic ratio for FcCH2OH decreases with ʋ1/2, 

indicating a voltammetric process regulated by the adsorption of the 

reduced form of FcCH2OH and the diffusion of its oxidized form 

[FcCH2OH]+ into solution [19]. This behaviour has also been 

reported on other carbon-based electrodes and point out the necessity 

to take adsorption into account when studying the electrochemical 

properties in these systems [12,18]. 

 

Figure 5.2. CVs of a) 1 mmol L-1 [Fe(CN)6]3- and b) 0.16 mmol L-1 

FcCH2OH in 1 mol L-1 KCl at the GCE/CNO electrode at increasing scan 

rates. b) Anodic peak to cathodic peak ratio (Ia/Ic) plotted vs the square root 

of scan rate (ʋ1/2) for the CVs shown in panels a) and b). Scan rates: 0.025, 

0.15, 0.2, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2 V s-1. 

The surface concentration of FcCH2OH (Γ) on GCE and GCE/CNO 

was estimated using the methodology proposed by Unwin et al [12]. 

It considers that Γ of a weakly adsorbed redox specie can be 

estimated from the difference between the experimental peak current 

density (jexp) of a forward voltammetric wave and the simulated (jsim) 
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value based on a diffusion-controlled redox reaction as expressed by 

equation 1: 

𝑗𝑒𝑥𝑝 − 𝑗𝑠𝑖𝑚 = ∆𝐼𝑝 =
𝑛2𝐹2Γ

4𝑅𝑇
𝑣       (1) 

where n is the number of transferred electrons (n = 1 for the 

[FcCH2OH]+/0 redox pair), F is the Faraday constant (96 

485 C mol−1), R is the gas constant (8.314 J mol−1 K−1), T is the 

absolute temperature and ʋ is the scan rate in V s-1. Thus, Γ is 

estimated from the slope of a Δjp vs.  plot. The peak current 

difference (Δjp) plotted vs scan rate () for the voltammetric data 

shown in Figure 5.2b is given in Figure 5.3.  

 

Figure 5.3. Peak current density difference (Δjp = jexp − jsim) for the anodic 

wave of 0.16 mmol L-1 FcCH2OH at GCE/CNO electrode plotted versus 

scan rate (). Scan rates: 0.025, 0.15, 0.2, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2 

V s-1.  

The obtained dependency between Δjp and  was lineal as predicted 

by equation 1 and Γ was estimated to be 4.3×10-9 mol cm-2. In 

contrast, the value of Γ on GC was 14-times smaller (3.0×10-10 mol 

cm-2). From crystallographic data  and assuming a closed-packed 
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arrangement, the maximum surface coverage of the reduced form of 

FcCH2OH was estimated as 3.5×10-10 mol cm-2 [22]. This indicates 

that adsorbed FcCH2OH form a multilayered arrangement on the 

GCE/CNO surface. Interestingly, this value is higher than the 

coverage found previously for thionine on GCE/CNO ( Γ=2.7×10-9 

mol cm-2) [23], and for ferrocene adsorbed in GC electrodes modified 

with multi-walled carbon nanotubes (Γ=1.7×10-9 mol cm-2) [16]. 

The surface concentration of FcCH2OH on the GCE/CNO surface 

suggests the occurrence of intermolecular lateral interactions that 

favour the adsorption process. Lateral interactions can be estimated 

from the voltammetric peak width at half height (FWHM) as 

described by Laviron [24]. The relation is expressed as: 

𝐹𝑊𝐻𝑀 =  
2𝑅𝑇

𝑛𝐹
[𝑙𝑛 (

1+𝛽

1−𝛽
) − 𝑣𝐺𝜃𝑇𝛽]   (2) 

𝛽 = √
2−𝑣𝐺𝜃𝑇

4−𝑣𝐺𝜃𝑇
    (3) 

where R, T, n, F have their usual meaning, v is the number of water 

molecules displaced by one adsorbed molecule, θT corresponds to the 

total fractional surface coverage and G comprises all possible 

interactions between the adsorbed molecules in the different redox 

states. The term vGθT in equations 2 and 3 is known as Laviron’s 

interaction parameter. It expresses the overall interactions of 

adsorbed molecules on the electrode surface and define the shape of 

the voltammetric peaks. If vGθT < 0 repulsive forces predominate 

which results in a wide, flat and round voltammetric peak, whereas if 

0 < vGθT < 2 attractive forces are dominant and the peak is high, 
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sharp and narrow. The values for vGθT were estimated by numeric 

solution of equation 2 using the vpasolve function implemented in 

MATLAB®. The values of FWHM for the anodic peak were 

extracted from the voltammograms given in Figure 5.1b. For the 

FcCH2OH adsorbed on GC surface, the vGθT parameter had a marked 

negative value (-1.7) indicative of the presence of strong repulsive 

lateral interactions between FcCH2OH molecules on the GC surface. 

Meanwhile, in the case of the GCE/CNO surface, the vGθT was 0.21, 

indicative of attractive forces.  

To further study FcCH2OH adsorption on GCE/CNO and GC 

electrodes, double potential step chronocoulometry (DPSC) was used 

to obtain the respective empirical adsorption isotherms. DPSC allows 

to estimate the surface coverage of adsorbed redox molecules from 

the intercept of the Anson plots for the forward and reverse potential 

step, according to the equation: 

Γ =
𝑄𝑓−𝑄𝑟

𝑛𝐹𝐴
   (4) 

where Qf and Qr are the intercept of the Anson plot for the forward 

and reverse potential step of DPSC, respectively, n is the number of 

electrons transferred in the redox reaction, F is the Faraday constant 

and A is the geometric surface area of the electrode [25]. DPSC at 

increasing bulk concentration of FcCH2OH in 1 mol L-1 KCl recorded 

at GCE/CNO electrodes are presented in Figure 5.4a. The charge 

consumed for the oxidation and reduction of FcCH2OH increases 

with the bulk concentration. Chronocoulograms with similar trend 
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but with smaller charges were obtained at GC electrodes (data not 

shown). 

 

Figure 5.4. a) Double potential step chronocoulometry at increasing 

concentrations of FcCH2OH recorded at GCE/CNO electrode in 1 mol L-1 

KCl. b) Empirical adsorption isotherm of FcCH2OH on GC and GCE/CNO 

electrode surfaces. Bulk concentrations: 0, 0.016, 0.042, 0.067, 0.092, 

0.117, 0.143, 0.168 mmol L-1.  

The empirical adsorption isotherms (surface concentration vs. bulk 

concentration (c0)) calculated from the DPSC experiments in the 

range 0-0.168 mmol L-1 are presented in Figure 5.4b. As expected, 

the surface coverage of FcCH2OH increases with c0 but in different 

way at GCE/CNO and GC electrode surfaces. On the GC surface, the 

variation of Γ with c0 seems to have a concave shape typical for 

Langmuir or Temkin isotherms. In contrast, for the GCE/CNO 

surface, the isotherm has a convex shape. This is a signature of 

attractive interactions between adsorbate molecules on the surface 

and it is in line with the positive values obtained for the Laviron’s 

interaction parameter (vGθT = +0.21) obtained for FcCH2OH on 

GCE/CNO [12]. As can be seen, the Γ values obtained by DPSC 

correlate very well with the results by CV at the same concentration 

of FcCH2OH in solution.  
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The empirical isotherms were fitted to the Sips model given by 

equation 5: 

Γ =
Γ𝑚𝑎𝑥𝐾𝑒𝑐0

ℎ

1+𝐾𝑒𝑐0
ℎ    (5) 

where Γmax is the maximum surface coverage, Ke is the Sips’s 

equilibrium constant, c0 is the bulk concentration and h is a term that 

is related with surface heterogeneity and increases with surface 

roughness. If h = 1, the model turns into a Langmuir isotherm [26]. 

Figure 5.4b illustrates the good agreement between the Sips model 

and the experimental surface coverage of FcCH2OH on GC and 

GCE/CNO surfaces. Further, the residual plots (data not shown) 

showed randomly dispersed points around the x axis indicating that 

the model was appropriated to explain the experimental data. The 

values of Γmax, Ke and h for the adsorption of FcCH2OH on 

GCE/CNO and GCE surfaces obtained from the fitting of equation 5 

with the experimental data are presented in Table 5.1. On GCE/CNO 

electrodes, the h value (2.1) is almost twice as compared with GCE 

(h = 1.2) and suggests that adsorption of the redox species on a rough 

surface can create higher current densities as compared with GCE. 

Additionally, the Ke value for GCE/CNO was almost twice as greater 

than for GCE, indicating a favoured adsorption of FcCH2OH. These 

results are in correspondence with those obtained by cyclic 

voltammetry. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

118 

 

Table 5.1. Parameters for the Sips equation obtained from the fitting 

of the data of FcCH2OH adsorption on GCE/CNO and GCE surfaces. 

 
Γmax 

(mol cm-2) 

Ke 

(L mol-1) 
h 

GCE 7.5×10-10 23 1.2 

GCE/CNO 8.8×10-9 44 2.1 

The interfacial parameters of FcCH2OH on the CNO surface can be 

explained considering the occurrence of - and CH- interactions 

between the cyclopentadienyl rings and the fullerenic structure of 

CNOs. It is also possible that intermolecular CH- and H-bonding 

interactions between the adsorbed FcCH2OH molecules and polar 

groups on the surface play an important role (Scheme 5.1) [27,28]. In 

fact, X-ray photoelectron spectroscopy analysis indicate that the 

CNO layer has an oxygen content of 2.86% in the form of hydroxyl 

and carboxylic functional groups (see Chapter 3) which might favour 

H-bonding interactions with FcCH2OH molecules similar to what has 

been observed for FcCH2OH adsorbed on 3-mercaptopropanoic acid 

self-assembled monolayers [29,30]. In addition, the surface 

roughness estimated by the root mean square height deviation (Rq) 

[31] has a value of 18.6 for GCE/CNO and 6.9 for GCE. Therefore, 

the intermolecular interactions can also be favoured by the roughness 

of the surface that allows multiple orientations of the FcCH2OH 

molecules (Scheme 5.1). In the case of GC, the absorption of 

FcCH2OH is considerably lower due to the absence of aromatic 

structure and polar functional groups and its low roughness as 

compared to GCE/CNO.  
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Scheme 5.1. Possible modes of interaction of FcCH2OH with the 

GCE/CNO surface. 

5.4. Conclusions 

In conclusion, in this Chapter, we demonstrated the distinct 

electrochemical behaviour of [Fe(CN)6]
3- and FcCH2OH redox 

probes at glassy carbon electrodes modified with CNOs. Cyclic 

voltammetry analysis indicated a weak adsorption of the reduced 

form of FcCH2OH takes place on the GCE/CNO electrodes and at 

higher extension than on bare GCE. The surface coverage of 

FcCH2OH on GCE/CNO was found to be 4.3×10-9 mol cm-2 

indicating the formation of a multilayered arrangement and was 14-

times greater than on GCE. The positive Laviron’s lateral interaction 

parameters (vGθT = 0.21) and high heterogeneity factor according to 

the Sips model (h = 2.1) are indicative of the adsorption of FcCH2OH 

on a rough surface, which was explained considering - and 

perpendicular CH- interactions between the cyclopentadienyl rings 

and the fullerenic structure of CNOs and hydrogen bonding 
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interactions between the oxygen containing groups of CNOs and 

FcCH2OH. Our results highlight the importance of considering the 

adsorption of the redox species to interpret the physical and kinetic 

parameters of these systems. They could also help to explain the 

signal enhancements observed in electrochemical CNO-based 

(bio)analytical systems. This enhancement has been associated with 

the increase in surface area, semi-metal properties and the presence 

of structural defects on the CNOs that enhance electron transfer 

process without accounting the adsorption of the redox organic 

labels.  
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    Chapter 6 

Electrocatalytic properties of thin films of pristine and 

oxidized carbon nano-onions5 

6.1. Introduction 

Carbon materials (CMs) are promising candidates for many 

(electro)catalytic applications [1,2]. Their structural and surface 

functional group diversity result in excellent catalytic activities as 

compared to some industrial transition-metal based catalysts [3]. 

Additionally, CMs are more abundant, have low cost, and present 

relatively high chemical stability and tunable properties [4]. Thus, for 

the seek of sustainability in energy conversion systems and chemical 

industry, CMs are intensely studied to replace transition-metal based 

catalysts. 

Like other CMs, CNOs are also competitive candidates as metal-free 

(electro)catalysts for different chemical and technological process. 

For example, CNOs have been applied as catalyst to the ethylbenzene 

dehydrogenation and phenolic oxidation, showing better catalytic 

performance than other CMs [5,6]. Nitrogen and boron doped CNOs 

have been used as electrocatalyst for the oxygen reduction reaction 

which is a very important reaction in fuel cell technologies [7,8]. 

More recently, CNOs modified with nitrogen and sulfur 

demonstrated enhanced enzymatic-like electrocatalytic activity 

toward hydrogen peroxide compared to the activity of pristine CNOs 

 
5 This Chapter is part of a published work in J.C. Zuaznabar-Gardona, A. Fragoso, 

Electrochimica Acta, 353 (2020) 136495. 
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[9]. On the other hand, the electrocatalytic properties of CNOs have 

been explored to the simultaneous detection of dopamine, uric acid 

[10] and nitrite ions [11] in presence of ascorbic acid. Despite these 

achievements, the origin of the catalytic behavior of CNOs remain 

elusive and controversial [3]. Thus, new studies to address in more 

details the structure-properties relationship of these materials are 

required. 

In this Chapter, we studied the electrocatalytic properties for the 

reduction of O2 to H2O2 and the oxidation of H2O2, ascorbic acid 

(AA), dopamine (DA) and uric acid (UA) at CNO, CNO-RF and 

CNO-OXI modified electrodes. We compared the resulting 

electrocatalytic properties of these surfaces and correlated them with 

their surface chemistry. 

6.2. Materials and methods 

H2O2 (30%), NaH2PO4, HClO4 (60%), nitric acid, sulfuric acid, KCl, 

dimethylformamide (DMF), dopamine hydrochloride, uric acid 

sodium salt and sodium ascorbate were purchased from Sigma-

Aldrich (Spain), and were used as received. All solutions were 

prepared with double distilled water (18.2 MΩ cm) obtained from a 

Milli-Q® system (Millipore, Madrid, Spain). CNOs were prepared 

by thermal annealing of nanodiamonds and further oxidized by radio 

frequency Ar/O2 plasma, and chemically oxidized as previously 

reported [12,13]. 

All electrochemical measurements were obtained using a PC-

controlled CHI 660A electrochemical workstation (CH Instruments, 

Austin, USA) with a three-electrode cell configuration. A platinum 
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wire was used as counter electrode and a commercial Ag/AgCl (sat) 

electrode serves as reference electrode. Glassy carbon electrodes (CH 

Instruments model CHI104, 3.0 mm diameter, 0.07 cm2 geometric 

area) coated with pristine CNO, radio frequency Ar/O2 plasma 

oxidized CNO (CNO-RF) or chemically oxidized CNO (CNO-OXI) 

films were used as working electrodes. 

6.2.1. Electrode preparation 

Prior to modification, bare GC electrodes (GCE) were first manually 

smoothed with emery paper # 600 followed by polishing to a mirror 

finish with 0.3 μm alumina slurries. The polished GCE were 

sonicated in Milli-Q® water for 5 min and dried under a stream of 

nitrogen. GCE were modified by drop-casting a homogeneous 

dispersion of CNO, CNO-RF or CNO-OXI in DMF (4 mg mL-1) 

prepared using an ultrasonic-bath for 30 minutes. To obtain a thin 

layer of CNO, CNO-RF or CNO-OXI, 1 µL of the dispersion was 

cast twice on the surface of the electrodes and dried in an oven at 

80ºC under DMF atmosphere for 30 minutes. This procedure was 

used to avoid the formation of the so called coffee-ring effect which 

results in non-homogeneous films [14]. 

6.2.2. Oxygen reduction at CNO, CNO-RF and CNO-OXI 

modified electrodes 

Linear sweep voltammetry (LSV) was used to study the oxygen 

reduction reaction (ORR) at the CNO, CNO-RF and CNO-OXI 

modified electrodes in HClO4 (0.1 mol L-1) as supporting electrolyte. 

The potential was scanned from 0.6 V to -1 V at 10 mV s-1. The 
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HClO4 solution was saturated with N2, air and pure O2 for 

background and faradaic measurements, respectively. 

6.2.3. Amperometric detection of hydrogen peroxide at CNO, 

CNO-RF and CNO-OXI modified electrodes 

The determination of H2O2 was performed in 15 mL phosphate buffer 

(PB) (0.1 mol L-1, pH 7) with constant stirring at a potential of 0.7 V 

and 25 °C. After the current reached steady state, increasing amounts 

of H2O2 were added to PB every 1 minute. The current vs c(H2O2) 

calibration curves were constructed from triplicate measurements. 

6.2.4. Electrocatalytic oxidation of ascorbic acid, dopamine and 

uric acid at GC surfaces modified with CNO, CNO-RF and 

CNO-OXI 

The electrocatalytic oxidation of ascorbic acid, dopamine and uric 

acid was assessed by CV and differential pulse voltammetry (DPV) 

in the potential range between −0.2 V to 0.6 V in 0.1 mol L-1 PB pH 

7. CV were performed at 50 mV s-1. DPV parameters were set as 

follows: increment potential of each pulse= 0.005 V, amplitude= 0.05 

V, pulse width= 0.05 s, sample width = 0.025 s and pulse period = 

0.2 s. The calibration plots were constructed from the DPV peak 

responses at -0.05, 0.15 and 0.28 V for AA, DA and UA, respectively 

at increasing concentrations of the three analytes. 
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6.3. Results and discussion 

6.3.1. Oxygen reduction reaction at GC surfaces modified with 

CNO, CNO-RF and CNO-OXI 

Oxygen reduction reaction (ORR) is an important reaction involved 

in many (bio)electrocatalytic processes and proton-exchange-

membrane fuel cells. Although platinum-based catalysts are used to 

improve the kinetics of ORR, the high cost, low stability, CO 

poisoning and scarcity of platinum limit the practical and commercial 

applications of these catalysts. Alternatively, carbon-based materials 

are interesting alternatives because of their abundance, low cost, 

chemical stability and tunable properties which in turns can greatly 

reduce the cost and increase the efficiency of energy storage devices 

like fuel cells [4]. Thus, we examined the electrocatalytic activity of 

CNO, CNO-RF and CNO-OXI for ORR in acidic media. Linear 

sweep voltammograms (LSVs) at 10 mV s-1 in N2 and O2 saturated 

0.1 mol L-1 HClO4 solutions were recorded at unmodified and CNO, 

CNO-RF, CNO-OXI modified GC electrodes. Figure 6.1a 

summarizes the results acquired in O2 saturated 0.1 mol L-1 HClO4. 

Experiments in N2 saturated solutions gave no response except for 

the breakdown of solvent (see inset of Figure 6.1a). GCE and 

GCE/CNO electrodes showed little responses for ORR at -0.48 and -

0.40 V, respectively,  which occurred very close to the breakdown of 

solvent at -0.60 V. In contrast, GCE/CNO-RF and GCE/CNO-OXI 

electrodes presented a defined peak at -0.38 and -0.16 V, 

respectively, corresponding to the reaction: 

 O2 + 2H+ + 2ē → H2O2 
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This represents a 0.10 and 0.32 V decrease in the ORR overpotential 

with respect to the GCE surface, which indicates a better 

electrocatalytic activity of these surfaces. 

 

Figure 6.1. a) Linear sweep voltammograms (LSVs) of O2 saturated 0.1 

mol L-1 HClO4 solution at CNO, CNO-RF and CNO-OXI modified GC 

electrodes. The potential was swept from 0.6 to -0.8 V at 10 mV s-1. Inset: 

LSVs at GCE/CNO-OXI electrode recorded in N2, air and O2 saturated 

HClO4. b) Schematic representation of the steps involved on the oxygen 

reduction at GCE/CNO-OXI electrodes. 

From Figure 6.1a, it could be inferred that the oxidation of CNO 

facilitates the reduction of O2 to H2O2 in acid media. It has been 

demonstrated that the presence of oxygen containing groups on 

carbon materials favor their electrocatalytic activity for ORR in 

acidic media [15–17]. Carbonyl groups favor O2 adsorption on the 

carbon catalyst surface because of the electrophilic character of their 

carbonyl carbon atoms resulting in the formation of Csurface-OOH 

adducts. Carboxylic groups form hydrogen bonds with the oxygen 

atoms that are directly bound to the catalyst surface which in turn 

weakens the Csurface-OOH bonds (Figure 6.1b). As a result, O2 

reduction goes through a two-electron pathway with the formation of 

H2O2 rather that the four-electron pathway leading to reduction to 

water [18]. 
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The reduction of O2 at GCE/CNO-OXI  occurred at a more positive 

potential (-0.16 V), than at other carbon materials such as MWCNT 

(-0.35 V), CNO polymeric composites (-0.30 V), graphene 

nanoflakes (-0.40 V) and pyrolytic graphite (-0.40 V) [19,20]. These 

results suggest that oxidized CNO might have great promise as metal-

free electrocatalyst for the electrogeneration of H2O2 at low potentials 

as well as for O2 sensing [21,22]. 

6.3.2. Electrochemical detection of H2O2 at GC surfaces modified 

with CNO, CNO-RF and CNO-OXI 

H2O2 is widely used in pharmaceutical, environmental, industrial and 

academic research. In the field of enzymatic biosensors, the detection 

of H2O2 is very important since it is the by-product of reactions 

catalyzed by oxidase enzymes. 

GC electrodes modified with CNO, CNO-RF and CNO-OXI were 

tested as new platform to detect H2O2 in solution. The 

electrochemical oxidation of H2O2 at bare and modified electrodes 

was investigated by cyclic voltammetry and chronoamperometry. 

Figure 6.2a shows cyclic voltammograms recorded in 1.2 mmol L-1 

H2O2 in 0.1 mol L-1 PB pH 7 at GC, GCE/CNO, GCE/CNO-RF and 

GCE/CNO-OXI electrodes. In all modified electrodes, the oxidation 

current at about 0.7 V was higher than at bare GCE. In the case of 

GCE/CNO-OXI, a clear anodic peak at 0.58 V was observed. The 

lower oxidation potential of H2O2 at GCE/CNO-OXI indicates an 

electrocatalytic effect of CNO-OXI toward oxidation of H2O2. It has 

been demonstrated that increasing the amount of oxygen functional 

groups on carbon materials, in particular carboxylic acid moieties, 
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leads to an improved analytical performance toward the 

electrochemical oxidation of H2O2 [23]. Additionally, the adsorption 

of H2O2 on the electrode surface also influences its electrochemical 

oxidation [24]. This was corroborated by further experiments where 

carboxylic moieties were modified with ethanolamine and Methylene 

Blue was adsorbed on the surface of GCE/CNO-OXI electrodes. 

Each modification resulted in a reduction of about 40% the sensitivity 

toward H2O2. 

 

Figure 6.2. a) CVs of 1.2 mmol L-1 H2O2 using unmodified and CNO, 

CNO-RF, CNO-OXI modified GC electrodes at 10 mV s-1. b) 

Chronoamperometric response at 0.7 V (vs. Ag/AgCl) to consecutive H2O2 

additions under steady-state conditions using the indicated electrodes. c) 

Calibration plot obtained from the chronoamperometric experiments. 

Measurements were taken in 0.1 mol L-1 PB pH 7. 

The analytical performance of CNO modified electrodes to detect 

H2O2 was further studied by chronoamperometry. Figure 6.2b shows 

the current responses at 0.7 V of unmodified and CNO, CNO-RF, 
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CNO-OXI modified GC electrodes toward different H2O2 additions. 

All modified electrodes presented an enhanced electrochemical 

response compared to the unmodified GCE. The analytical sensitivity 

(taken as the slope of the calibration curve shown in Figure 6.2c) 

increased from 20.4 ± 0.3 μA μmol−1 L cm−2 at GCE to 120 ± 1 μA 

μmol−1 L cm−2 at GCE/CNO. Further sensitivity enhancement was 

achieved by using GCE/CNO-RF (197 ± 1 μA μmol−1 L cm−2) to 

reach a value of 1000 ± 3 μA μmol−1 L cm−2 at GCE/CNO-OXI. This 

means that the modification of GCE with CNO-OXI led to a 50-fold 

signal enhancement toward H2O2. These sensitivity values are 

considerably higher than those recently reported for H2O2 detection 

using activated screen-printed electrodes [23]. 

6.3.3. Electrocatalytic oxidation of ascorbic acid, dopamine and 

uric acid at GC surfaces modified with CNO, CNO-RF and 

CNO-OXI 

Ascorbic acid (AA), dopamine (DA) and uric acid (UA) are 

biomolecules that undergo two-proton/two-electron oxidation 

reactions that take place at almost the same potential at the surface of 

conventional electrodes. The individual resolution of these redox 

processes is frequently used to assess the electroactivity and quality 

of carbon-based electrodes. Thus, we also investigated for the first 

time the electrocatalytic oxidation of AA, DA and UA at CNO, CNO-

RF and CNO-OX modified electrodes. 

Figure 6.3 shows CVs and DPVs for the oxidation of AA, DA and 

UA in 0.1 mol L-1 PB pH 7 containing 0.5 mmol L-1 AA, 0.1 mmol 

L-1 DA and 0.2 mmol L-1 UA at bare and CNO modified electrodes. 
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Overall, the anodic peak currents obtained at GCE/CNO, GCE/CNO-

RF and GCE/CNO-OXI were higher than those at bare GCE, 

indicating a better electrocatalytic activity toward these molecules. 

The best resolved response for AA, DA and UA was obtained at 

GCE/CNO electrodes in comparison with the other tested electrodes. 

The peak separations of AA-DA and DA-UA were 200 mV and 133 

mV, respectively. The electrooxidation of AA, DA and UA at 

GCE/CNO electrodes occurs at ~0.0, 0.20 and 0.33 V vs Ag/AgCl, 

respectively. These values are shifted to lower potentials than the 

obtained using other modification strategies[25,26]. In the case of 

DA, the anodic and cathodic peak separation was reduced in 10 mV, 

indicating an enhanced electron transfer at CNO modified GC 

electrodes. On the other hand, the peaks obtained at GCE/CNO-OXI 

electrodes presented certain degree of overlapping which hinders the 

resolution of the individual redox process of AA, DA and UA.  

The differences in the electrochemical activity of DA, UA and AA 

over the CNO electrode surfaces can be explained by the modes of 

molecular interaction of the analytes and the electrode surface. AA 

molecules interact through H-bond formation with the oxygenated 

groups presented in the CNO and CNO-RF [12]. These functional 

groups make feasible the electron transfer process [25]. Thus, the AA 

oxidation is observable and occurs at lower potential than at GC 

electrodes. For DA and UA π–π interactions with the sp2 network of 

CNO are also possible [27]. Thus, the availability of DA and UA near 

or on the electrode surface is increased and the peak currents also 

increase. However, the peak position was similar than that at GC 

electrodes, indicating that the electron transfer was not altered.  
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Figure 6.3. a) CVs and b) DPV responses at GCE, GCE/CNO, GCE/CNO-

RF and GCE/CNO-OXI electrodes in 0.1 mol L-1 phosphate buffer pH 7 

containing 0.5 mmol L-1 AA, 0.1 mmol L-1 DA and 0.2 mmol L-1 UA. c) 

DPV response at GCE/CNO electrodes to simultaneous addition of AA, DA 

and UA in 0.1 mol L-1 phosphate buffer pH 7. d) Corresponding calibration 

plots with increasing AA, DA and UA concentration. Inset: linear 

relationship between the oxidation peak current and the concentration of 

AA, DA and UA obtained from curve d). 

At the GCE/CNO-OXI surface, DA molecules can experience 

electrostatic attraction with the carboxylate ions anchored on the 

electrode surface since the amine group of DA (pKa = 10.5) is 

positively charged at pH 7 [28]. Thus, the amount of DA on the 

electrode surface is increased. As a result, the peak current for the 

oxidation of DA enhances ~10 , 5- and 2.5-times respect to GCE, 

GCE/CNO-RF and GCE/CNO electrodes, respectively. The 

overlapping of the DA and UA oxidation peaks is an undesirable 

side-effect of the increment of the number of DA molecules on the 

GCE/CNO-OXI electrode surface. The closer the DA molecules are, 
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the higher repulsive intermolecular interactions, and then, a broader 

peak is observed [26]. As a result, the individual redox process of DA 

and UA are not well-resolved at the GCE/CNO-OXI electrode 

surface.  

It is known that AA, DA and UA are important molecules in 

neurochemistry and , pharmaceutical and food industry. Thus, we 

explore the possibility to detect simultaneously AA, DA and UA 

using the GCE/CNO electrode, in which the best separation between 

the individual redox processes of AA, DA and UA is observed. Since 

the DPV method exhibits a much higher current sensitivity and better 

resolution than cyclic voltammetry, it was used in the determination 

of the three analytes [29]. As shown in the Figure 6.3c, on successive 

addition of AA, DA and UA, the corresponding oxidation peaks 

remained well resolved and the peak currents increased with an 

increase in the concentration of the three molecules. The 

proportionality of the peak current with respect to the concentration 

in simultaneous addition of AA, DA and UA are shown in Figure 

6.3d. Electrochemical signals were tolerated with each other up to 

800 µmol L-1 AA , 100 µmol L-1 DA and 100 µmol L-1 UA. After this 

concentration the peak current response became nonlinear due to the 

saturation of the electrode surface. 

The linear calibration plot for AA, DA and UA are presented in the 

inset of Figure 6.3d. The calibration plots followed the regression 

equations jAA (mA cm-2) = 0.00175cAA (µmol L-1) + 0.027, jDA (mA 

cm-2) = 0.0228cDA (µmol L-1) + 0.21, and jUA (mA cm-2) = 0.0318cUA 

(µmol L-1) − 0.15. The limit of detection (LOD) and limit of 
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quantification (LOQ) were calculated as 3.3×σ/S and 10×σ/S, where 

σ is the standard deviation in the blank signal and S the sensitivity 

[30]. Based on this method the theoretical LOD are 1.81, 0.45, 0.32 

µmol L-1 and LOQ were 5.50, 1.37, 0.96 µmol L-1 for AA, DA and 

UA, respectively. The comparison of the analytical performance at 

the GCE/CNO electrodes with other reported systems is summarized 

in Table 6.1. It can be seen that the GCE/CNO electrodes possess 

improved or comparable analytical performance that other more 

complex systems. Furthermore, since the physiological range for AA, 

DA and UA are 28-85 [31], 0.05-0.7 [30], and 240-520 µmol L-1  [32] 

, respectively, the proposed system might be applied to the individual 

or simultaneous determination of these three analytes in biological 

samples or other matrixes  with high sensitivity and selectivity. 

Table 6.1. Comparison of analytical performances of different 

electrochemical sensors based on carbon nanomaterials for the 

simultaneous determination of AA, DA and UA. 

Electrode 
LDR (μmol L-1) LOD (μmol L-1) Det 

Ref. 
AA DA UA AA DA UA B P 

Pd/CNF 
50–

4000 

0.5–

160 

2–

200 
15 0.2 0.7 +  + [33] 

MWCNTs/

PEDOT 

100–

2000 

10–

330 

10–

250 
100 10 10 - - [34] 

CCE/MWC

NTs 

15.0

–800 

0.50

–100 

0.55

–90 
7.7 0.31 0.4 + + [35] 

GCE/MWC

NTs/Fe(III)

P 

14–

2500 

0.7–

3600 

5.8–

1300 
3.0 0.09 0.3 + - [36] 

GCE/SWN

CTs/PPyox 

20–

1000 
1–50 

2–

100 
4.6 0.38 0.7 - - [37] 

GCE/SWN

CTs/CPB 
- 

4–

1200 
2–90 - 0.6 7.0 - + [38] 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 

 

137 

 

Table 6.1. Comparison of analytical performances of different 

electrochemical sensors based on carbon nanomaterials for the 

simultaneous determination of AA, DA and UA (Continuation). 

Electrode 
LDR (μmol L-1) LOD (μmol L-1) Det Ref. 

AA DA UA AA DA UA B P  

GCE/ImAS

/erGO 

30–

2000 

0.1–

200 

20-

490 
10 0.03 5.0 + - [39] 

GCE/NG 
5–

1300 

0.5–

170 

0.1–

20 
2.2 0.25 - - - [40] 

GCE/CNO/

PDDA 

500–

3000 

100–

4000 

500–

3000 
- 1.0 - - + [41] 

GCE/CNO 
0–

800 

0–

100 

0–

100 
1.8 0.4 0.3 - - 

This 

work 

LDR: linear detection range, LOD: limit of detection, Det: 

determination B: body fluids, P: pharmaceutical samples, Pd: 

palladium nanoparticle, CNF: carbon nanofibers, MWCNTs: 

multiwalled carbon nanotube, PEDOT: poly(3,4-

ethylendioxythiophene), CCE: carbon-ceramic electrode, Fe(III)P: 

chloro[3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-

dipropanoato (2−)]iron(III), SWNTs: single-walled carbon 

nanotubes, PPyox: overoxidized polypyrrole, CPB: cetylpyridinium 

bromide, ImAS: imidazolium alkoxysilane, erGO: electrochemically 

reduced graphene oxide, NG: nitrogen doped graphene, CNO: carbon 

nano-onions, PDDA: poly(diallyldimethylammonium chloride). 

6.4. Conclusions 

In summary, we investigated and compared the electrochemical 

properties of pristine CNO, radio frequency Ar/O2 plasma oxidized 

CNO (CNO-RF) and chemically oxidized CNO (CNO-OXI) 

deposited on glassy carbon electrodes (GCE). The electrocatalytic 

response for the reduction of O2 to H2O2 was improved by increasing 

the amount of oxygenated species on the surface of CNO. In the same 

way, the sensitivity for the electrochemical detection of H2O2 was 

enhanced up to 50-fold respect to unmodified GC electrode by 

chemical oxidation of CNO. These results suggest that oxidized CNO 

might have great promise as metal-free electrocatalyst for different 
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reactions. Simultaneous detection of ascorbic acid, dopamine and 

uric acid was performed by differential pulse voltammetry at CNO, 

CNO-RF and CNO-OXI modified electrodes. The best analytical 

performance in terms of sensitivity and peak separation was achieved 

by using GCE/CNO electrodes. Moreover, the GCE/CNO electrodes 

possess improved or comparable analytical performance that other 

more complex systems used to detect these three analytes. The 

electrochemical data obtained here can serve as an all-important 

benchmark for CNO modified electrode performance. These results 

demonstrated that CNO are very promising materials for the 

electrochemical detection of different redox analytes. 
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Chapter 7 

A wide-range solid state potentiometric pH sensor 

based on poly-dopamine coated carbon nano-onion 

electrodes6 

7.1. Introduction 

pH measurements are probably one of the most common and frequent 

analyses performed for quality control in pharmaceutical, chemical 

and food industries. In clinical diagnostics, the pH of body fluids is 

an  indicator of how some organs are functioning [1–3], or can be 

correlated with the healing of wounds [4]. The most common 

methods to measure pH in aqueous solutions are the pH paper strips, 

which change their color depending on the pH, and the potentiometric 

method based on the glass electrode [5]. Other methods such as 

fluorescence, amperometry and conductimetry have also been 

reported, but they are less used [6–8]. 

Despite the glass electrode is the most extended pH sensor, it presents 

some drawbacks such as fragility, difficulty of miniaturization and 

frequent recalibration prior to use [9]. To overcome such limitations, 

new alternatives based on solid state electrodes have been developed 

[10,11]. They include the use of metal oxide-based electrodes [11–

14] and the electrodeposition of polymers on conductive substrates 

[15–17]. In these approaches, the potentiometric response toward the 

 
6 This Chapter was published in J.C. Zuaznabar-Gardona, A. Fragoso, Sensors 

and Actuators B: Chemical, 273 (2018) 664. 
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pH is caused by a local variation of electric charges as a result of the 

proton exchange between the surrounding solution and the surface of 

the metallic oxide [18], or with the functional groups of the 

electrodeposited polymers [19]. 

Polymers possess some advantages over metallic oxides as sensing 

element in solid state potentiometric pH sensors since their properties 

can be tuned by changing the functional groups in the backbone or 

lateral chains [15]. As the thickness of the polymer layers are 

relatively easy to control, the methods to deposit polymers are 

compatible with miniaturization and mass production [20]. The first 

experiments using polymers as potentiometric pH sensor were 

carried out by Heineman et. al. [10] They reported the 

electrochemical oxidation of 1,2-diaminobenzene leading to the 

formation of a polymeric film on platinum electrodes. The coated 

electrodes showed a near Nernstian response toward pH changes. 

Since those early experiments, different polymers containing acid or 

basic moieties have been reported for applications in pH sensing. 

Polyethylenimine [21], polypropylenimine [22], polyaniline [23]  

and polypyrrole [19] are the most representative examples. Those 

polymers were electrodeposited on platinum [22], gold [24], glassy 

carbon (GC) [15], carbon fibers [25], carbon nanotubes [26], 

graphene [27], or screen printed electrodes [28]. 

In 2007, Messersmith et al. reported the self-polymerization of 

dopamine in basic aqueous media in the presence of air [29]. The 

reaction leads the formation of a thin film of polydopamine (PDA) 

on the surface of virtually any material. Metals [30], metal oxides 
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[31], nanoparticles [32], lipid layers [33] and polymers [34] have 

been successfully coated with PDA. The main feature of PDA coating 

is the possibility to anchor different molecules via Schiff-base 

formation and/or Michael addition in a single step [35]. The huge 

volume of research work on surface coating with PDA demonstrates 

its versatility as a tool in materials science, biology, and biomedical 

fields [36]. In the case of (bio)sensors, it could be considered as a 

universal platform to anchor enzymes [37], antibodies [38], and 

nucleic acids [39] on different substrates with better efficiency than 

conventional immobilization methods (i.e. electrostatic interactions, 

carbodiimide chemistry, etc) [40]. 

Substrates can be coated with polydopamine by two general methods: 

i) immersing the substrates in a basic (pH = 8.5) aqueous solution of 

dopamine in contact with air during a period of time (> 3 hours) [29], 

and ii) potential sweeping of a conductive material dipped in a 

buffered (5 < pH < 7.4) solution of dopamine [41]. Recently, it was 

reported the possibility of polymerizing dopamine in acidic media 

[42] and, most recently, to carry out the reaction in protic organic 

solvents such as methanol and ethanol [43]. These results widen the 

application of PDA coatings. 

The structure of PDA is still in controversy. However, the most 

accepted structure is a copolymer containing indole rings with 

different (un)saturation degrees and open dopamine units (Scheme 

7.1a) [44]. Due to the presence of various acid and basic moieties that 

can be (de)protonated, it could be expected that electrodes modified 
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with PDA are responsive to pH changes. This has been exploited 

recently to construct a voltammetric pH sensor [45]. 

 

Scheme 7.1. a) Structure of polydopamine; b) General strategy for the 

modification of glassy carbon electrodes with CNOs and polydopamine. 

In this Chapter, we report a novel potentiometric pH sensor based on 

PDA films coated on carbon nano-onion modified glassy carbon 

electrodes (GCE/CNO). Polydopamine films were deposited by 

chemical and electrochemical oxidation of dopamine. The effect of 

the deposition methods on the potentiometric pH response of the 

electrodes modified with PDA is addressed and the results are 

compared with a commercial glass electrode. 

7.2. Materials and methods 

Dopamine hydrochloride, piperidine, ethanol, methanol (MeOH), 

dimethylformamide (DMF), KCl, K4[Fe(CN)6], K3[Fe(CN)6] and all 

reagents used to prepare buffer solutions were of analytical grade and 

purchased from Sigma-Aldrich. Solutions were prepared with double 

distilled water (18.2 MΩcm) obtained from a Milli-Q system 

(Millipore, Madrid, Spain). CNOs were prepared by annealing of 

nanodiamonds as previously reported [46].  
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Universal buffer (UB) solutions were prepared by dissolving 

appropriated amounts of citric acid, sodium acetate, sodium 

hydrogen phosphate, sodium tetraborate and boric acid, being each 

0.01 mol L-1. Phosphate buffers (PB, 0.01 mol L-1) were prepared by 

mixing different volumes of 0.01 mol L-1 Na2HPO4 and 0.1 mol L-1 

KH2PO4 solutions. pH values were adjusted with 2 mol L-1 NaOH or 

2 mol L-1 HCl. 

Potentiometric measurements were carried out at room temperature 

with an electromotive force (EMF) high input impedance EMF16 

multichannel data acquisition device from Lawson laboratories, Inc. 

(Malvern, USA). A double-junction Ag/AgCl (in 3 mol L-1 KCl with 

1 mol L-1 lithium acetate bridge) electrode from Metrohm AG 

(Herisau, Switzerland) was used as reference electrode. All the 

experiments were carried out in 0.01 mol L-1 UB. Cyclic 

voltammograms were obtained using a PC-controlled CHI 660A 

electrochemical workstation (CH Instruments, Austin, USA) with a 

three-electrode cell configuration. Glassy carbon electrodes (CH 

Instruments model CHI104, 3.0 mm diameter) coated with CNOs 

films (GCE/CNO) were used as working electrode. A platinum wire 

and Ag/AgCl(sat) were used as counter and reference electrodes, 

respectively. 

The pH values of the fabricated sensors were validated by 

comparison with a commercial combined pH electrode (5015T) 

coupled to a pH meter (Basic 20), both from Crison Instruments 

(Barcelona, Spain).  
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Environmental scanning electron microscopy (ESEM) was recorded 

in a Quanta 600 microscope (FEI Company, Inc.) under high vacuum 

at 25 kV. Samples were analyzed at a 10-mm working distance. 

Raman spectra were acquired with a Renishaw 2003 spectrometer 

operating at a wavelength of 514 nm) and 10 seconds of exposition 

time. The spectra were analyzed using Wire 3.2 software (Renishaw 

plc, United Kingdom). An ultrasonic tip (amplitude 60%, cycle 0.5, 

Ultraschall processor UP200S) was used to mechanically disperse 

CNOs. Static contact angles of deionized water on the various 

electrode surfaces were measured with an OCA15EC instrument 

equipped with DropImage Standard software. Measurements were 

made by delivering a 3 µL drop of Milli-Q water from a microsyringe 

onto the surface of the sample mounted on an illuminated horizontal 

stage. 

7.2.1. Electrode preparation 

GC electrodes were modified with CNOs (GCE/CNO) as it was 

described in Chapter 3 and it is show in Scheme 7.1b. 

7.2.2. Electrochemical polymerization of dopamine on 

GCE/CNO 

A PDA film was formed on the surface of GCE/CNO electrodes by 

electrochemical polymerization of dopamine in a buffer solution as 

reported previously with minor modifications [47]. Briefly, 

GCE/CNO electrodes were dipped in a solution containing 5 mmol 

L-1 of dopamine in PB 0.01 mol L-1 pH 6.5. Then, different potential 

cycles were applied to the electrodes between -0.4 to 1.5 V at 20 mV 

s-1. After that, the modified electrodes (denoted as GCE/CNO/e-
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PDA) were thoroughly washed with Milli-Q water, dried and stored 

at room temperature. 

7.2.3. Chemical polymerization of dopamine on GCE/CNO 

Modification of GCE/CNO electrodes with PDA film was also 

carried out by self-polymerization of dopamine in a protic organic 

solvent as reported recently [43]. GCE/CNO electrodes were 

immersed for different times in a solution containing 10 mmol L-1 of 

dopamine and 20 mmol L-1 of piperidine in methanol. After 

immersing for the desired time, the electrodes (denoted as 

GCE/CNO/c-PDA) were thoroughly washed with ethanol, followed 

by Milli-Q water. The GCE/CNO/c-PDA electrodes were dried and 

stored at room temperature. 

7.3. Results and discussion 

7.3.1. Polymerization of dopamine on GCE/CNO surfaces 

GCE/CNO electrodes were coated with a film of polydopamine 

(PDA) following two procedures: i) self-polymerization of dopamine 

in methanol, and ii) electropolymerization of dopamine using cyclic 

voltammetry. The self-polymerization procedure consisted in 

immersing the GCE/CNO electrodes in a mixture containing 

dopamine and piperidine dissolved in methanol for a defined period 

of time [43]. Under these conditions, the self-polymerization of 

dopamine takes places leading to the formation of a PDA film on the 

substrate. The surface of the GCE/CNO/c-PDA electrodes was 

remarkably more hydrophilic than that of unmodified GCE/CNO. 

The contact angle of a water drop on the surface of GCE/CNO/c-

PDA was reduced up 700 with respect to GCE/CNO (1440). This is a 
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direct result of the presence of polar groups on the surface of 

GCE/CNO/c-PDA because of the formation of the polydopamine 

film. 

The electropolymerization of dopamine using cyclic voltammetry at 

low scan rates was the second procedure used to coat the GCE/CNO 

electrodes with PDA. Successive voltammograms obtained in 5 

mmol L-1 dopamine in phosphate buffer pH 6.5 at GCE/CNO 

electrodes are shown in Figure 7.1a. The different peaks in the 

voltammograms are related with the redox processes that take place 

during the electropolymerization of dopamine [48]. The intensity of 

the peak at about 0.60 V continuously increased with the number of 

cycles. Such behavior reflects the continuous growth of PDA film on 

the surface of GCE/CNO. The modified surfaces (GCE/CNO/e-

PDA) were also hydrophilic (contact angle = 600). These facts 

indicate the successful coating of GCE/CNO electrodes with PDA 

film by electropolymerization. 

Raman spectroscopy is commonly used to characterize carbon-

derived structures [49]. Generally, two peaks are used for most of 

Raman spectroscopic analyses of carbon materials, the so-called D 

and G bands. Figure 7.1b shows the Raman spectra of GCE/CNO 

surfaces before and after modification with PDA. The spectra are 

dominated by the D and G bands, located at around 1340 and 1580 

cm-1, respectively. Both bands are very intense and well-defined 

which reflects the high quality and compactness of the CNO layer 

[50]. The ratio between the intensity of D and G bands (ID/IG) can be 

related with the degree of functionalization of CNOs [49]. After the 
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coating with PDA, the ID/IG ratio changed from 1.60 (unmodified 

GCE/CNO) to 1.74 and 1.67, in the case of self- and 

electropolymerization, respectively. This indicates a higher degree of 

functionalization in the case of self-polymerization with respect to 

the electrochemical procedure. ESEM images of PDA films 

deposited on GCE/CNO electrodes by electro- and self-

polymerization are provided in Figure 7.1c and d, respectively. A 

slightly smoother film is obtained in the case of 

electropolymerization while self-polymerization provides a rougher 

coating. 

 

Figure 7.1. a) Cyclic voltammograms for the electropolymerization of 5 

mmol L-1 dopamine in phosphate buffer pH 6.5 (scan rate was 20 mV/s). b) 

Raman spectra of GCE/CNO electrodes modified with PDA. ESEM images 

of PDA films deposited on GCE/CNO electrodes by c) electro- and d) self-

polymerization of dopamine. 
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7.3.2. Potentiometric pH measurements 

To evaluate the potentiometric response toward pH changes of 

GCE/CNO electrodes modified with PDA films, the redox behavior 

of PDA was investigated by cyclic voltammetry in solutions of 

universal buffer over a pH range of 1.50 to 10.50. Figures 7.2a and b 

depict cyclic voltammograms for the redox behavior of the PDA 

films deposited by electro- and self-polymerization on GCE/CNO 

electrodes, respectively. In both cases, anodic and cathodic peaks 

shift to more negative potentials as pH is increased.  

Insets of Figure 7.2 correspond to the plot of anodic peak position 

against pH values, showing a good linear relationship over the pH 

range studied. Cathodic peaks behaved similar as anodic peaks did. 

The slope of the plot of peak position against pH values were (58.3 ± 

0.9) and (60.1 ± 0.3) mV pH-1 for electro- and self-polymerization of 

dopamine, respectively. Thus, the PDA films deposited on 

GCE/CNOs electrodes have a Nernstian redox behavior which is pH 

dependent. 

 

Figure 7.2. Cyclic voltammograms of PDA films deposited by a) 

electropolymerization and, b) self-polymerization on GCE/CNOs 

electrodes in different universal buffer solutions at pH ranging from 1.50 to 

10.50. Insets: plots of anodic peak positions against pH. 
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Figures 7.3a and 7.3b depict the variations of electrode sensitivity 

(ΔEMF/pH) as a function of the self-polymerization time and the 

number of electropolymerization cycles, respectively. As can be 

seen, the sensitivity increases as both parameters increase to reach a 

maximum after 5.5 hours of polymerization or 50 potential cycles. 

These variations are due to the growth of the PDA film on GCE/CNO 

that increases the number of reactive groups on the electrode surface, 

with the corresponding increase in sensitivity. Thus, to obtain the 

highest sensitivity of the electrodes toward the changes of pH, the 

above values were used to coat the GCE/CNO electrode with PDA 

films in the following experiments. 

 

Figure 7.3. Variation of electrode sensitivity with a) the reaction time of 

self-polymerization, and b) the number of electropolymerization cycles. 

The variations of EMF with pH for GCE/CNO and GCE electrodes 

modified with PDA are shown in Figure 7.4. The pH was varied from 

1.7 to 10 by addition of aliquots of NaOH to the Universal Buffer 

solution. The GCE/CNO/c-PDA electrode showed an almost 

Nernstian potentiometric response of (53.1 ± 0.3) mV pH-1, a value 

slightly higher than that of GCE/CNO/e-PDA (51.3 ± 0.4 mV pH-1). 

Both responses were greater than those of the corresponding 

GCE/PDA electrodes (42.5 and 36.5 mV pH-1 for c- and e-PDA, 
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respectively) and GCE/CNO in the absence of PDA (6.9 mV pH-1). 

In all cases, the modified electrodes yield a stable signal in less than 

15 seconds which is enough for practical purposes. The presence of 

the CNO layer increases the sensitivity of the sensor, most likely by 

acting as a high-area conductive support that enhances the response 

of the PDA coating to pH changes. A comparison between the 

analytical performance of the proposed pH-sensor and similar in the 

literature are presented in Table 7.1. The potentiometric response of 

polydopamine films was similar to those of well-established 

electrodeposited polymers. 

 

Figure 7.4. a) Typical potentiometric time traces of GCE/CNO/PDA 

sensors as the pH is increased by addition of NaOH aliquots. b) Calibration 

plots for GCE/CNO/PDA sensors. 

Table 7.1. Comparison of the performance of the presented work and 

other electrodeposited polymers for pH sensing. 

Polymer Electrode 
Coating 

Method 

Slope 

(mV pH-1) 
S Ref. 

PDAB Pt CV 53 B [10] 

PEI Pt CV 42 B [21] 

PPI Pt CV 44 B [22] 

PANI 
GCE Drop-casting 53 B [23] 

CF CV 60 B [25] 
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Table 7.1. Comparison of the performance of the presented work and 

other electrodeposited polymers for pH sensing (Continuation). 

Polymer Electrode 
Coating 

Method 

Slope 

(mV pH-1) 
S Ref. 

PANI 

SWNTs Potentiostatic 58 B [26] 

SPE CV 58 B [28] 

GOx/G Drop-casting 40 B [27] 

PDA 

GCE 
CV 36 

B 

This 

work 

Self-P 42 

GCE/CNO 
CV 51 

B 
Self-P 53 

S: sample, B: buffered, PDAB: poly-(1,2-diaminobenzene), PEI: 

polyethylenimine, PPI: polypropylenimine, PANI: polyaniline, 

PDA: polydopamine, CF: carbon fibers, SWNTs: single-walled 

carbon nanotubes, SPE: screen-printed electrodes, GOx: graphene 

oxide, G: graphite, Self-P: self-polymerization. 

Repeatability is an important parameter in any sensor. It was 

addressed by performing different calibration curves using the same 

GCE/CNO electrodes modified with PDA by electro- or self-

polymerization (intrasensor repeatability). The results of three 

consecutive repetitions yield a sensitivity of (51.2 ± 0.2) mV pH-1 

and an intercept of (394 ± 8) mV in the case of electropolymerization. 

In the case of self-polymerization, the same experiment yield 

sensitivity of (53.4 ± 0.4) mV pH-1 and intercept of (360 ± 7) mV. 

(Figure 7.5a). These results are similar to those reported with other 

polymers [19].  
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Figure 7.5. a) Repeatability of the GCE/CNO modified with polydopamine 

films within the pH 1.70 to 6.30 range. b) Carry-over evaluation over pH 

6.35 to 8.36. 

In general, sensors should respond dynamically toward variations of 

the target analyte. To evaluate this, GCE/CNO electrodes modified 

with PDA films were sequentially immersed in solutions with 

different pH values. The results are shown in Figure 7.5b. The 

electrodes displayed an almost instantaneous and reversible response 

toward variation of the pH. No significant differences were observed 

in the dynamical response between electrodes modified following the 

two procedures for PDA coating. 

For further real applications, it is also necessary to evaluate the 

interference effect of common ions on the potentiometric response of 

the GCE/CNO electrodes modified with PDA. Table 7.2 shows the 

selectivity coefficient for Li+, Na+ and K+ ions calculated by the 

separated solutions method [51]. These results indicate that these 

monovalent ions do not affect the potentiometric response of the 

GCE/CNO/PDA electrodes. The evaluation of the selectivity 

coefficients for NH4
+, Mg2+, and Ca2+ ions was difficult since they 

were able to change the pH due to hydrolysis of their corresponding 

salts. 
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Table 7.2. Selectivity coefficients calculated by the separated 

solutions method for the GCE/CNO/PDA electrodes. 
 log 𝑲

𝑯+,𝑿

𝒑𝒐𝒕
 

Ions (X) GCE/CNO/c-PDA GCE/CNO/e-PDA 

Li+ -5.7 ± 0.1 -6.1 ± 0.1 

Na+ -5.8 ± 0.1 -5.7 ± 0.1 

K+ -5.9 ± 0.1 -6.0 ± 0.1 

The stability over time of sensors is another important parameter to 

take into account. The lifetime of the electrodes modified with PDA 

was evaluated by measuring their responses (i.e. sensitivity) toward 

pH variations in universal buffer solutions. The electrodes were 

stored at room temperature without any light-protection. The 

sensitivity values measured during four weeks are summarized in 

Table 7.3. As can be seen, the sensitivity values of the e-PDA film 

are essentially the same within the experimental error while the 

values of the c-PDA film show an increase of 5.3% in the first 3 

weeks. This could be ascribed to some re-organization of the PDA 

film with time, although in practice these variations could be 

compensated with a re-calibration of the sensor before use. In 

addition, the PDA coatings were stable in water for several months. 

Only in strong basic media (>1 mol L-1 NaOH), the polydopamine 

coating is destroyed, demonstrating the high stability of the PDA 

films.  

The response of the GCE/CNO electrodes modified with PDA by 

electropolymerization was quite stable during the period of time 

analyzed. In the case of the electrodes prepared by self-

polymerization, the sensitivity tended to slightly increase (~ 5%) 

during the period under study. This behavior indicates that the PDA 

film prepared by self-polymerization is further stabilized. 
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Table 7.3. Lifetime for the GCE/CNO/PDA electrodes 
 Sensitivity (mV pH-1) 

Weeks GCE/CNO/c-PDA GCE/CNO/e-PDA 

0 52.3  ±  0.8 51.5  ±  0.4 

1 53.3  ±  0.4 51.9  ±  0.7 

2 54.6  ±  0.5 51.8  ±  0.4 

3 55.1  ±  0.7 51.1  ±  0.4 

4 53.4  ±  0.3 50.5  ±  0.3 

After calibration, the GCE/CNO/PDA electrodes were used to 

measure the pH of five different buffered samples. The results were 

compared to the pH values obtained by using a commercial glass 

electrode. Figure 7.6 depicts a comparison of the results obtained for 

both methods. 

Figure 7.6. Comparison of pH values obtained for five buffered samples 

using GCE/CNO/PDA electrodes and the glass electrode. 

The results show an excellent correspondence between the pH values 

obtained using the GCE/CNO/PDA electrodes and those measured 

by the conventional glass electrodes. The effect of the ionic strength 

and buffer compositions on the performance of the sensor should be 

addressed in further studies.  
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7.4. Conclusions 

Glassy carbon electrodes were modified with carbon nano-onions 

and further coated with polydopamine films. Two procedures were 

employed: electro- and self-polymerization of dopamine. The 

modified electrodes were characterized by ESEM, Raman 

spectroscopy and cyclic voltammetry revealing a uniform coating of 

carbon nano-onions with PDA. The analytical performance of 

GCE/CNO modified with PDA was evaluated as potentiometric pH 

sensors. It is demonstrated that the electro- and specially the self-

polymerization of dopamine are suitable methods to produced PDA 

films as potentiometric transducers for pH changes. The CNO layer 

improves the potentiometric response of the PDA films by providing 

a high-area conductive support layer. The electrodes displayed an 

almost Nernstian potentiometric response toward changes of pH. 

Selectivity, repeatability and time stability were also evaluated as a 

function of the method to coat the CNO surface with PDA with 

negligible interference effects from monovalent cations, fast and 

reversible behavior toward variations of pH and good long-term 

stability. The sensor responses showed an excellent correspondence 

between the pH values obtained using the GCE/CNO/PDA electrodes 

and those measured with glass electrodes. These results are 

comparable to other reported devices based on electropolymerized 

amines over graphite and noble metal electrodes and have the 

advantage of an ease of fabrication and excellent reproducibility. 

Thus, coating CNOs with electrochemically responsive polymers is 

a new strategy to develop analytical devices and the results are very 
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promising for the miniaturization and integration of pH sensors in 

(bio)analytical devices. 
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Chapter 8 

Development of highly sensitive IgA immunosensors 

based on co-electropolymerized L-DOPA/dopamine 

carbon nano-onion modified electrodes7 

8.1. Introduction 

Immunoassays are undoubtedly useful analytical tools in today 

medical diagnosis and biochemical analysis. They are based on the 

specific affinity between an antibody and its corresponding antigen 

(e.g. antibodies, proteins, hormones, viruses, toxins, etc.) [1]. 

Various assay formats have been developed such as enzyme-linked 

immunosorbent assays (ELISA) [2], radioimmunoassay [3], time-

resolved fluorescence [4], flow injection [5], quartz crystal 

microbalance [6], surface plasmon resonance [7] and lateral flow [8]. 

Among them, ELISAs and lateral flow immunoassays are the most 

popular and widely used in research and medical laboratories. 

In recent years, electrochemical immunoassays have attracted great 

interest among industry and academy [9]. Their working principle 

relies on monitoring the specific recognition event between the 

capture antibody and its antigen by using an electrochemical 

technique [10]. Different reviews have summarized the practical 

aspects [11] and the various available architectures and transduction 

strategies to develop electrochemical immunoassays [9]. They are of 

 
7 This Chapter was published in J.C. Zuaznabar-Gardona, A. Fragoso, 

Biosensors & Bioelectronics, 141 (2019) 111357. 
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particular interest given the combination of specificity and selectivity 

of the immunoreaction with the sensitivity, short response times, low 

cost of instrumentation and possibility of lab decentralization offered 

by electrochemical techniques [12]. 

Nanomaterials have been successfully applied to develop novel and 

sensitive electrochemical immunoassays [13]. Noble metal 

nanoparticles, chalcogenides, metal oxide nanoparticles and carbon-

based materials could be used as platform for attaching the capture 

probes as well as labels of the secondary antibody [14]. The 

incorporation of nanomaterials in electrochemical immunosensors 

results in an enhancement of the sensitivity and improvement of the 

limit of detection. 

Carbon nanotubes and graphene are widely used as platforms to 

anchor biorecognition elements [15,16]. Recent bioanalytical 

applications of CNOs include their incorporation on a polymeric 

composite and gold nanoparticles to detect human chorionic 

gonadotropin [17] and carcinoembryonic antigen [18] have been 

reported. Additionally, as our group has previously demonstrated, 

CNOs greatly improve biosensor sensitivity by a combination of 

enhanced electron transfer rate and adsorption of redox labels 

[19,20].  

An important aspect in the development of electrochemical 

immunoassays is the immobilization of the biorecognition elements 

on the electrode surface in a way that provides a large immunoreagent 

load with optimal orientation and spacing [21]. Polymeric films 
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derived from catecholamines such as dopamine have recently been 

explored for the immobilization of a wide range of biomolecules [22]. 

Other catecholamines, such as 3-(3,4-dihydroxyphenyl)-L-alanine) 

(L-DOPA) which bears a carboxylic acid group have been rarely used 

for this purpose [23], while the copolymerization of catecholamine 

mixtures to anchor biomolecules has not been reported. 

In this Chapter, we explore the co-electropolymerization of L-DOPA 

and DA on glassy carbon electrodes covered with a film of oxidized 

CNOs and apply it to construct a novel and sensitive electrochemical 

immunosensor for immunoglobulin A (IgA). IgA antibodies are the 

second most prevalent immunoglobulin in circulation and its 

deficiency is related with different immune diseases [24]. 

Furthermore, IgA concentration is an indication of overall body 

condition and, in pathological situations, it may help in determining 

cancer staging and other diagnostic conditions [25]. 

8.2. Materials and methods 

Dopamine hydrochloride (DA), 3-(3,4-dihydroxyphenyl)-L-alanine) 

(L-DOPA), dimethylformamide (DMF), KCl, K4[Fe(CN)6], 

K3[Fe(CN)6], 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), sodium 

acetate, acetic acid, 97% sulfuric acid, ethanolamine, 2-(N-

morpholino)ethanesulfonic acid (MES), 3,3′,5,5′-

tetramethylbenzidine (TMB), anti-human IgA (µ-chain specific) 

antibody produced in goat (α-IgA), IgA from human colostrum, anti-

human IgA-peroxidase (α-IgA-HRP), human IgG, human IgE, 

bovine serum albumin (BSA), calf serum and skim milk were 
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obtained from Sigma–Aldrich and were used as received. Solutions 

were prepared with double distilled water (18.2 MΩ cm) obtained 

from a Milli-Q® system (Millipore, Madrid, Spain). CNOs were 

prepared and further oxidized as previously reported [26]. Phosphate-

buffered saline (PBS) and PBS with 0.05% v/v Tween 20 were made 

from tablets purchased from Sigma–Aldrich. Phosphate buffers (PB, 

0.01 mol L-1) were prepared by mixing different volumes of 0.01 mol 

L-1 Na2HPO4 and 0.01 mol L-1 NaH2PO4 solutions. pH values were 

adjusted with 1 mol L-1 NaOH or 1 mol L-1 HCl. 

All electrochemical measurements were obtained using a PC-

controlled CHI 660A electrochemical workstation (CH Instruments, 

Austin, USA) with a three-electrode cell configuration. Glassy 

carbon electrodes (CH Instruments model CHI104, 3.0 mm diameter) 

coated with oxidized CNO films (GCE/CNO-OXI) were used as 

working electrode. A platinum wire and Ag/AgCl(sat) were used as 

counter and reference electrodes, respectively. 

8.2.1. Electrode preparation 

GC electrodes were modified with CNO-OXI (GCE/CNO-OXI) as it 

was described in Chapter 3 and it is show in Scheme 8.1a. 

8.2.2. Electrochemical co-polymerization of catecholamines on 

GCE/CNO-OXI 

A poly(L-DOPA/DA) film was formed on the surface of GCE/CNO-

OXI electrodes by electrochemical polymerization of L-DOPA and 

DA mixtures (Scheme 8.1a). Briefly, GCE/CNO-OXI electrodes 

were dipped in a solution containing different molar ratios of L-

DOPA and DA in 0.01 mol L-1 PB pH 6.5. Then, 10 potential cycles 
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were applied to the electrodes between -0.5 to 1.5 V at 0.1 V s-1. After 

that, the modified electrodes (denoted as GCE/CNO-OXI/poly(L-

DOPA/DA) were stabilized by cycling 20 times the potential 

between -0.2 to 0.9 V at 0.1 V s-1 in 0.01 mol L-1 PB pH 6.5. Finally, 

the electrodes were thoroughly washed with Milli-Q® water, dried 

and stored at room temperature. 

 

Scheme 8.1. Schematic representation of the steps involved in: a) the 

modification of the GCE surfaces with CNO-OXI and poly(L-DOPA/DA) 

film, b) the attachment of aminoferrocene and, c) the construction of the 

two assay formats for the electrochemical detection of IgA antibodies. 

 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 
 

170 

8.2.3. Aminoferrocene modified GCE/CNO-OXI/poly(L-

DOPA/DA) 

GCE/CNO-OXI/poly(L-DOPA/DA) electrodes were immersed in a 

stirring solution containing 5 mmol L-1 of EDC and NHS in 0.1 mol 

L-1 MES buffer pH 5 for 30 min to activate the COOH groups of the 

poly(L-DOPA/DA) films. Then, the electrodes were stirred for 1 

hour in 250 µmol L-1 aminoferrocene (FcNH2) solution in PBS 

containing 10% v/v DMSO (Scheme 8.1b). The modified electrodes 

were thoroughly washed with Milli-Q water, dried with N2 and stored 

at room temperature. 

8.2.4. IgA immunosensor 

The carboxylic acid moieties of the GCE/CNO-OXI/poly(L-

DOPA/DA) were activated with EDC and NHS followed by 

immersion in 100 µg mL-1 α-IgA in PBS pH 7.4 for 1.5 hours at room 

temperature followed by 1% BSA in PBS pH 7.4 for 30 minutes 

(Scheme 8.1c). After washing with PBS solution to remove unbound 

molecules, electrodes were dried and stored at 40C before being used. 

8.2.4.1. Detection of IgA antibodies 

Label-free assay: The immunosensors were incubated with 200 µL 

IgA target in PBS pH 7.4 at different concentrations for 1 hour and 

rinsed with PBS. Differential pulse voltammograms were recorded 

between -0.2 and +1 V (vs. Ag/AgCl reference electrode) in 1 mmol 

L-1 [Fe(CN)6]
3-/4- in PBS pH 7.4. A calibration curve was constructed 

from the change in the DPV peak current before and after the antigen-

antibody reaction at different IgA concentrations. 
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Sandwich type assay: In this case, after the capture of IgA, the 

immunosensors were incubated with HRP-labeled anti-human IgA 

(1:1000 dilution) for 15 minutes followed by rinsing with PBS. 

Amperometric measurements were carried out at 0.2 V in a 5 mL 

electrochemical cell containing TMB liquid substrate in 0.1 mol L-1 

PB pH 6 (1:10 v/v) under stirring conditions at room temperature. 

Current values vs. IgA concentration were used to obtain the 

calibration plots.  

In all cases, control measurements were carried out with electrodes 

prepared in the absence of CNOs (GCE/poly(L-DOPA/DA).  

8.2.5. Colorimetric detection of IgA 

Nunc® 96-well polypropylene plates from Thermo Fisher Scientific 

(Madrid, Spain) were incubated overnight at 4°C with 100 µL of 10 

µg mL-1 α-IgA in carbonate buffer pH 9.6. After washing, the 

remaining active sites were blocked with 1% BSA in PBS at 37ºC for 

1 hour. After rinsing, 100 µL of IgA standards were added, incubated 

for 1 hour and washed. Detection was carried out by addition of 100 

µL of anti-human IgA HRP-conjugate (1:10 000 in PBS) for 15 

minutes. After washing and incubation with 100 µL of TMB for 10 

min, the reaction was stopped with 1 mol L-1 H2SO4 and the 

absorbance of each well was measured at 450 nm in a Wallac Victor2 

1420 multiplate reader from Perkin-Elmer. The washing steps 

consisted in soaking four times the wells with 200 µL of PBS with 

0.05% v/v Tween 20. 
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8.2.6. Analysis of spiked serum samples and stability study of 

GCE/CNO-OXI/poly(L-DOPA/DA)/α-IgA 

A calf serum sample was diluted with PBS pH 7.4 (1:100 v/v) and 

spiked with 70 and 1000 ng mL-1 of IgA and the current response was 

measured as described for the sandwich type assay. Recoveries were 

calculated by dividing the obtained currents with those expected from 

the corresponding calibration curve (Figure 8.4b).  

For the stability study, the biosensors were stored in StabilCoat® Plus 

Stabilizer (from Surmodics) for one week at 4ºC and 37ºC in order to 

test their stability in real time and under accelerated conditions. The 

sandwich assay was then constructed using 1000 ng mL-1 of IgA in 

PBS pH 7.4 and the current was measured and compared with the 

calibration curve.  

All measurements were carried out in triplicate in three freshly 

prepared biosensors. 

8.3. Results and discussion 

8.3.1. Electrochemical copolymerization of L-DOPA and DA 

mixtures on GCE/CNO-OXI 

CNO-OXI were prepared by nanodiamond annealing followed by 

acid oxidation and consist in ~5 nm nanoparticles with 5-6 graphitic 

layers (Figure 8.1a). The GCE/CNO-OXI electrodes were coated 

with a film of poly(L-DOPA/DA) by oxidative co-

electropolymerization of a mixture of L-DOPA and DA in a buffer 

solution using cyclic voltammetry. The ESEM image of the 

GCE/CNO-OXI/poly(L-DOPA/DA) electrode (Figure 8.1b) shows a 

UNIVERSITAT ROVIRA I VIRGILI 
Preparation and characterization of surfaces modified with carbon nano-onions. Biomedical and 
environmental applications 
Julio César Zuaznabar Gardona 



Julio C. Zuaznabar-Gardona Doctoral Thesis 
 

173 

markedly rough surface due to the CNO-OXI layer. The presence of 

the poly(L-DOPA/DA) coating was confirmed by XPS (Figures 8.1c 

and S1, Supplementary Material). As it can be seen from Figure 8.1c, 

the C 1s region can be peak-fitted into five components 

corresponding to C sp2 (284.4 eV, 11.6%), CHx/C=NH (284.8 eV, 

39.3%), C-O/C-NH (286.1 eV, 27.7%), COOH (288.3 eV, 19.4%) 

and the π-π* relaxation shake-up (291.2 eV, 2%) [27]. This spectrum 

markedly differs from that of GCE/CNO-OXI, in which C sp2 (284.3 

eV, 88.2%) is the major peak.  

 

Figure 8.1. a) HRTEM image of CNO-OXI. b) ESEM image of the 

GCE/CNO-OXI/poly(L-DOPA/DA) surface. c) High resolution XPS 

spectra in the C 1s region of GCE/CNO-OXI/poly(L-DOPA/DA) and 

GCE/CNO-OXI (inset). d) Cyclic voltammograms for poly(L-DOPA/DA) 

films deposited on GC and GCE/CNO-OXI electrodes in 0.1 mol L-1 acetate 

buffer pH 5.0. Scan rate is 0.1 V s-1. 
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Cyclic voltammograms of the first electropolymerization cycle in 10 

mmol L-1 phosphate buffer pH 6.5 with 1:0, 1:5, 1:10, 1:20 and 0:1 

L-DOPA:DA molar ratios are shown in Figure S2 (Supplementary 

Material). The peaks in the voltammograms are related with the redox 

processes that take place during the oxidative electropolymerization 

of catecholamines. In general, the intensity of the current peaks 

decreased cycle by cycle indicating a gradual decrease in the 

electrode activity toward L-DOPA and DA due to the 

electropolymerization of L-DOPA and DA on the GCE/CNO-OXI 

surface. 

The modified GCE/CNO-OXI/poly(L-DOPA/DA) electrodes 

display well-defined anodic and cathodic peaks centered at 0.40 V, 

assigned to a two-electron-two proton oxidation/reduction of 

quinone/hydroquinone moieties in the deposited film (Figure 8.1d). 

The pH dependence of the oxidation-reduction peak potential was 

confirmed by recording cyclic voltammograms at different pH 

(Figures S3a-b in Supplementary Material). Both peaks shifted to 

more negative potentials as pH was increased. This kind of pH-

dependent redox behavior has been applied for voltammetry and 

potentiometric determinations of pH [20,28]. The linearity observed 

between peak current and potential scan rates indicates that the 

quinone/hydroquinone redox conversion is surface confined, 

confirming the functionalization of the electrode surface with poly(L-

DOPA/DA) films (Figure S4 in Supplementary Material). 

Remarkably, the peak current intensities of GCE/CNO-OXI/poly(L-

DOPA/DA) were ~70-fold higher than those for GCE/poly(L-

DOPA/DA) electrodes. This marked difference in current values can 
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be explained considering that CNO-OXI increase the amount of 

electropolymerized catecholamines on the electrode because of a 

favorable adsorption of these molecules on the CNO-OXI modified 

surfaces as it was discussed in Chapter 6. Additionally, the presence 

of structural defects due to the chemical oxidation of CNOs favor the 

electron-transfer kinetics [29]. As a result, an enhancement of the 

current intensity of the electroactive species is observed when CNO-

OXI are incorporated as conductive layer on GC surfaces. 

 

Figure 8.2. a) Cyclic voltammograms of GCE/CNO-OXI/poly(L-

DOPA/DA) and GCE/poly(L-DOPA/DA) after covalent attachment of 

aminoferrocene in 0.1 mol L-1 NaClO4 at 0.1 V s-1. b) Plot of the anodic 

current of ferrocene-modified electrodes at different L-DOPA:DA ratios. 

All measurements were carried out in triplicate. 

Aminoferrocene (FcNH2) was used to estimate the L-DOPA:DA 

ratio that results in a poly(L-DOPA/DA) film with the highest 

number of available carboxylic acid moieties by attaching FcNH2 via 

carbodiimide chemistry (Scheme 8.1b). Cyclic voltammograms 

recorded in 0.1 mol L-1 NaClO4 showed a pair of anodic and cathodic 

peaks assigned to the ferrocenium/ferrocene (Fc+/Fc0) redox couple 

centered at 0.4 V (Figure 8.2a). The current intensities were also 

much higher in the case of electrodes incorporating CNO-OXI in 

comparison to GCE. The linear dependence of the current intensity 

with the scan rate indicates that the Fc+/Fc0 redox couples was 
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attached to the electrode surface (Figure S5 in Supplementary 

Material). 

Increasing the L-DOPA:DA molar ratio leads to increased anodic 

peak currents with a maximum at 1:10 L-DOPA:DA molar ratio 

followed by a further current as the L-DOPA:DA ratio increases 

(Figure 8.2b). This is explained considering that the DA residues 

spatially separate the carboxylic acid groups in the 

electropolymerized film up to an optimal ratio after which reducing 

the steric hindrance hampers further reactions. The interfacial 

concentration of immobilized ferrocene for this composition was 

(11.3 ± 0.4) nmol cm-2. This value is 4.7 times higher than that 

obtained for ferrocenehexanethiol immobilized on a maleimide-CNO 

surface [19] and only 30% lower to that reported for Fc covalently 

grafted to a three-dimensional poly(aminoethylphenylene)/MWCNT 

surface [30]. This indicates that the surface resulting from the co-

electropolymerization of the catecholamine mixture on the CNO 

surface contains a very large number of accessible carboxylate 

groups, at least for a small molecule like aminoferrocene. Thus, the 

1:10 L-DOPA:DA ratio was used in the further construction of the 

immunosensors. 

8.3.2. Fabrication of the electrochemical immunosensors for IgA 

detection 

The GCE/CNO-OXI/poly(L-DOPA/DA) electrodes were used as a 

platform to construct a label-free and a sandwich type 

electrochemical immunoassay to detect IgA antibodies based on 

immobilized anti-human IgA antibodies (Scheme 1c).  
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Different blocking agents (1% BSA, 1% skim milk and 1 mol L-1 

ethanolamine) were initially tested in order to minimize non-specific 

adsorption. The influence of the tested blocking agents on the signal 

response of the immunosensor in presence of [Fe(CN)6]
3-/4- before 

and after incubation of 500 ng mL-1 IgA is shown in Figure 8.3a. It is 

observed that the largest target/non-target current ratio was measured 

when 1% BSA was used and thus, it was selected as blocking agent 

for further work. Figure 8.3b shows the cyclic voltammograms in 

[Fe(CN)6]
3-/4- of the sequential steps leading to the preparation of the 

biosensor and after interaction with IgA. The CV of the GCE/CNO-

OXI/poly(L-DOPA/DA) surface showed well-defined anodic and 

cathodic peaks corresponding to the [Fe(CN)6]
3-/4- redox pair. These 

peaks are overlapped with the redox peaks of the quinone groups of 

the polymer, are slightly more intense and are displaced 20 mV to 

lower potentials with respect to GCE/CNO-OXI (see Figure S3c in 

Supplementary Material), indicating a more favored electron transfer 

process presumably due to the conjugated character of the polymer 

and the existence of protonated amino groups at pH 7.4. The 

immobilization of α-IgA antibodies followed by the blocking step 

using BSA caused a decrease in the current peaks due to steric 

hindrance from the immobilized α-IgA and BSA layer. A further 

decrease in peak currents was observed after incubation with IgA, 

suggesting the formation of the immunocomplex onto the electrode. 
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Figure 8.3. a) Effect of blocking agents on the DPV peak current of 1 mmol 

L-1 [Fe(CN)6]3-/4- in PB before (Inon-target) and after (Itarget) incubation with 

500 ng mL-1 IgA on GCE/CNO-OXI/poly(L-DOPA/DA)/-IgA electrodes 

(BSA: bovine serum albumin, MILK: skim milk, ETA: ethanolamine). All 

measurements were carried out in triplicate. b) Cyclic voltammograms for 

the steps involved in the construction of the IgA immunosensors in PBS 

containing 1 mmol L-1 [Fe(CN)6]3-/4-. 

8.3.2.1. Analytical performance of the IgA immunosensors 

The GCE/CNO-OXI/poly(L-DOPA/DA)/α-IgA and GCE/poly(L-

DOPA/DA)/α-IgA immunosensors were incubated with standard 

IgA solutions in concentrations ranging from 0 to 5000 ng mL-1. In 

the case of the label-free assay format, the change in the DPV peak 

current before and after the antigen/antibody immunoreaction (ΔI) 

was used as analytical output. For the sandwich assay format, the 

formation of immunocomplex was detected using HRP-labeled anti-

IgA conjugate, followed by the measurement of the anodic current 

produced during the oxidation of TMB.  

Figure 8.4 shows the calibration plots for IgA detection obtained with 

both formats in the presence and in the absence of CNO-OXI. A 

saturation of the immobilized capture antibody takes place at 5000 

and 1000 ng mL-1 of IgA for the label-free and sandwich assays, 

respectively.  
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Figure 8.4. Calibration curves for IgA obtained with GCE/CNO-

OXI/poly(L-DOPA/DA)/-IgA and GCE/poly(L-DOPA/DA)-IgA 

immunosensors using a) the label-free, and b) the sandwich assay formats. 

c) Normalized response of the GCE/CNO-OXI/poly(L-DOPA/DA)-gA 

immunosensor toward 40 ng mL-1 IgA, 40 ng mL-1 IgA+250 ng mL-1 IgG 

and 40 ng mL-1 IgA+20 ng mL-1 IgE. Each point is the average of the 

response obtained with three different biosensors. 

For both assay formats, the incorporation of CNO-OXI results in a 3-

order of magnitude enhancement of the assay sensitivity in 

comparison with the control surface in the absence of CNO-OXI. 

Assuming a linear behavior between 0–2500 ng mL-1 IgA, the 

sensitivity of the label-free biosensor was 5.6 nA∙ng∙mL-1, with a 

detection limit of 48 ng mL-1. In the case of sandwich format, the 

linear range was up to 250 ng mL-1 IgA, with a sensitivity of 16.1 

nA∙ng∙mL-1and LOD of 19 ng mL-1. These values are well below the 

clinically relevant lower cut-off value for the determination of severe 

serum IgA immunodeficiencies, which is when the IgA concentration 

is lower than 70 µg mL-1 [31]. The measurements were also very 
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reproducible, with standard deviations between 7 and 12% for 

measurements with three different sensors (inter-sensor 

reproducibility). A comparison between the analytical performances 

of reported IgA immunosensors with the proposed here is presented 

in Table 8.1. Compared with the ELISA assay and other reported 

sensors using the same immunoreagents, the proposed 

immunosensors exhibited an excellent sensitivity and linear range. 

To monitor the selectivity of the immunosensor, IgG and IgE 

antibodies that are naturally found in body fluids were investigated 

for their influence on the IgA detection at the usual concentrations 

they are found in the serum of healthy individuals. The results were 

compared with an IgA ELISA assay and are shown in Figure 8.4c. 

IgG resulted in ~8% lower signals while IgE gave slightly increased 

signals (7%) and in both cases the immunosensor responses to IgA 

were practically not affected by the presence of the tested 

interferences with respect to the ELISA assay. Other metabolites 

such as glucose (5 mmol L-1) and ascorbic acid (1 mmol L-1) did not 

interfere in the measurements. Calf serum samples spiked with 70 

and 1000 ng mL-1 of IgA gave signal recoveries of (96 ± 5) and (104 

± 5)% with respect to the value calculated from the calibration curve 

using the sandwich assay. This indicates that the proposed 

immunosensors are selective for IgA and are able to work in a 

complex matrix such as serum with minimal matrix effect.  
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Table 8.1. Comparison of the performance of the presented work 

with other IgA immunoassays 

SP SS MD 
LR 

(µg mL-1) 

LOD 

(ng mL-1) 

AT 

(h) Ref. 

P Det 

PAN Nepm Nepy 4 – 10.3 450 0 0.2 [32] 

SPE/ 

AuNP-

PEG 

[Fe(CN)6]3- SWV 0.087 – 1 0.5 15 0.75 [33] 

Au/ 

SAM 
HRP CA 0.5 – 5 170 4 0.5 [34] 

In-

house 

ELISA 

HRP 
UV-

Vis 

0.0016 – 

0.1 
4.2 15 1.25 

This 

work 

GCE/ 

CNO-

OXI/ 

poly(L-

DOPA-

DA) 

[Fe(CN)6]3- DPV 0-2.5 48 4.5 0.5 

This 

work HRP CV 0 – 0.25 19 4.5 1.25 

SP: sensing platform, SS: signal source, MD: methodology LR: linear 

range, AT: assay time, P: preparation, Det: detection, PAN: particle-

enhanced nephelometry, Nepm: nephelometer, Nepy: nephelometry  
CA: choronoamperometry. 

Finally, storage stability was studied for GCE/CNO-OXI/poly(L-

DOPA/DA)/α-IgA biosensors stored in a microarray stabilizer 

(StabilCoat® Plus) at 4ºC (real time) and 37ºC (under accelerated 

conditions). After one week, the biosensors stored at 4ºC resulted in 

essentially the same initial response within the experimental error, 

while those stored at 37ºC gave 90% of the initial signal. 

Extrapolating the stability under accelerated conditions to real time 

using an Arrhenius kinetic model [35], this indicates that the 

biosensors stored at 4ºC need 39 weeks (~10 months) to decrease 

their affinity by 10% in this buffer. Therefore, this novel surface 
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chemistry and the storage conditions used preserve antibody affinity 

facilitating long time storage and is in line with the stabilization 

observed for enzymes conjugated to CNOs [30]. 

8.4. Conclusions 

In this Chapter, we have developed a novel electrochemical 

immunosensor for the detection of IgA antibodies based on the co-

electropolymerization of L-DOPA and dopamine on CNO-OXI 

modified glassy carbon electrodes with label-free and sandwich 

detection. This novel surface provides a surface concentration of 

reactive carboxylic acid groups comparable to MWCNT-containing 

three-dimensional matrices, as evidenced by the immobilization of 

aminoferrocene by amidation reactions. The presence of the CNOs 

on the electrode surface in combination with the poly-catecholamine 

thin film increased the sensitivity of the developed electrochemical 

immunosensors by three orders or magnitude with respect to a poly-

catecholamine-only surface. This enhanced sensitivity has been 

attributed to a combination of high loading of immunoreagents and 

increased electron transfer rates provided by the CNO layer. The 

wide linear range and low limits of detection obtained with the two 

studied immunoassay formats allow the detection of serum IgA in 

healthy people as well as in IgA deficient patients with the additional 

advantage of an ease of fabrication and assay simplicity with respect 

to a classical ELISA assay. These interesting features make the 

GCE/CNO-OXI/poly(L-DOPA/DA) surface a convenient 

immobilization platform extensible to the analysis of other relevant 

biomarkers.  
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Supplementary material of Chapter 8 

 

Figure S1. XPS survey spectra (top) and high resolution XPS spectra 

(bottom) of GCE/CNO-OXI and GCE/CNO-OXI/poly(L-DOPA-DA) 

surfaces. 
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Figure S2. Cyclic voltammograms for the first electropolymerization cycle 

obtained for GCE/CNO-OXI electrodes in 0.1 mol L-1 PB solution 

containing different L-DOPA:DA molar ratios. Scan rate is 0.1 V s-1. 

 

 

Figure S3. a) Cyclic voltammograms of GCE/CNO-OXI/poly(L-DOPA-

DA) at pH 4.5, 6.6, 7.4 and 8.5. b) Plot of oxidation and reduction peak 

potentials as a function of pH corresponding to a). c) Cyclic 

voltammograms of GCE/CNO-OXI/poly(L-DOPA-DA) in PBS pH 7.4  and 

PBS containing 1mmol L-1 [Fe(CN)6]3-/4-. 
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Figure S4. a) Cyclic voltammograms of GCE/CNO-OXI/poly(L-DOPA-

DA) at 25, 50, 75, 100, 125 and 150 mV s-1 in 0.1 mol L-1 acetate buffer pH 

5. b) Linear relationships between anodic and cathodic current and potential 

sweep rate of quinone/hydroquinone redox couple. 

 

 

Figure S5. a) Cyclic voltammograms of GCE/CNO-OXI/poly(L-DOPA-

DA)-Fc at 25, 50, 75, 100, 125 and 150 mV s-1 in 0.1 mol L-1 NaClO4. b) 

Linear relationships between anodic and cathodic current and potential 

sweep rate of ferrocenium/ferrocene probe. 
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Conclusions and Future Work 

Carbon materials and in particular those with nanometric dimensions 

exhibit a large number of unique properties leading to unprecedent 

functions with numerous applications. As it was described in the 

previous chapters, CNOs present very interesting properties which 

makes them promising materials for a wide range of applications. 

Thus, the focus of the present doctoral thesis was to prepare and 

characterize surfaces modified with CNOs to develop electrocatalytic 

systems and electrochemical (bio)sensors for biomedical and 

environmental applications. 

In the first part of the present doctoral thesis, we studied the 

dispersibility, electronic structure, surface chemical composition, 

and electrochemical properties of CNOs. The dispersibility of CNOs 

was assessed in 20 solvent of different polarities to estimate the 

Hansen solubility parameters for CNOs using different optimization 

algorithms. These parameters were successfully used to predict the 

dispersion of CNOs in other solvents. The electronic structure and 

the surface chemical composition of pristine, physical and chemical 

oxidized CNOs were analyzed by using UPS and XPS. It was found 

that each oxidative treatment affects the electronic structure and the 

surface chemical composition of CNOs in different ways. The 

electrochemical properties of CNOs film were assessed by using 

outer- and inner-sphere redox probes. The results indicated the 

electron transfer kinetics for these probes were influenced by the 

nature of the functional groups on the electrode material, adsorption 
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processes and the electrostatic interactions between the redox probes 

and the surface of the different carbon nano-onions.  

In the second part of the thesis, we explored novel electrocatalytic 

properties and electrochemical (bio)sensing applications of CNOs. 

The electroreduction of O2 to H2O2 in acid media and the 

electrooxidation of H2O2 AA, DA and UA were investigated at 

electrodes modified with pristine and oxidized CNOs. A novel 

potentiometric pH sensor based on polydopamine films coated on a 

CNOs conductive surface was presented. Moreover, the co-

electropolymerization of DA and L-DOPA on CNOs modified 

electrodes were used as versatile platform to develop two 

electrochemical immunosensors to detect IgA antibodies. Overall, 

these examples demonstrate that CNOs enhance the electroactive 

properties of redox molecules and are thus promising materials for 

electrochemical detection and metal-free electrocatalysts of different 

reactions. Similarly, the incorporation of CNOs in the design of 

electrochemical (bio)sensors led to a significant improvement of the 

analytical performance of these devices. 

Future work 

-To evaluate the uses of CNOs on the development of enzymatic 

electrochemical biosensors. 

-To explore the electropolymerization of other monomers (like 

dihydroxybenzenes, phenylboronic acids, cyclodextrins, etc.) on 

CNOs modified electrodes to develop novel electrochemical 

platforms. 
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-To incorporate nanoparticles on CNOs modified electrodes to assess 

their catalytic performance in chemical reactions of industrial interest 

(e.g. oxidation of polyalcohols, nitrogen reduction, methanol 

oxidation, etc.).
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