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Carbon nano-onions (CNOs) promise to improve the range of
applications of carbon materials for electroanalytical applica-
tions. In this review, we explore the synthesis, characterization,
and electrochemical applications of CNOs. CNO-based sensors
present impressive features, including low detection limits in
the femtogram per milliliter range, a broad linear detection
range spanning up to 7 orders of magnitude, exceptional
selectivity, reproducibility, and stability. Synthetic methods and
characterization techniques for CNOs were thoroughly exam-
ined, shedding light on their pivotal role in biosensing
technologies. Comparative analyses with other carbon materials

underscore CNOs’ competitive performance, either surpassing
or matching many counterparts. Despite their relatively recent
integration in biosensing applications, CNOs exhibit comparable
or superior results concerning other carbon-based materials.
Indeed, the incorporation of CNOs into hybrid nanocomposites
has shown promising outcomes, indicating a synergistic
potential for future advancements in biosensing technologies.
Our review provides a broad approach to the application of
CNOs to the field, with emphasis on breakthroughs of the last
5 years.

1. Introduction

In recent years, there has been an increase in the study of
carbon nano-onions. Although such C allotrope did not receive
much attention at their discovery in 1980,[1] they have steadily
shown tremendous potential for multiple applications due to
their porosity and high surface area, mechanical stability, high
conductivity, and biocompatibility.

CNOs are formed by concentric carbon layers made of
fullerenes of diverse sizes. In general, CNOs consist of either
(i) quasi-spherical nanoparticles or (ii) polyhedral nanoparticles
displaying graphitic layers. In addition to typical hexagons,
pentagons, and heptagons are also present, as well as holes,
that allow the curvature of the carbon network to turn into an
onion-like shape. It is well established that the presence of
pentagons and heptagons have both a structural contribution
to yielding curved structures and also a chemical contribution
to the energetic stabilization of giant fullerenes.[2] Moreover,
CNOs structure allows the incorporation of different functional
groups on the surface, which improves the performance of such

materials in applications ranging from biosensing, energy
storage,[3] bioimaging,[4] or catalysis.[5–6] The undeniable progress
of nanoscience has pushed the use of multiple carbon nano-
structures in the field of electroanalytical chemistry. However,
CNOs remain the most underexplored among the different
carbon nanostructures existing nowadays. This is attributed to
the larger attention that has been paid to graphene and carbon
nanotubes (CNTs) mainly, but also to carbon nanodiamonds
(NDs) and nano-horns, while CNOs are surging as an interesting
and promising alternative.

This review focuses on the use of CNOs for electroanalytic
applications. Overall, electrochemical sensors allow for identify-
ing changes in electrical potential or current due to selective
transformations of specific analytes when in contact with a
modified electrode.[7] The unique properties exhibited by nano-
materials such as CNOs promote electron transfer reactions at
low potentials, allowing the sensitivity and selectivity of the
different electrodes used in biosensing. This is an area that is
still under development and increasingly evidences its future
projections for the fabrication of more efficient biosensors.
Herein, we focus on the different methods of synthesis,
characterization, and functionalization of CNOs for their
application in sensing, including a critical assessment of the
potential and limitations of their use in comparison with other
carbon-based nanomaterials.

This review is organized into 6 sections in addition to this
introduction. Section 2 provides an overview of the preparation
methods of CNOs; section 3 gives a detailed presentation of the
different characterization techniques that are typically em-
ployed for the characterization of CNOs, and the information
that can be retrieved has been carefully tabulated; section 4
provides an insight into the electron transfer properties of
CNOs-based electrodes, while section 5 provides a detailed
overview of the different architectures for biosensing; finally,
section 7 approaches a broad comparison of CNOs in the
context of the other carbon nanostructures and their use for
electroanalysis. Our work emphasizes the recent progress in the
literature, mainly covering the last 5 years, within the period
2020–2024, paying close attention to the latest progress in the
field.
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2. Synthesis and Modeling of CNOs

CNOs present a very particular and appealing structure,
consisting of concentric walls similar to fullerenes, forming
multi-walled motifs (Figure 1), typically.[8] Such carbon allo-
tropes were initially described by Ugarte et al., who synthesized

them by treating a sample of CNTs with intense irradiation with
an electron beam from a high-resolution electron microscope.[9]

Moreover, it has been shown that 200 keV electron irradiation
induces structural evolutions in CNOs, producing volume
shrinkage and collapsing of the onion-like structure, Y-junctions,
and vacancy lines.[10] The effect of electron irradiation in carbon
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nanostructures, including CNOs, is well understood, and the
reader interested can refer to the work of Banhart et al.[11–12]

CNOs also offer the possibility to encapsulate other
materials, which confers tremendous flexibility concerning
materials design. For example, N-doped CNOs may encapsulate
Co nanoparticles by mixing cobalt acetate and C10H15N5 ionic
liquid that was heated in an N2 furnace at different temper-
atures. Such a material performed well for oxygen reduction
and as anode electrodes for Li-ion batteries.[17] Likewise,
Ni@CNOs, Fe3C@CNOs, and Fe0.64Ni0.36@CNOs have been ob-
tained after the catalytic decomposition of methane, where
nickel, iron, and nickel-iron alloy were seeded for the growth of
such nanostructures, that found an excellent application for H2

storage.[18] CNOs also permit the encapsulation of high-spin
ferromagnetic γ-Fe50Ni50 nanoparticles obtained using ferro-
cene, nickelocene, dichlorobenzene, and sulfur as the
precursors.[19]

Interestingly, the conductivity of CNOs can be tuned from
the experimental conditions set during the synthesis, ranging
from 2 to 4 Scm� 1,[20] which is due to the possibility of tuning
the concentric multi-shells of CNOs. CNOs are also considered
to be more electroactive than other carbon nanostructures,
such as nanotubes (i. e., CNTs) and graphene, due to their
anisotropic surface and quasi-spherical structures.[21] Further-
more, the kinetics of electron transfer in electrochemical
reactions can be modulated by CNO morphology. In this regard,
we will analyze the electrochemical reversibility of redox probes
when in contact with CNO-based electrode surfaces (section 4).
Thus, polyhedral materials (Figure 1) exhibiting more reactive
sites (i. e., edge effect) have shown improved performance in
electrocatalysis.[22]

Currently, diverse synthetic approaches are implemented to
ensure stability and purity of the final product, as well as to
improve their electrochemical properties aiming at biosensing.
The most common strategies for the synthesis of CNOs include

arc discharge, nanodiamond annealing, flame synthesis, hydro-
thermal synthesis, microwave heating, laser ablation, chemical
vapor deposition (CVD), and soft chemistry methods (Figure 2).
Each of these synthetic methods will be discussed in more
detail below.

2.1. Arc Discharge

Arc discharge is one of the most widely used methods for
obtaining carbon nanoparticles worldwide due to its cost-
effectiveness and no vacuum requirement during synthesis.[25–30]

After arc discharge between two graphite electrodes immersed
in water (also known as submerged arc discharge), different
nanostructures are formed (Figure 2a). The CNOs obtained
present diameters between 5 and 50 nm and show a hydro-
phobic character, being therefore accumulated at the water
surface, which permits their simple separation and
purification.[31]

CNOs synthesized by arc discharge have exhibited en-
hanced electrochemical efficiency in electrochemical sensing
(e. g., neurotransmitters). However, their use in aqueous and
living systems is limited by the inherent hydrophobic character
of the materials obtained. In turn, such CNOs have allowed
rapid electron transfer rates, attributed to the rich density of
electronic states, close to the formal potential. This effect is
closely linked to the presence of functional groups and the
near-perfect spherical layered structure.[32]

2.2. Thermal Annealing

Annealing of nanodiamonds leads, in general, to well-structured
CNOs (Figure 2b), which are also insoluble in water. However,

Figure 1. Multi-walled structure of spherical and polyhedral CNOs. Scale bars of the TEM images were adapted and reproduced with permission from refs [13–
16]. Copyright © 2007 [13], © 2015 [14], © 2009 [15], and © 2008 [16], WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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this drawback can be overcome by covalent functionalization
with biomolecules and non-metallic compounds. Thus, NDs
annealing is one of the most widely used synthesis methods for
biosensing, rendering CNOs with improved electrochemical
performance in comparison to multilayer carbon nanotubes
(MWCNTs), graphite nanoflakes (CNFs) and glassy carbon (GC).
Furthermore, the resistance of such CNOs to biofouling, as well
as their enhanced stability, ensure stable electrode responses to
biomolecules.[20]

Radiofrequency Ar/O2 plasma oxidized CNOs (CNOs-RF)-
modified electrodes have demonstrated sensitivity to the
relative density of state, contrasting with chemically oxidized
CNOs (CNO-OXI)-modified electrodes where electron transfer
kinetics were improved by the electrostatic interaction with
surface functional groups.[33]

CNOs synthesized from nanodiamond annealing at 1300 °C
for 3 h in Ar flow enabled the generation of Pd-CeO2/CNOs
through sol-gel and impregnation methods. Therefore, the
combination of Pd nanoparticles with CNOs and CeO2/CNOs
increased the electrochemical performance of the hybrid
material in ethanol (Et) sensors.[34]

Nitrogen-doped CNOs (NCNOs) have been synthesized by
subjecting a mixture of CNOs with NH4Cl to temperatures
between 300 and 400 °C.[35] NCNOs can also be synthesized
directly by thermal annealing of aminated nanodiamonds at
temperatures above 1000 °C and reduced pressure.[20, 33–39] The
combination of NCNOs with gold nanoparticles (AuNPs) has
additionally rendered functional glassy carbon electrodes (GCE)
with enhanced electrocatalytic activity for biosensing, as well as

high sensitivity, selectivity, and stability for the determination of
acetaminophen.[39]

2.3. Pyrolysis

Pyrolysis is an alternative technique well described for the
synthesis of CNOs (Figure 2c). As an example, Dhand et al.
reported the free catalyst synthesis of CNOs by diffusion flames
using a mixture of liquefied petroleum gas and air. The final
product showed 70% purity, with densely agglomerated CNOs,
diameters between 30 and 40 nm, a high degree of graphitiza-
tion, and a large specific surface area,[40] which favors their use
in energy storage and improves the sensitivity of biosensors
fabricated therein.

On the other hand, the combination of gold nanoparticles
with CNOs has been frequently evaluated to improve the
electrochemical performance of such nanocomposites (Fig-
ure 3).

For example, Gowthaman et al. reported impregnation of
AuNPs on hydrophilic CNOs obtained by flame pyrolysis. The
AuNPs/CNOs were self-assembled on the surface of GCE with-
out binder or linker molecules. The obtained hybrid material
showed lower onset potential and higher oxidation current
than GCE or GC/CNOs. In addition, the AuNPs/CNOs composite
offered lower detection limits and high sensitivity, which
corresponds with high electronic conductivity.[42]

Figure 2. Methods used for the preparation of CNOs. (a) Particles obtained by arc discharge float on the surface due to their hydrophobic character.[21] (b)
Transformation of NDs to CNOs through thermal annealing.[23] (c) Green synthesis of CNOs from fish-scale waste.[21] Microwave heating generally conduces to a
mixture of particles. (d) Formation of CNOs by hydrothermal synthesis.[24] (e) Representation of the nucleation of graphene layers from inner metal
nanoparticles and subsequent growth of CNOs through Chemical Vapor Deposition (CVD).[21] Images were adapted and reproduced with permission from
refs. [21,23,24]. Copyright © 2024, [21], Advanced Materials published by Wiley-VCH GmbH. Copyright © 2016, [23], The Royal Society of Chemistry (Creative
Commons Attribution 3.0 Unported license, CC BY 3.0, https://creativecommons.org/licenses/by/3.0/). Copyright © 2020, [24], Wiley-VCH GmbH.
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2.4. Hydrothermal Synthesis

The hydrothermal method implies the formation of dehydrated
molecules using lower temperatures in comparison to other
methods. Panda et al. reported the synthesis of CNOs from
mango seeds in a solvent-free autoclave using steam at high
pressures and a sustained temperature of 170 °C for 3 h in the
oven. These CNOs were used as electrode substrates in the
detection of primary amines, secondary amines, and dioxane.[43]

The hydrothermal route was also employed by Sang et al. to
obtain CNOs from citric acid (CA) carbonization at 180 °C. From
this study, the authors proposed a synthesis mechanism based
on the primary formation of graphene quantum dots from CA
dehydration (Figure 2d). Such structures then grow and cluster
into graphite nanosheets, which subsequently curve into hollow
polyhedrons. These finally transform into CNOs to achieve the
minimum interface energy.[24]

2.5. Soft Chemistry

The synthesis methods previously described require high
temperatures, high vacancies, and electronic equipment. How-
ever, soft chemistry methods have been recently developed to
obtain CNOs under mild conditions (Figure 2e).[21, 44] Thus,
hydrogenated CNOs (H-CNOs) have been obtained by a simple
solvothermal route at low temperatures (100 °C), where graph-
itic structures were formed at the initial growth stage. In the
mechanism proposed by the authors, the released hydrogen
interacts with the CNOs, increasing the hydrogenation degree
over time.[45] This supported the interpretation that C� Cl and
C� H bonds are cleaved by the action of the potassium used to
induce CHCl3 reduction during the synthesis, which generates
active radicals that assemble to form CNOs.[44]

The oxidation of CNOs by ozonolysis at room temperature
has also shown great potential, according to previous studies.
Thus, ozonated CNOs (oz-CNOs) have offered potential applica-
tions in biosensing attributed to their higher surface area, as

Figure 3. Combination of boron, nitrogen-doped carbon CNOs (oxi-B,N-CNOs) with nanocuboid-shaped gold nanostructures (AuNCBs). The hybrid material
(AuNCBs@oxi-B,N-CNOs) was supported on a bare glassy carbon electrode and exhibited enhanced sensitivity toward the inner-sphere oxidative reaction of N-
acetyl-L-cysteine. Images were adapted and reproduced with permission from ref. [41]. Copyright © 2024, Electrochemical Science Advances published by
Wiley-VCH GmbH. (Attribution-Noncommercial 4.0 International License, CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/).
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well as increased hydrophilicity and wettability in electrolyte
solutions.[46]

2.6. Tools for the Modeling of CNOs

The modeling of CNOs has been carried out using multiple
approaches, including Density Functional Theory (DFT) or
Molecular Dynamics (MD). Some key examples are provided
herein. Hawelek et al.[47] studied the transformation of nano-
diamonds of around 5 nm into CNOs and constructed structural
models for these two structures. The authors used classical
molecular dynamics with long-range carbon bond-order poten-
tials to build initial models having pristine nanodiamonds that
were annealed at various temperatures (1673 K, 1973 K, and
2273 K) and comprising up to 13500 C atoms. This work
confirmed that the conversion of nanodiamonds into nano
onions involves the carbon transformation from sp3 to sp2
hybridization and that the graphitization of the nanodiamonds
into quasi-icosahedral giant fullerenes begins from the outer
shells of the nanostructure. Another theoretical work concern-
ing the formation of CNOs was provided by Ostroumova
et al.,[48] where the nucleation of CNOs was followed using MD
trajectories and the reactive force field (ReaxFF) interatomic
potential. Overall, three main stages were identified: (i) forma-
ation and subsequent aggregation of linear molecules, (ii) den-
nsification into a droplet-like structure, and (iii) graphitization of
the droplet-like structure to form fullerene-type concentric
shells. Additionally, Goclon used DFT calculations to determine
the structural properties of CNOs and boron-doped CNOs.[49] In
such work, the author confirmed that the energy of formation
for the systems presenting boron clusters was lower than that

for systems with random boron distribution. Furthermore,
Goclon et al.[50] performed DFT calculations for the evaluation of
structural, thermodynamic, and electronic properties of N-
doped CNOs, which revealed that pentagons were the most
favorable sites for nitrogen doping. Hashmi et al.[51] performed
high-level electronic structure calculations on double and triple-
layered CNOs. They demonstrated that the interactions
between the layers in CNOs are dominated by dispersion
interactions, supporting the potential applications of CNOs as
photosensitizers.

3. Functionalization of CNOs and Synthesis of
Hybrid Composites

Carbon nanostructures can be functionalized with materials of
organic and inorganic origin or even a combination of both.
Particularly noteworthy are combinations involving more than
one type of carbon material, which have shown promising
results (Figure 4).

For example, Afaque Ansari et al.[54] reported the obtaining
of a nanocomposite by combining carboxyl-functionalized
graphene nanoplatelets (GNPs), CNOs, and chitosan (CS). The
hybrid material was used to create an electrochemical aptasen-
sor (Apt) for thrombin detection with an ultra-low limit of
detection (LOD, i. e., 8.61 fM).

Pech et al.[55] compared the electrochemical performance of
CNOs with other carbon-based materials. CNOs showed an
open surface with a low electrical resistance, which leads to
improved ion migration when compared to MWCNT or carbon
black, which was associated with the CNOs morphology,

Figure 4. Hybrid composites are obtained by combining CNOs with (a) carbon-based materials or with (b) organic molecules. The CNOs-graphene structure (a)
exhibited ultrahigh rate capability, promising for applications in compact filtering units. In this report, the covalent interfacial bonding between CNOs and
graphene proved to enable ultrafast ion transportation in the supercapacitor obtained.[52] On the other hand, the combination of CNOs and polypyrrole (Ppy)
led to increased specific capacitance of the hybrid device (b), with improved mechanical and electrochemical stabilities.[53] Images were adapted and
reproduced with permission from refs. [52,53]. Copyright © 2020, [52], Wiley-VCH GmbH. Copyright © 2015, [53], WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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porosity, electronic properties, and their dispersion in aqueous
solution.

Bobrowska et al.[56] reported a facile method to combine
CNOs with zinc oxide (Figure 5). Such a hybrid composite was
used for the fabrication of a bulk heterojunction organic solar
cell. The incorporation of CNOs allowed the improvement of
both power conversion and external quantum efficiencies of
the electron transporter layer (CNO/ZnO) when compared to
the pristine ZnO.

The electrochemical properties of CNOs have been estab-
lished as a function of the synthetic procedure that changed
the size, shape, and homogeneity of the nano onions of 5 and
6 nm, which corresponds to 6 to 8 graphitic layers. In this
context, the annealing at 1650 and 1750 °C showed the highest
specific capacitance.[14]

On the other hand, the detection of redox biomolecules
such as dopamine (DA), epinephrine (EP), serotonin, uric acid
(UA), and ascorbic acid (AA) was tested. CNOs showed superior
electrochemical performance, excellent resistance to biofouling,
high electrode stability, sensitivity, and selectivity. CNOs have
been additionally used for the detection of dopamine mixed
with poly(diallyldimethylammonium) (PDDA), with a detection
limit of ~10 μM.[57] The improved electrochemical performance
of this material was attributed to several features of the CNOs,
including morphology, high surface area, porosity, and func-
tional groups present on their surface. Such properties have
expanded the range of applications of CNOs in energy storage,
sensing, and electrocatalysis (Figure 6).

Sohouli et al.[37] reported an electrochemically active surface
area (EASA) value of 0.14 cm2–0.43 cm2 for CNOs synthesized by
the annealing of aminated nanodiamonds. These values are
higher than those measured for other carbon nanostructures,
such as graphene oxide (0.0686 cm2–0.3615 cm2),[64] reduced
graphene oxide (0.112 cm2–0.246 cm2),[56] and multi-walled
carbon nanotubes (0.14 cm2–0.40 cm2).[65]

4. Characterization of Modified CNO

The most common techniques used for the evaluation of CNO
properties include XPS, Raman Spectroscopy, High-resolution
transmission electron microscopy (HRTEM), and X-ray diffraction
(XRD).

The efficiency of modified CNOs in analyte biosensing is
directly related to their structure. There are then techniques
that enable the characterization of the structure, morphology,
composition, and electrochemical properties of such materials,
directly influencing their performance in sensing and energy
storage applications (Figure 7).

4.1. Characterization of CNOs

4.1.1. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy is a non-destructive techni-
que that allows the determination of chemical elements and

Figure 5. Combination of CNOs with zinc oxide (CNO/ZnO) for the fabrication of organic solar cells. Images were adapted and reproduced with permission
from ref. [56]. Copyright © 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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their relative abundance via semiquantitative analysis, as well as
the chemical environments and oxidation state of the atoms on
the electrode surface (~10 nm or 30 atomic layers).[68]

Table 1 summarizes the XPS characteristics of CNOs synthe-
sized by different methods and the respective functional groups
present in the samples. It may be observed that moieties such
as � OH and � COOH seem to prevail when thermal annealing is
used, while in materials synthesized by other methods, C=O
and C� O functions are predominant. Concerning other ele-
ments analyzed by XPS in samples based on CNOs, we observed
that the binding energy of S2p is slightly higher with hydro-
thermal treatment when compared to pyrolysis, suggesting that
S is slightly more oxidized when the latter is used. Moreover,
the binding energy of N1s is slightly higher when thermal
annealing is used, as opposed to hydrothermal treatment, also
suggesting that the oxidation state of N is slightly higher when
thermal annealing is employed. Instead, no significant differ-
ences are found in O1s values for all synthesis methods
compiled in Table 1.

As an example, Zuaznabar-Gardona et al.[33] studied by X-ray
photoelectron spectroscopy (XPS) the functional groups present
in CNOs synthesized by NDs annealing. Thus, the pristine CNOs
presented hydroxyl groups (4.3%) and carboxyl groups (3.1%)
tethered on the surface, while the oxidized CNOs showed a
higher proportion of hydroxyl groups (12.4%) and carboxyl
groups (11.5%).

4.1.2. Raman Spectroscopy

Raman Spectroscopy is a technique widely used for the
characterization of carbon-based materials. In materials with sp2

hybridization, two fundamental bands deserve particular atten-
tion, i. e., the G- and D-bands (Table 2). The G band is formed
from single-resonance in-plane E2g vibrational modes of C� C
bonds in the lattice. In turn, the D band appears when defects
exist in the lattice (edges, vacancies, C-sp3, dislocations, among
others).

Raman spectroscopy is a technique that permits to distin-
guish between spherical (SCO) and polyhedral (PCO) CNOs.
With this purpose, it is necessary to observe the position and
width of the G band. SCO presents a blue-shifted G-band within
the range 1570–1575 cm� 1. In turn, PCO exhibits a G-band with
2 peaks or a band with a notable broadening. These two
distinct peaks are associated with SCO (~1575 cm� 1) and
graphitic zones (1581 cm� 1). The other regions of the Raman
spectrum indicate the presence of additional functional groups
and decorations on the surface of CNOs.[75]

4.2. High-Resolution Transmission Electron Microscopy

HRTEM allows the evaluation of the nanoparticle size, shape,
aggregation state, and dispersity by imaging, as well as the
characterization of the nanoparticle distribution in complex
matrices. Despite the generally assumed spherical nature of

Figure 6. Applications of CNOs in energy storage, sensing, and electrocatalysis. Images were adapted and reproduced with permission from refs. [58–63].
Copyright © 2024, [58], ChemElectroChem published by Wiley-VCH GmbH (Creative Commons CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/
). Copyright © 2023, [59], Elsevier Ltd. Copyright © 2023, [60], Wiley-VCH GmbH. Copyright © 2019, [61], Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright © 2023, [62], Wiley-VCH GmbH. Copyright © 2020, [63], Chemical Society located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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CNOs, different synthetic methodologies yield polyhedral CNOs
due to variations in techniques implemented (Table 3). As
shown in Table 3, there seems not to be a straightforward
connection between the morphology of the CNOs and the
procedure implemented for the synthesis. Therefore, thermal
annealing, hydrothermal treatment, arc discharge, or pyrolysis
can yield spherical CNOs, polyhedral materials, or mixtures. The
variables associated with these synthetic methods are complex
and not necessarily always controllable, giving rise to this
apparent inhomogeneity regarding the morphology obtained.
This indicates that further efforts need to be performed in order
to truly systematize the preparation of CNOs to obtain desired
morphologies and particle sizes.

4.3. X-ray Diffraction

XRD has been the technique of choice for the characterization
of crystalline solids. Its main applications are focused on
microstructure evaluation based on crystallite size, crystalline
phase, crystallographic planes, and layer spacing.[81] Table 4
summarizes the characteristics of XRD patterns of different
CNOs obtained by other methods. The signal appearing at
around 2θ=26° and assigned to the [002] set of crystallo-
graphic planes is related to pure spherical CNOs whose
disordered stacking does not allow the observation of further
reflections. On the other hand, polyhedral CNOs also present
other reflections that are also typical of graphite.or example,
the signals appearing at around 2θ=43° have been assigned to
the [100] or the [101] crystallographic planes.

Figure 7. Methods implemented for the characterization of the structure and electrochemical properties of CNOs. The images were adapted and reproduced
with permission from ref. [66]. Copyright © 2020, Wiley-VCH GmbH. In this report, Shaku et al. described the preparation of nitrogen-doped CNOs to be used
as electrode material in supercapacitors. The authors confirmed the successful incorporation of nitrogen into the CNOs lattice, as well as the enhanced
electrochemical performance of the doped particles by combining several characterization methods. The graphical representation of the electrocatalytic
reaction was adapted from ref. [67]. Copyright © 2022, Licensee MDPI, Basel, Switzerland (Creative Commons Attribution License, CC BY 4.0, https://
creativecommons.org/licenses/by/4.0/).
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Table 1. Assignment of the peaks obtained for the different chemical elements in CNO composites.

Material Preparation method Peaks Binding Energy
(eV)

Bond Reference

CNO Thermal annealing of NDs.
Temperature: 1150 °C, Atmosphere: He ~1.1 MPa, for 1 h
Cooled to ambient temperature for 1 h

C1s 284.5 C=C [37]

285.1 C� C

O1s – –

NCNO C1s 285.3 C=N

286.1 C� N

286.8 C� O

287.5 C=O

N1s 398.5 C� N

400.3 C� N=C

O1s – –

CNO Hydrothermal treatment. Use autoclave at 170 °C for 3 h
Cooled to room temperature

C1s 284.8 C� C [43]

286.3 C=C/C� O

288.7 O� C=O

O1s 531.9 C=O

532.5 C� O

533.4 O� C=O

N1s 397.2 C=N

399.6 C� N

S2p 168.9 –

169.0 –

170.1 –

CNO Hydrothermal treatment.
Use autoclave at 600 °C for 10 h.

C1s 286.0 – [69]

S2p 169.0 –

Pd3d 336.0 –

Pristine CNOs Thermal annealing of NDs C1s 284.5 C=C [70]

285.8 C–C

288.2 C=O

286.8 C-O

290.0 COOH

291.3 π-π*

O1s 532.0 C=O/COOH

533.5 C� O

535.0 O� H

Si2p 102.3 SiO2

104.4 Si� O-Si

NeCNOs/
PDDA

Thermal annealing of NDs.
Temperature: 1650 °C, Atmosphere: He, for 1 h.

C1s 284.6 C=C [20]

285.9 C� OH

287.9 C=O

290.8 O-C=O

N1s 402.9 C-N=C

O1s 532.7 –

CNO Thermal annealing of NDs C1s 284.2 and 284.9 C=C [33]

285.1 C=C+C� C

286.9 C� OH

289.0 COOH

291.0 π-π*

CNO-RF Thermal annealing of NDs.
After radio frequency, Ar/O2 plasma oxidized CNOs

C1s 284.2 and 284.9 C=C

286.2 C� OH
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Table 1. continued

Material Preparation method Peaks Binding Energy
(eV)

Bond Reference

288.1 C=O

291.0 π-π*

CNO-OXI Thermal annealing of NDs.
After chemically oxidized CNO

C1s 284.2 and 284.9 C=C

286.2 C� OH

288.1 C=O

291.0 π-π*

CNO Thermal annealing of NDs. C1s 284.5 C=C [71]

285.1 C� C

286.5 C� O and C=O

287.4 O� C=O

290.9 π-π*

O1s 532.0 C=O and
O� C=O

Pt@CNO Pyrolysis.
Burning oil on a Cu plate close to a lamp in a wind-free condition

C1s 284.5 C=C [72]

285.4 C� C

286.3 C� O

288.0 C=O

Pt4f7/2 71.6 –

Pt4f5/2 75.1 –

CNO Pyrolysis.
Paraffin oil was ignited in a stable, wind-free atmosphere.
The structures were captured in an inverted ceramic dish above the
flame.

C1s 284.5 C=C [73]

285.4 C� C

286.5 C� O

288.8 C=O

O1s 533.0 –

CNO/MoS2/
Ag

Pyrolysis.
Olive oil was burning, and the carbonaceous soot was captured
in an inverted beaker over the flame.

Mo3d
5/2

231.3 – [74]

Mo3d
3/2

239.5 –

S2s 225.4 Mo� S

S2p 3/2 161.1 –

S2p 1=2 162.2 –

Ag3d 367.6 –

Ag3d 373.6 –

C1s 284.5 C=C

285.7 C� C

286.9 C� O

288.8 C=O

Au@CNO Pyrolysis.
Inexpensive clarified butter was used as a precursor and pyrolyzed.

Au4f7/2 84.1 Au0 [42]

Au4f5/2 87.9

C1s 284.5 C=C

285.7 C� C

288.8 C=O/O� C=O

O1s 533.0 –
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5. Electrochemical Behavior of CNOs

5.1. Cyclic Voltammetry

Cyclic voltammetry (CV) offers qualitative and quantitative
information on redox reactions (e. g., the kinetics of heteroge-
neous electron transfer reactions, the thermodynamics of redox
processes, and the coupled chemical reactions or adsorption
processes). The peak-to-peak separation (ΔEp) in cyclic voltam-
metry gives a direct measurement of the kinetics of electron
transfer of modified electrodes when put in contact with a
redox probe, such as the hexacyanoferrate ion. In the case of a
diffusion-controlled process, the ΔEp=59/nmV, where n is the
number of electrons involved in the redox reaction.[83–84] An
increase in ΔEp indicates sluggish electron transfer kinetics. An
analysis of Table 5 suggests that CNOs and CNO-OXI exhibiting

ΔEp values of 89 mV and 70 mV, respectively, are excellent
regarding the kinetics of charge transfer at the electrode
surfaces. This makes them appealing as platforms for electro-
analytical applications. However, further modification of CNOs
with other species or polymers has a detrimental effect on
electron transfer kinetics, as expressed by the increased ΔEp.
Anyhow, such a decrease in electron transfer kinetics upon CNO
modification or insertion within complex composites is to be
expected and does not hinder the applications of these carbon
nanostructures for electroanalysis, as will be presented in the
following sections.

Table 2. Information obtained by Raman Spectroscopy about the G- and D- bands in CNO composites.

Raman Spectroscopy

D band (cm� 1) G band (cm� 1) ID/IG ratio Reference

1340 1577 – [76]

1346 1575 – [77]

1320 1598 1.02 [43]

1321 1571 1.23 and 1.49 [70]

1350 1580 – [20]

1348 1578 0.80 and 0.90 [72]

1345 1588 0.94 and 1.12 [73]

1342 1578 0.79 and 0.89 [42]

Table 3. Diameters and morphology of CNO composites obtained by HRTEM.

Material Synthetic methodology Mean diameter (nm) Morphology Ref.

CNO Thermal annealing of NDs 5 Spherical [76]

CNO Thermal annealing of NDs.
Temperature: 1150 °C, Atmosphere: He~1.1 MPa, for 1 h.
Cooled to ambient temperature for 1 h

5 Polyhedral and spherical [37]

CNO Arc discharge 5–10 Polyhedral [77]

CNO Thermal annealing of NDs 5[a] Polyhedral[a] [38]

CNO Pyrolysis 40–50 Spherical and polyhedral[a] [78]

CNO Hydrothermal treatment.
Use autoclave at 170 °C for 3 h. Cooled to room temperature

22–32 Spherical [43]

CNO Hydrothermal treatment.
Use autoclave at 600 °C for 10 h.

20[a] Polyhedral[a] [69]

CNO Thermal annealing of NDs.
Temperature: 1650 °C, Atmosphere: He, for 1 h.

6–10 Spherical[a] [20]

CNO Thermal annealing of NDs. Atmosphere: He 5–8 Polyhedral[a] [71]

CNO/Pt Pyrolysis. Burning oil on a Cu plate close to a lamp in a wind-free condition 27–33 Spherical and polyhedral[a] [72]

CNO Pyrolysis. Paraffin oil was ignited in a stable, wind-free atmosphere.
The structures were captured in an inverted ceramic dish above the flame.

34 Spherical [73]

CNO Carbonization of lycopene with NaOH 30–60 Polyhedral and Spherical [79]

CNO Thermal annealing of NDs 15 Spherical [80]

CNO Pyrolysis. Inexpensive clarified butter was used as a precursor and pyrolyzed 30 Polyhedral[a] [42]

[a] This information was not explicitly reported in the original article but was inferred by direct analysis of the corresponding images.
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5.2. Electrochemical Behavior Observed by Electrochemical
Impedance Spectroscopy

Electrochemical impedance spectroscopy consists of applying a
sinusoidal potential perturbation of variable frequency to the
electrode under study and recording the sinusoidal current that
appears as a response to the potential perturbation. By
measuring small changes in the electrode jelectrolyte interface,
electrochemical impedance spectroscopy (EIS) is becoming a
powerful technique to understand the electrochemical mecha-
nism related to bio-recognition events, e. g., the antigen-
antibody, recognition of specific proteins, receptors identifica-
tion, nucleic acids, or whole cells.[37, 86–87] The use of EIS in
electroanalysis is frequent and typically deals with the correla-
tion of the charge transfer resistance with the concentration of
the target analyte. Table 6 shows a summary of EIS measure-
ments for electrodes based on CNOs.

6. Electroanalytical Applications

For electrochemical analysis, it is essential to selectively detect a
target analyte in the presence of interfering molecules with
high sensitivity. In this sense, CNOs constitute an excellent
platform for biosensing primarily due to their large surface area,
which allows for more significant adsorption of biomolecules.
Furthermore, the high conductivity of CNOs privileges the
detection of electrochemical changes that occur when specific

molecules, such as dopamine, are joined together.[69] The origin
of the metal-like behavior in CNOs has been recently addressed
via the calculation of systems with 7 concentric shells and
beyond 13,000 atoms. The main conclusion taken was that
concentric structures of fullerene-like shells display semicon-
ducting behavior. In contrast, the random breaking of the shells
confers metallic conductivity to the CNOs and is thus essential
for the reproduction of experiments.[88]

Another interesting issue to account for is the difference in
reactivity that may exist according to the different defects
present in carbon nanostructures. In particular, the specific
reactivity of pentagons has been assessed in pentagon-defect-
rich carbon nanomaterial and compared to C60 in the particular
case of electrochemical oxygen reduction.[89] The authors
attributed the superior oxygen reduction ability to the high
charge density located at the pentagon rings and the higher
affinity for O2 adsorption. The key conclusion was that the high
density of pentagons was a determinant in the superior
electrocatalytic activity. A different example aiming to explain
the reactivity of curved carbon nanostructures towards the H
atom and methyl radical has been reported.[90] The authors
realized that reaction heat depended linearly on the strain and
curvature of the carbon surface, which provides clues on the
different reactivity that curved carbon structures might show.
However, to the best of our knowledge, such a detailed study
on the reactivity of CNOs with regard to surface defects
(pentagons vs. hexagons vs. heptagons), surface strain, the
effect of inner layers of fullerene-like shells, or the specifics of

Table 4. Crystallographic information obtained by XRD of different composites of CNOs.

Material Synthetic methodology XRD reflection
(2θ (°))

Crystallographic
plane

References

CNO Arc discharge
Temperature:
Room temperature.
Atmosphere: Nitrogen

26 [002] [77]

44 [101]

Pyrolysis
Mixture through ultrasonication

25 [002] [78]

40 [100]

Hydrothermal treatment
Use autoclave at 170 °C for 3 h.
Cooled to room temperature

25.5 [002] [43]

Hydrothermal treatment
Use autoclave at 600 °C for 10 h.

26 [002] [69]

Pyrolysis.
Burning oil on a Cu plate close to a lamp in a wind-free condition

25.1 [002] [72]

43 [100]

44 [101]

Thermal annealing of NDs 22.8 [002] [82]

43.3 [100]

Pyrolysis
Use autoclave at 200 °C for 24 h.
Cooled to room temperature

25 [002] [74]

Thermal annealing of NDs.
Temperature: 1150 °C, Atmosphere: He~1.1 MPa, for 1 h. Cooled to ambient
temperature for 1 h

24.3 [002] [39]

44 [101]

Pyrolysis
Inexpensive clarified butter was used as a precursor and pyrolyzed

24.5 [002] [42]
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Table 5. Electrochemical information by CV for different composites of CNO.

Material Electrolyte ΔEp (mV) (scan rate at which ΔEp was
determined)

Range of scan
rates
explored (mV/s)

Ref.

PANI/CNO 5 mM Fe(CN)6
3� /4� and

0.1 M PBS
140
(50 mV/s)

40–300 [76]

Screen-printed carbon electrode (SPCE)/
NCNO/AuNPs/Apt/ S. aureus

1 mM Fe(CN)6
3� /4� and

0.1 M KCl
135
(100 mV/s)

50 [37]

CNO 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
89
(50 mV/s)

50 [77]

AuNPs/Single-walled carbon nanotube
(SWCNTs)/CNO/CS

1 mM Fe(CN)6
3� /4� and

0.1 M KCl
149
(100 mV/s)

100 [38]

ZnO/CNO Fe(CN)6
3� /4� and

0.1 M NaOH
– 50 [78]

CNO/GRT 1 mM FcMeOH and PBS
pH=7,4

160
(50 mV/s)

10–200 [70]

CNO-CNF 0.1 M Fe(CN)6
3� /4� and

0.1 M PBS
500
(50 mV/s)

10–175 [85]

CNO-OXI 1 mM Fe(CN)6
3� /4� and

0.2 M HClO4

70
(100 mV/s)

100 [33]

CNOs/Ñafian 10 mM Fe(CN)6
3� /4� and

0.1 M KCl
329
(20 mV/s)

20 [72]

Pt@CNOs 10 mM Fe(CN)6
3� /4� and

0.01 M PBS
105
(10 – 20 – 50 – 100 mV/s)

10–100

NCNO/AuNP 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
250
(50 mV/s)

10–500 [39]

GPS/CNOs/CS 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
100
(100 mV/s)

20–100 [54]

s-OLCs (onion-like carbon) Fe(CN)6
3� /4� and

1 M H2SO4

200
(10 – 50 – 100 – 500 – 1000 50 mV/s)

10–1000 [73]

AgNDs/CNOs/GCE 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
– 100 [82]

SPCE/CNO/MoS 2 /Ag dendrites Fe(CN)6
3� /4� and 0.1 M KCl 100 (� ) – [74]

Au/Apt/ox-CNOs/Methyleneblue(MB) 1 mM Fe(CN)6
3� /4� and

1 M H2SO4

100
(50 mV/s)

100 [39]

Au@CNO 2 mM Fe(CN)6
3� /4� and

0.2 M KCl
140
(50 mV/s)

10–100 [42]

Table 6. Electron transfer resistance values by EIS for different composites of CNOs.

Material Electrolyte Frecuency range (kHz) Charge transfer resistance (Rct) Ref.

Au/Apt/ox-CNOs/Methylene blue 1 mM Fe(CN)6
3� /4� and

0.1 M KCl
- 200 Ω [37]

CNO/GCE 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
- 327.9 Ω [77]

Pd/SO3H/CNO 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
5M.10� 5–82.500 - [69]

CNO-Carbon nanofibers 0.1 M Fe(CN)6
3� /4� and

0.1 M PBS
10� 5–100 17.6 Ω [85]

CNO-OXI 1 mM Fe(CN)6
3� /4� and

0.2 M HClO4

0.4 (constant frequency by scanning
the DC potential from � 0.5 to 0.9 V)

- [33]

NCNO/AuNP 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
– 18 Ω [39]

s-CNOs Fe(CN)6
3� /4� and 1 M H2SO4 10� 3–100 13.1 Ω [73]

CNOs 5 mM Fe(CN)6
3� /4� and

0.1 M KCl
– 917.6 Ω [82]

CNO/MoS2 /Ag dendrites Fe(CN)6
3� /4� and 0.1 M KCl 0.1–100 0.4 [74]

Au@CNO 2 mM Fe(CN)6
3� /4� and

0.2 M KCl
10� 5–100 2290 Ω [42]
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analyte adsorption, is missing in the literature and remains a
gap to be filled by theoretical and experimental means.

Another critical issue is related to the chemical stability of
CNOs to achieve long-term durability.[37] The functional groups
present on the surface of the nanomaterial could enhance the
analytical signal due to their affinity for the analyte and could
also contribute to the design of hybrid composites.

When sensing biomolecules, a high surface area results in
greater exposure to the target molecule, which increases the
desired analytical signal and the detection capability even at
low concentrations. This feature is also essential for the
immobilization of biomolecules, rendering improved sensitivity
and selectivity due to efficient interactions with the receptors.
Higher porosity is additionally desired to accommodate a larger
volume of functional materials or molecules, which could
improve the analytical parameters of these biosensors.[91]

Investigations utilizing palladium-decorated CNOs for dop-
amine detection disclosed a LOD value of 2.44 μM and a linear
range of 10–400 μM for dopamine (DA). The heightened
electrocatalytic performance towards DA was ascribed to the
high active surface area, conductivity of CNOs, and palladium‘s
exceptional electrocatalytic properties.[69]

Mohapatra et al. explored CNOs as an electrochemical
sensor by covalently linking the glucose oxidase enzyme via
carbodiimide chemistry. This approach yielded a sensitivity of
26.5 μAmM� 1 cm� 2 with a linear response spanning 1–10 mM
glucose (Glu). Such material was decorated with platinum
nanoparticles to enhance the catalytic performance and
enzyme-free nature of the CNOs. The resultant sensor contain-
ing Pt-decorated CNOs exhibited a superior sensitivity of
21.6 μAmM� 1 cm� 2 with a linear response in the range of 2–
28 mM glucose.[72]

In previous studies, the possibilities of utilizing aptamers for
detecting specific drugs like epirubicin have been showcased,
albeit with reported selectivity not being particularly high.[36]

The use of CNOs has provided, instead, an effective solution for
this issue: Sohouli et al. demonstrated the selectivity of gold
electrodes coupled with a thiolated aptamer, which was
reinforced with CNOs and methylene blue. The synthesis of the
aptasensor was carried out by keeping the gold electrode in the
aptamer solution and then in the CNO solution for a certain
time under pH=7.4. In addition to the positive effect on
selectivity, the conductivity was increased with a marked
synergistic effect.[37]

Recently, biosensors based on the inhibition of peroxidase
activity have been constructed from CNOs synthesized by
annealing nanodiamonds. This material was obtained by NDs
annealing and further oxidized with HNO3/H2SO4 (1 : 3 ratio). The
carboxylated CNOs were finally functionalized with maleimide-
activated peroxidase. The biosensors obtained exhibited ex-
cellent electron transfer properties, stability, and
repeatability.[38]

The oxidation levels of the CNOs can influence the
biosensor‘s sensitivity. Regarding the detection of H2O2, a
correlation was observed where sensitivity heightened with
increasing CNO oxidation levels. In contrast, for detecting

dopamine, uric acid, and ascorbic acid, non-oxidized CNOs
demonstrated superior sensitivity and peak resolution.[33]

Ogada et al. reported the use of a composite based on Pd-
CeO2/CNOs nanocrystals for ethanol detection. The Pd-CeO2/
CNOs provided excellent sensitivity (0.00024 mA/mM) and
detection limit (8.7 mM), attributed to the porosity of CNOs. In
turn, CeO2 allows to increase the adsorption of OH� on the
active sites of the surfaces.[34]

Furthermore, CNOs have been widely studied as electro-
chemical sensors to determine biomolecular interactions. In this
regard, Rui An et al. carried out a study for the simultaneous
detection of dopamine (DA), uric acid (UA), L-tryptophan (Trp),
and theophylline (TP) by applying a differential pulse voltam-
metry technique. This allowed to evaluate the electrocatalytic
activity of a sensor composed of a GCE modified with CNOs
(CNOs/GCE).[77] This sensor exhibited detection limits, surpassing
other electrodes with values of 0.0039 μM, 0.0087 μM, 0.18 μM,
and 0.35 μM for DA, UA, Trp, and TP, respectively.[77] The anti-
interference capacity of CNOs/GCE was evaluated using a
mixture of interfering species like Cl� , SO2�

4 , K+, Na+, glycine
(Gly), L-lysine, L-valine, adenine (Ad) and ascorbic acid (AA). The
results indicated the ability of the CNOs/GCE to detect the
studied system selectively. Likewise, CNOs/GCE demonstrated
good stability through a 30-day study and showed good
reproducibility and repeatability in the simultaneous determi-
nation of DA, UA, Trp, and TP. Hence, this study revealed the
potential of CNO-based sensors to be used for accurate sample
detection.[77]

In a recent study, a palladium-decorated CNO (Pd/CNO) was
developed as an electrochemical catalyst for detecting DA.[69]

This Pd/SO3H/CNO biosensor achieved a sensitivity of 1.93�
0.14 μA/μM·cm2 within a linear range from 10 to 400 μM DA.
The sensor demonstrated a detection limit of 2.44 μM, notably
smaller than other reported findings. The selectivity of the
sensor was determined using interference species such as
ascorbic acid, uric acid, glucose, and hydrogen peroxide. The
results confirmed a high selectivity. Also, a 22-day test showed
the good stability of the Pd/SO3H/CNO.

[69]

Various reports deal with the electrochemical determination
of glucose to develop sensors that do not involve the use of the
glucose oxidase enzyme.[72, 78–79] Ankita Sharma et al.[78] de-
scribed the enzyme-less biosensing property of CNOs modified
with zinc oxide nanocomposite (ZnO/CNO). Such a sensor was
obtained by coating a GCE with the ZnO/CNO nanocomposite.
Glucose detection was significantly improved due to the
presence of both ZnO and CNOs, showing a sensitive value of
606.64 μA/mMcm2. Various biomolecules, including ascorbic
acid, citric acid, lactic acid, ethanol, glycerol, and urea, were
utilized to assess the anti-interference capability of ZnO/CNO
nanocomposites for glucose detection. Results highlighted the
sensor‘s effectiveness in isolating the analyte molecule from
interfering substances. Additionally, the ZnO/CNO nanocompo-
site exhibited satisfactory repeatability during a 40-day trial.
Altough stability could potentially be improved, it still out-
performed other sensors in glucose sensing.[78]

Incorporating heteroatoms has been found to enhance the
electrocatalytic and electrochemical functionality of CNOs.[39, 92]
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A recent study focused on the individual and simultaneous
determination of dihydroxybenzene isomers (i. e., Hydroquinone
(HQ), Catechol (CC), resorcinol (RS)) through nitrogen-doped
CNOs (NCNOs) development.[92] This sensor showcased excep-
tional sensitivity and minimal detection limits, outperforming
other sensors. Stability and repeatability assessments of the
NCNO electrode confirmed its reliability for the simultaneous
detection of such isomers, demonstrating high sensitivity and
low detection limits.[92]

On the other hand, AuNPs stand out among various
nanoparticles due to their innovative ability to interact with
biological systems. Thus, multiple studies have used AuNPs to
modify CNOs for sensing applications.[39, 93] A recently published
report addressed the determination of environmental pollutant
hydrazine (HZ) using CNOs decorated with AuNPs (Au@CNOs)
deposited on the surface of an electrode.[42] The Au@CNOs
exhibited a larger active area for electrochemical reactions and
excellent electronic conductivity, attributed to an exceptionally
low detection limit of 12 nM, along with an improved sensitivity
of 485.7 μA/mMcm2.[42] Au@CNOs additionally exhibited selec-
tivity towards HZ in the presence of interferences such as
atrazine (Atr), H2O2, RS, oxalic acid, and urea, as well as long-
term stability and reproducible performance.[42]

The detection of acetaminophen (AMP) has been recently
reported by using nitrogen-doped CNOs modified with gold
nanoparticles.[39] This nanocomposite-based sensor allowed
AMP detection in the range of 25 nM to 35 μM, showcasing a
remarkable detection limit of 9 nM.

Table 7 shows a summary of different electrochemical
sensors reported in recent articles and their efficiency for
biomolecule detection. Overall, these studies demonstrate the
efficacy of CNOs as biosensors in detecting a wide range of
analytes.

7. Comparison with Other Carbon
Nanostructures

For years, the use of nanostructures[94] and, in particular, carbon
nanostructures, such as graphene and CNTs,[95] have been
present in biosensor research and continue to be highly useful
in this field. However, the recent exploration of the potential of
CNOs in such applications has allowed these nanostructures to
stand out compared to others despite the relatively short time
they have been in use. Table 8 presents some recent works on
carbon materials biosensors, highlighting specific parameters
that can define the potential of each material.

A combined analysis of Tables 7 and 8 shows that carbon
nanostructures, in general, are very useful for electroanalysis,
given the large variety of target analytes that can be
determined using electrochemical techniques. It is essential to
highlight that when CNOs are used, improved LODs are
achieved, reaching the range of the nM. The use of these
sensors is appropriate for accurate sample analyses, given their
stability and robustness. Certainly, CNOs are offering today a
very flexible platform with fast electron transfer kinetics and

chemical stability, permitting the determination of an extensive
range of different analytes via electroanalysis. The breath of
molecules and their tremendous variety, as expressed by
Table 7, place CNOs in a privileged position as nanomaterials
very well adapted for electrochemical sensing.

7.1. Limits of Detection

CNOs have been successfully utilized to create biosensing
devices with very low limits of detection. For instance, Huang
et al.[80] developed a solid/liquid two-phase dual-output bio-
sensor for detecting ovarian cancer biomarkers with an LOD of
3.3 fgmL� 1. This remarkably low LOD demonstrates the effi-
ciency of CNOs. The detection limits achieved from studies
involving CNTs and graphene stand out. For instance, Cui
et al.[102] detected bacterial endotoxin with an LOD of 4.6 fgmL� 1

using CNTs, while graphene-based devices in Dou et al.’s
work[106] obtained a detection limit of 33.6 fg/mL. Despite these
detection limits being close, they are less precise than those
achieved with CNOs, as mentioned earlier. Noteworthy results
have been obtained in biosensors using CDs[113] and
nanodiamonds,[97] but their LODs are not as low. There are
some works with even lower LODs. For example, Chen et al.[108]

fabricated a graphene-based material modified with chitosan
that was included in a field-effect transistor biosensor for
ultrasensitive procalcitonin with a LOD of 0.82 ag/mL. Although
surpassing the LOD obtained with CNOs, other parameters have
been highlighted in which they excel.

7.2. Linear Detection Range

There is a wide range of devices based on CNOs that cover
linear detection ranges from tens to several orders of
magnitude.[37, 42, 54, 69, 74, 77, 80, 82] The work of Gowthaman et al.[42]

should be highlighted since the Au@CNO-based device
achieved a linear detection range from 0.05 to 1000 μM. These
values were reached due to the extensive surface area of the
particles used and their high electrical conductivity. Similarly,
biosensors with a broad detection range based on CDs have
been obtained,[110–111, 114] with particles noted for their improved
optical and electrical properties and extensive surface area.
CNTs also exhibit similar properties and based on these, Ma
et al.[100] constructed a triple-aptamer tetrahedral DNA nano-
structures-based carbon-nanotube-array transistor biosensor for
detecting the SARS-CoV-2 virus antigen not only with a very
low LOD but also with a broad linear detection range of up to
eight orders of magnitude. The ranges achieved by devices
based on graphene are notable as well.[108–109] In the realm of
diamond biosensors,[96–97] the recent detection ranges have yet
to match those achieved by other carbon materials, typically
spanning 5–8 orders of magnitude, as seen in specific CNOs-
based devices.[80]
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Table 8. Biosensing applications of different carbon nanostructures.

Electrodes Carbon nanoma-
terial

Target Limit of Detec-
tion

Selectivity
(Interferents)

Stability Linear
Range

Real
samples
Analysis

Ref.

Diamond-based sensors

SPCE diamond nano-
particles

Anti-cancer drug flu-
tamide

0.023 μM Caffeine, Glu, UA, MgCl2, and
FeCl2.

25 days 0.025–
606.65 μM

Yes [96]

SPE Tyr/PLL/ND- IL CC 1.1×10� 8 M Glu, AA, Ur, UA, Et, Methanol,
1-naphthol, 2-naphthol, Mg2+,
Ca2+, K+, Cl� and NO3

�

25 days 5.0×10� 8–
1.2×10� 5 M

Yes [97]

CNTs-based sensors

SPCE PPy-NTs
and
MWCNT-COOH

HopQprotein 2.06 pg/mL Glu, AA, BSA, and DA – 5 pg/mL–
1.063 ng/mL

Yes [98]

GCE B and N co-
doped CNTs

Uric acid 0.078 μM and
4.52 μM

– – 2–400 μM
And
5–200 μM

Yes [99]

TFT CNT-array SARS-CoV-2 S1 pro-
tein

6 aM
(3.6 copies/μL)

SARS-CoV S1 protein
(500 nM) and MERS-CoV S1
protein

79 days 1 fM–
500 nM

No [100]

GCE MWCNT-SB-dBA
nanohybrid

H2O2 58 nM – 14 days 0,175 μM–
6,12 μM

Yes [101]

– cGQDs-function-
alized CNTs

Endotoxin 4.6 fg/mL Glycans, AminA, and ATP 7 days 100 fg/mL-
1 ng/mL

Yes [102]

– MCTA-MWCNT-
FET

Microcystin-LR 0.11 ng/mL MC-YR and MC-LY 60 days 0.1–0.5 ng/
mL

Yes [103]

PGE MWCNTs/pPy UA 0.76 mM DA, L-AA, CA, NaCl, KCl, sarco-
sine, and Glu

19 days 0.22–3.5 mM No [104]

GCE Laccase-Based-
MWCNTs

Catechol
And
hydroquinone

0.028 μM and
0.15 μM

Mg2+, Ca2+, Zn2+, Cu2+, Fe2+,
Cl� , NO3

� ,
and SO4

2� , 50-fold Et, Glu, AA,
PhOH and nitrophenol

– 0.1–57 μM
and
0.5–57 μM

No [92]

Graphene-based sensors

LSG Laser-scribing
graphene-based

AFP and CEA 13.68 pg mL� 1

and 50.66 pg
mL� 1

BSA, IgG, PSA, NSE, AFPand
CEA

25 days 0.75 ng/mL–
100 ng/mL

No [105]

– Au-functionalized
wrinkle graphene

Interleukin-6 33.6 fg/mL IL-2 and IL-10 – Not Re-
ported

Yes [106]

– Graphene Oxide
Nanosheets

Lactate 1 mM Cor – 1.3–
113.4 mM

Yes [107]

– CS-modified gra-
phene field tran-
sistor

Procalcitonin 0.82 ag/mL Interleukin-6, C-reactive pro-
tein (CRP), and their mixture

– 1ag/mL-
10 pg/mL

Yes [108]

– planar-gated gra-
phene field-effect
transistor

Circulating tumor
cells

1 cell/15 μl(~66/
ml)

U937 cells – 1 cell/15 μl–
1 cell/
1000 μl

No [109]

CDs-based sensors

Nano-bio-
sensor

MnO2 NSs- BCDs Staphylococcusaureus 9CFU/mL and
22 CFU/mL

L. monocytogenes, E. coli
O157:H7, V.parahaemolyticus
and their mixtures

– 37–
3.7×106 CFU/
mL

Yes [110]

– Carbon dot-cop-
per nanocompo-
site

Creatinine 5.1×10� 16 mgdL� 1 Glu, Ur, and AA 3 months 10� 5–
0.1 mgdL� 1

Yes [111]

– BC-CDs-Cu tert-butylhydroqui-
none

70 nM Metal ions, anions, or reduc-
ing agents

– 0.5–20.0 μM Yes [112]

– OCDs@PSAAbHRP PSA 38 pgml� 1 and
55 pgml� 1

AFP, CEA, Common proteins,
AminA, UA, and AA

Less than
a
4% de-
crease
after
100 cycles

0.1–
100 ngml� 1

and 5–
120 ngml� 1

Yes [113]

– red-emitting car-
bon dots and
green-emitting
CDs

C. jejuniand A.but-
zleri

1 CFU/mL A. butzleriand C.jejuni Not Re-
ported

0–1×107

CFU/mL
Yes [114]

– β-cyclodextrin –
phenylboronic
acid-CDs

α-glucosidase 0.030 U/L Amino acids, proteins, and
natural enzymes

4 months 5.00–
150 μmol/L

No [115]
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7.3. Stability

The sensing properties of CNO-based electroanalytical sensors
vary over time due to continuous operation. In practical terms,
a system‘s capacity for extended use or repeated cycles
primarily hinges on its stability. CNO-based biosensing devices
exhibit good durability. Several studies, such as the one by An
et al.,[77] not only designed a biosensor capable of detecting and
differentiating low biomolecule concentrations (dopamine, uric
acid, L-tryptophan, and theophylline) but also maintaining 90%
of the initial efficiency within 30 days of usage. This could be
attributed to the structural stability of the CNOs with their
concentric layers and their resistance to physicochemical
degradation. These properties are also exhibited by other
carbon nanomaterials and devices capable of retaining electro-
chemical properties for several days. However, CNTs stand out
first in this aspect,[100, 103] followed by different materials such as
graphene,[105] nanodiamonds,[96–97] and CDs,[115] all showing good
durability.

8. Conclusions

Our literature analysis has shown that CNOs are excellent
supports for the functionalization of multiple inorganic materi-
als, which ensures outstanding performance for electrochemical
sensing and biosensing. Indeed, such devices have displayed
low detection limits, wide linear detection ranges, remarkable
selectivity, reproducibility, and stability. The review explored
different synthetic methods and essential characterization
techniques for these nanostructures, highlighting the crucial
role and promising potential of CNOs in the field of electro-
analytical chemistry. A comparison with other carbon materials
underscored the competitive advantage of CNOs despite their
relatively recent introduction within the biosensing field.

Despite the fact that CNOs have been known for decades
and the manifest interest of the scientific community in their
properties and reactivity, there are significant gaps in the
comprehension of their structure-reactivity relations. By far,
other carbon nanomaterials such as graphene, carbon nano-
tubes, or fullerenes have been more studied than CNOs by
experimental and theoretical means. Considering the case of
CNOs, it remains a fundamental question whether the effect of
holes, strain, or the differential reactivity of hexagons, penta-
gons, and heptagons follows the same trend as in other
carbon-based nanomaterials. Likewise, the effect of defects on
reactivity has been addressed in the framework of electro-
catalysis, with emphasis on energy applications and the oxygen
reduction reaction. Instead, the electro-bio-analytical field has a
large variety of target molecules (as depicted in Tables 7 and 8)
and therefore the specific information regarding the actual role
of the active sites at the surface of CNOs is missing so far. We
believe that further directions in research to establish the fate
of reactive intermediates at the surface of CNOs should be
driven toward operando Spectro electrochemistry, where vibra-
tional spectroscopy coupled with Hessian computations[116]

would be instrumental in establishing the identity of key

intermediates and the specific reaction pathways under differ-
ent reaction conditions (supporting electrolyte, solvent, pH,
ionic strength). Such an understanding would be essential for
the design of electroanalytical biosensors with improved
selectivity and response time since eventual bottlenecks in the
reaction mechanisms associated with analyte transformation
could be detected and solved via the adequate modification of
the electrode jelectrolyte interface.

Such understanding will open the door for the design of
more sensitive and specific electrochemical sensors where
CNOs would play an outstanding role. Future perspectives
aimed to push the boundaries of detection limits and enhance
selectivity, reproducibility, and stability through the exploration
of novel synthesis approaches and alternative functionalization
of CNOs. The synergistic effect achieved by the combination of
CNOs with other carbon nanostructures has raised particular
interest in electrochemical applications, offering new pathways
for improved sensor performance, thus offering a path for
enhanced sensor performance in the future.
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