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ABSTRACT 

Carbon nanotubes and graphene possess a unique extended π-system that makes them stand out 

among carbon nanostructures. The resulting electronic properties enable electron or charge flow along 

one or two directions, respectively, thus offering the opportunity to connect electronically different 

entities that come into contact, be they living cells or catalytic systems. Using these carbon 

nanostructures thus holds great promise in providing innovative solutions to address key challenges in 

the fields of medicine and energy. Here, we discuss how chemical functionalization of these carbon 

nanostructures is a crucial tool to master their properties and deliver innovation. 

 

 

 

 

The nanotechnology revolution has begun, and is set to advance our world beyond our collective 

imagination. The target is to provide innovative answers to well-known issues that span all aspects of 

our everyday life. Can we grow older and healthier? Can we better exploit solar light to set ourselves 

free from fossil fuel dependence? These questions may seem so disparate as to have nothing in 

common. Actually, carbon nanostructures (CNS) may provide just the right connection. Over the last two 

decades, carbon nanotubes (CNTs) and, more recently, graphene (G), have proven to possess the 

versatility to be leading figures in different areas of research, including nanoelectronics and 

photovoltaics,1 electrochemical energy storage devices,2 biosensing,3 optoacustic imaging,4 on-demand 

drug delivery,5 and tissue engineering.6 Significant scientific advances have been possible thanks to the 

remarkable features of CNS, including robustness, lightness, elasticity, conductivity, and the ability to 

respond to light, just to name a few. Importantly, CNS can also be deposited on substrates to create an 

active coating that interfaces the underlying material with catalysts, solutions, cells, or light.  
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Carbon nanostructures come in different sizes and shapes, but CNTs and G stand out for their unique 

network of sp2 carbon atoms. Their extended π-electron structure and their distinctive geometry at the 

nanoscale offer an ideal resource for the inventive scientist and a perfect playground for the creative 

chemist. The ability of carbon to interact and to react with a wide variety of chemical elements offers a 

great advantage over inorganics, although stability in organics can be an issue. Importantly, the 

extended conjugated π-system enables electron or charge flow along one or two directions, depending 

on whether CNTs or G are used, respectively. As a result, it is possible to connect different functional 

components electronically, be they living cells or catalytic systems. Effectively, CNTs and G molecularly 

and electronically bridge in a manner that is useful across many disciplines of science, from medicine to 

energy.  

In reality, these innovative structures come with their own set of challenges, i.e., the well-known 

tendency toward aggregation and safety concerns regarding large-scale use. In fact, they are seldom 

used in their pristine states, and an almost inevitable step is their chemical functionalization prior to 

use.7 It is in this arena that the organic chemist has to find the right strategy to tame the nanomaterials 

to play a winning game. Covalent functionalization indeed provides a valid approach to address such 

issues by rendering CNTs or G more amenable to industrial processing, liquid phase-dispersibility, and 

even biological use.8 Their sizes and shapes can be fine-tuned, for instance by oxidative shortening or 

longitudinal cutting of CNTs,9 according to the desired application. Together with the introduction of 

polar groups, this is also an effective strategy to decrease their tendency toward aggregation, thus 

achieving good water dispersibility, and to lift completely the pathogenicity that is associated with 

asbestos-like aggregates.10 

Today, the tools available to functionalize CNS are widely varied and well-established, but we note that 

we are leveraging the results of over 20 years of research in this field. When C60 fullerene, the first 

member of the CNS family, was discovered in 1985, it was a puzzle to establish its chemical structure, 

and solving that puzzle was worth a Nobel prize.11 Scientists were left mesmerized by the “soccer ball” 

geometry, and it took a while to understand and to master its chemical reactivity. At present, among the 

many options available for covalent functionalization of CNS, a general and useful approach is the 1,3-

dipolar cycloaddition of azomethine ylides, which can be generated from a broad number of precursors, 

including aldehydes and amino acids, or aziridines.12 The approach is versatile as it enables the 

introduction of a variety of N- and C-substitutions onto a newly installed pyrrolidine ring (Fig. 1), 

therefore creating the possibility of increasing the polarity of the highly hydrophobic carbon core to 

achieve water solubility.13 The same concept can also be extended to carbon onions14 and nanohorns,15 

CNTs,16 and G.17 The approach can be induced by microwave irradiation,18 and can occur also in ionic 

liquids19 or solvent-free conditions, and in a reversible manner.20 The use of cycloaddition reactions also 

has the net advantage of permitting bulk functionalization of G sheets, while other approaches 

functionalize only its edges.21 Moreover, the presence of additional groups harnesses these CNS for 

post-modification with more complex molecular entities,22 enabling viability of diverse processes, such 

as catalysis.23 Functionalization enables CNS processing, such as dispersion for electrospinning24 or the 

production of composite materials.25 It can occur in dispersions26 or on solid substrates, which can then 

be exploited to affect the outcome of functionalization.27 Mastering the chemical reactivity of CNTs and 
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G toward the desired application is thus a fundamental step to exploit their extraordinary properties 

fully and to bring innovation to a range of scientific fields. 

 

Fig. 1. Several carbon nanostructures (CNS) can be covalently functionalized by means of 1,3-dipolar 

cycloaddition, which offers the possibility of introducing N- and C-substitutions on a newly installed 

pyrrolidine ring. 

 

Medicinal Chemistry Applications 

In medicine, one of the most challenging objectives is the tissue engineering and regeneration of the 

brain and the heart. Their structural and functional complexity can be overwhelming to reproduce by 

means of an artificial nanomaterial scaffold. However, it may be wise to dissect the problem to look first 

at the simplest functional elements, i.e., the electrically conductive network of specialized cells. Which 

nanomaterial could provide the appropriate substrate to wire up disconnected units? Carbon is by 

definition the heart of organic chemistry; thus, it would seem appropriate to have it as a core element to 

reconnect living entities. In addition, CNTs and G offer a rich inventory in terms of geometry, size, 

reactivity, and properties. Carbon nanotubes stand out as structural candidates to mimic the elongated 

heart myofibrils or to guide neuronal axons. Their robust yet light and flexible nature, together with 

their high conductivity, are ideal properties from the point of view of physiological function. Indeed, 

various teams have combined the structural and functional fitness of CNTs to suit the stringent 

requirements for growing healthy networks of cardiomyocytes or neurons. It is not just a matter of 

providing an appropriate substrate for cell growth, it has actually emerged that CNTs have an 

electrifying effect on cells.28 In other words, specialized cells grown in contact with CNTs appear to be 

electrically more active.  

In particular, cardiomyocytes grown on CNT-coated substrates display increased expression of gap 

junctions and, overall, a more mature phenotype, with enhanced electrophysiological behavior and 

implemented networking and maturation into functional syncytia (Fig. 2).29 Hydrogels containing CNTs 

constitute excellent grafts for functional integration with infarct myocardium, although signs of mild 

inflammation can be seen. Interestingly, their in vivo efficacy seems to be related to integrin-mediated 

up-regulation of adhesive and electrochemical junctions in cardiomyocytes.30 For heart tissue 

engineering, CNTs can also constitute a templating guide for the electrospinning of hybrid hydrogel 

nanofibers that form a superb biomimicking scaffold that is capable of matching the orientation index of 

the left ventricular tissue, thus promoting cardiomyocyte alignment and synchronous beating.31 

Remarkably, thermoresponsive CNT-based hydrogels effectively improve stem-cell engraftment, 

survival, and differentiation in the infarcted heart, thus increasing their therapeutic efficacy for the 
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treatment of myocardial infarction.32 In addition, mastering their conductive properties leads to the 

creation of electroactive scaffolds that hold promise to solve arrhythmias as well.33 Graphene 

derivatives, including graphene oxide (GO), are equally leading candidates for heart tissue regeneration. 

Their unrivalled performance in the three-dimensional (3D) printing of an artificial heart holds promise 

for high innovation potential.34 For instance, 3D heart tissue containing living cells can be formed on a 

basal plane of a GO-bearing hydrogel through layer-by-layer deposition of alternate sheets of cells and 

adhesive GO-substrates, thus yielding a multilayer cardiac tissue that is able to beat and to pump.35 

 

Fig. 2. A) Typical traces for calcium oscillations that exemplify (top) sporadic events, (center) low 

frequency events and(bottom) high frequency events in oscillating cardiomyocytes. B) Cells grown on 

CNTs display a significantly higher number of sporadic calcium oscillations relative to gelatin control. C) 

Scanning electron microscope image showing a cardiomyocyte in close contact with CNTs. Reprinted 

from ref. 29. Copyright 2013 American Chemical Society. 

In the field of nerve tissue engineering and artificial neural networks,36 CNTs and G could bring 

innovative 3D scaffolds,37 thanks to a boosting effect on neuron activity38 and their capability to 

modulate the immune response.39 Carbon nanotubes can have the dual function of being templates for 

the hierarchical alignment of different components into nanofibrous biomaterials, and of being electrical 

actuators of neural differentiation of stem cells when they are appropriately embedded in 

nanostructured biocomposites.40 This is not surprising if we consider the established electrifying effect 

of interfacing CNTs with neurons, which anticipate the signs of functional maturation, including the 

generation of action potentials or voltage-dependent currents.38 Remarkably, a fortifying effect on 

neurite outgrowth and synaptic inputs is also observed on spinal slices as a more complex model of 

multilayered tissue.41 It has been proposed that such an effect is the result of electrical “shortcuts” 

permitted by CNTs in direct contact with cell membranes to connect proximal and distal compartments 

of the neuron (Fig. 3).42 However, it is crucial to select the route to functionalize CNTs for their 

application in tissue engineering carefully. The importance of the level and nature of covalent 

modification is just now starting to emerge. For instance, amino-functionalized CNTs produced by 

different methods and of dissimilar lengths can lead to disparate outcomes of inflammation response in 

the brain.43 Use of invasive radical protocols that easily enable high functionalization levels can affect 

the metallic structure of the CNT sidewalls, thus resulting in high resistance and loss of the boosting 

effect on neuronal activity.44 Instead, it may be preferable to adopt a more controlled approach, leading 

to a better compromise between the extent of added functional groups and the preservation of the 

graphitic structure, thus maintaining the CNT physico–chemical properties required to stimulate 
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neuronal networks at the interface.44 Such careful selection of the functionalization route can have 

important implications beyond the field of tissue regeneration as well, including the fabrication of 

microelectrodes to study chemical and electrical neuronal signalling,45 and, more generally, the 

biointegration of chronic implants46 or other microdevices to promote local repair at the site of nerve 

injury.47 

 

Fig. 3. A–C) Low-to-high magnification transmission electron microscopy images of sagittal sections 

showing the direct contact between a neuron cell (top and right portions of images A–B, and bottom of 

C) and an underlying CNT-coating (darker section line), with CNTs piercing the cell membrane (black 

arrows in A, black square in B, and C). Reprinted with permission from ref. 42. Copyright 2008 Nature 

Publishing Group. 

Graphene is also an ideal substrate for cell adhesion, as it enables optimal cytoskeleton anchoring by 

sustaining lateral stress and providing the appropriate level of tension.48 This finding is consistent with 

the reported role of integrin-mediated activation of mechanotransduction pathways that lead to the 

differentiation of neural stem cells grown on a hybrid nanofibrous scaffold containing G.49 This 

nanomaterial and its derivatives can also act as a pre-concentrating agent of biochemical inducers that 

adsorb on its surface.50 This fact can easily be rationalized considering that it is well known that graphitic 

surfaces can establish strong interactions with proteins, although fine control is imperative to preserve 

protein function fully.51 As an example of applied molecular adsorption to induce cell adhesion, use of 

poly-D-lysine-coatings with micropatterned G yields artificial neural networks that reproduce tailored 

designs. While polylysine initially adsorbs all over the surface, resulting in random cell attachment, over 

time, the polypeptide forms a thicker layer on G, and eventually affects neural cell movement, which 

becomes directed toward G-coated areas.52 As an alternative to polypeptides, amine functionalities can 

also be appended through covalent functionalization of G or GO. Such nanomaterial components can 

form hybrids that are able to inhibit bacterial biofilm formation, and that may thus provide useful 

coatings for biomedical implants.53 It would be interesting to explore the effects of chemical 

modification of G nanomaterials for tissue engineering applications, especially considering the high 

potential already shown by G despite its infancy in the field. We anticipate that, analogously to CNTs, 

routes affecting G π-structure will, to a different extent, determine the changes in its electronic 

properties, and therefore its influence on cells; the two-dimensional geometry and dissimilar curvature 

of G relative to nanotubes will provide interesting additional factors to determine cell fate. 

Energy Applications 

Energy is another field that has enjoyed great benefits from CNTs and G. These CNS have been 

combined with inorganic catalysts, particularly metal oxides (MOx) and nanoparticles (NP), in countless 



 6 

numbers of nanocomposites and hybrids. In general, catalysis by these nanomaterials has been 

exploited for almost 30 years, and overarches several classes of reactions. Energy is an emerging field of 

research that is gaining a strong momentum, in parallel with the general interest in new and efficient 

processes that promise to set our society free from our unsustainable thirst for fossil fuels. The benefits 

of integrating a CNS component into a catalyst design are evident. Above all, it may be key to have an 

efficient interface between the organic and inorganic phases so as to produce electronic crosstalk.54 In 

some cases, such crosstalk is manifested with the formation of heterojunctions or Schottky barriers that 

are at the core of the catalytic performance enhancement. It has also been hypothesized that the 

(semi)conductive scaffold of the CNS can act as an efficient electron sink, thus influencing factors that 

are important for the particular catalysis, such as charge-recombination rates (photocatalysis) or charge 

mobility (electrocatalysis). Overall, the assembly of high-performing catalysts relies on well-designed 

engineering of the CNS, with carefully chosen synthetic steps. One key factor is the functionalization of 

CNTs or G prior to hybridization with the inorganic precursor. This step is required to equip the CNS with 

anchor points for a firm linkage with the inorganic component. 

There are two possible functionalization strategies, one covalent and one supramolecular, and each 

strategy has its own pros and cons. On one hand, covalent functionalization enables robust binding of 

the metal catalyst. However, this method also implies that the sp2 π-conjugated systems of the CNS are 

partially disrupted, resulting in expected decreases in the electronic performance. On the other hand, 

CNS electronic features can be fully preserved by means of non-covalent routes, typically by simply 

adsorbing ligand or linker molecules onto the CNS via π-stacking or van der Waals interactions. The 

downside in this case is overall weaker binding of the catalysts. As a result, desorption can occur at later 

stages when experimental conditions change, for instance during catalysis, leading to poorer 

interactions between the metal and the CNS. How can one make correct choices for CNS 

functionalization? Unfortunately, this question is not trivial, as there is no universal solution. One must 

consider the specific process of interest, the operative conditions, and which particular catalytic aspect 

is being investigated. Once CNTs or G have been appropriately functionalized, interfacing with the 

inorganic phase can be performed through various strategies, and, in general, they are designed to have 

maximum contact between the two phases. 

One well-suited example is the assembly of a hybrid system based on oxidized multi-wall CNTs 

interfaced with core–shell NPs of noble metal (M) surrounded by metal oxide (MOx), i.e., M@MOx. The 

synthesis is performed via a sol-gel approach and is flexible enough to modulate the composition, and to 

include Pd or Pt as M, and TiO2, CeO2, and ZrO2 as MOx. A key factor for the successful assembly of this 

architecture is the pre-oxidation of the CNTs for the double function of 1) improving CNS dispersibility 

into the solvent media and 2) generating a reasonable amount of -COOH and -OH groups to bind the 

metal precursor alkoxide shell via ligand exchange. The synthetic strategy is very powerful as it allows a 

balanced hierarchy of the three components, with the M and the CNT mutually interacting while being 

embedded separately into the MOx matrix (Fig. 4). 
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Fig. 4. Top. Synthetic scheme showing assembly of organic/inorganic hybrid catalyst (right) based on 

oxidized CNTs (left, with COOH groups in red) and inorganic NPs (center) based on a noble metal core 

(M, in orange) and a metal oxide shell (MO2, in light grey). Bottom. Representative TEM images of 

MWCNTs@(1 wt %)Pd–oxide nanocomposites with (a–c) TiO2, (d–f) ZrO2, and (g–i) CeO2 shells. The 

weight concentration of MWCNTs is (g) 5%, (a, d, h) 10%, (b, e, i) 15%, and (c, f) 20%. All scale bars 

represent 100 nm. Adapted from ref 55. Copyright 2012 American Chemical Society. 
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Among other reactions, the catalyst exhibits excellent performance in H2 production via methanol 

photoreforming, with the notable highest rates of 10 mmol∙g-1∙h-1 if TiO2 is used as the oxide shell and Pt 

as the core. Moreover, if the composition is switched to the Pd@CeO2 module, the catalyst presents 

excellent activity and stability for the low-temperature water–gas shift reaction. This latter example is 

another fundamental energetic process that enables the purification of H2 from CO impurities formed 

during conventional thermal reforming, while increasing H2 production.55 This example not only 

illustrates the great potential for exploiting CNTs in the field of energy, but it also highlights the 

structural complexity of successful materials, and the demanding synthetic design that they require. 

Moreover, the catalyst complexity is also linked to an intricate mechanism, which is indeed difficult to 

completely unveil. As new theoretical insights become available, and suitable mechanistic experiments 

are performed, the key factors dominating catalytic behavior will become clearer. The target is to 

master the tuning of CNS physicochemical properties for integration into more complex catalytic 

architectures to revolutionize energy conversion. In fact, regardless of the doubts as to the mechanism, 

and given the projected dominant role of H2 as an environmentally friendly fuel vector of the future, H2 

photoproduction is enjoying great popularity. New, refined systems are reported daily, with activity and 

stability steadily increasing. At this pace of development, and in parallel with the enormous advances in 

the scaled-up preparation of high-quality CNS, we anticipate a new generation of solar fuel cells with 

CNS as essential components.  

At present, one of the key challenges for using solar fuels is the low efficiency of most catalytic materials 

under visible light. In this scenario, the ad hoc tuning of CNS light absorption via chemical modification 

opens the tantalizing but not unrealistic vision of a fully sunlight-driven energy economy. Indeed, 

modification of photoelectrode surfaces with CNTs has proven to hold great potential. The concept is 

general enough to be extended to other CNS, for instance carbon nanohorns (CNHs), which are 

becoming increasingly popular. Their peculiar architecture offers the advantage of possessing notably 

high surface areas. As an example of applications, fluorine-doped tin oxide (FTO) electrodes modified 

with interlayers of CNHs can be covered with solar-sensitive TiO2 via spincoating for fine control over 

film thickness (Fig. 5). In this system, the pristine nanohorns create an electronic bridge that channels 

photoexcited electrons from TiO2 onto the FTO electrode. This component is an alternative for dye-

sensitized solar cells (DSSC) to replace standard TiCl4 pre-treatment.56 

 

Fig. 5. Dye-sensitized solar cells (DSSC) prepared with carbon nanohorns show promise for sunlight-

driven energy conversion. Reprinted with permission from ref. 56. Copyright 2014 Wiley-VCH. 
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As an alternative to the photo-induced process, pure H2 electrocatalytic production is a shorter-term 

prospect, which also relies on the exceptional electronic properties of CNTs or G. Recent pioneering 

work revealed a strong electronic coupling between MoS2 and reduced graphene oxide (rGO) which was 

responsible for enhanced electrocatalytic hydrogen evolution (HER). The authors found much lower 

impedance for the G-based composite relative to free MoS2, highlighting the important role in charge-

carrier mobility of the CNS support.57 

If the π-conjugation of the CNS is to be left unperturbed, non-covalent attachment of catalytically active 

metals may be a more convenient choice. As one representative example, equipment of a bioinspired Ni 

bisdiphosphine complex with a pendant pyrene moiety permitted attachment to CNT sidewalls. This 

system proved to be an exceptional electrocatalyst for H2 evolution, with overpotential as small as 

78 mV and high current density.58 A similar concept was adopted for the modification of an indium tin 

oxide (ITO) electrode with a CNT-derived Ru complex, where the Ru catalyst was fixed by means of 

pyrene units. The resulting modified electrode could perform the kinetically challenging reaction of 

water oxidation, with the catalyst exhibiting turnover frequencies (TOFs) as high as 1700 cycles∙h-1.59  

This last example introduces another exciting perspective in energy research, namely the fascinating 

possibility of carrying out artificial photosynthesis. At the heart of this natural phenomenon lies the 

energetically demanding water-oxidation process, carried out by a metal-oxygen cluster with four 

manganese atoms and one calcium atom, Mn4Ca.60 Massive research is being conducted to find 

alternative catalysts that can perform water oxidation with high efficiency. Can CNTs or G hold the key 

to open this golden gate? Indeed, encouraging findings are bringing us closer to the dream goal of 

artificial photosynthesis. Most notably, a nanocatalyst based on the combination of a Ru 

polyoxometalate (Ru4POM) and functionalized CNTs was used to modify an oxygen-evolving anode. Also 

in this case, chemical functionalization of the CNS played a crucial role and was carefully designed. In 

particular, CNTs were first modified with charged dendrimers (polyamidoamine (PAMAM) ammonium), 

and then attached to the inorganic domain through electrostatic interactions using Li10Ru4POM 

derivative (Fig. 6). The so-modified ITO electrode exhibited TOF values for water oxidation as high as 306 

h-1 and an overpotential as small as 0.35 V.61 Subsequently, a more facile method for CNT 

functionalization was developed, consisting of either covalent or non-covalent approaches to link 

ammonium trimethylammonium moieties to capture the Ru4POM complex electrostatically. The 

covalent protocol was assisted by microwave irradiation to insert amine groups onto the π-conjugated 

pattern, while the non-covalent method made use of pyrene units.62 

Despite these exceptional results, there is still debate as to whether G could be a more suitable 

nanostructure to fulfil the same task. When the dendrimer approach described above for CNTs was 

translated onto G, experimental evidence indicated that G can even outperform CNTs, with one order of 

magnitude higher TOFs and overpotentials as low as 0.30 V. As with the CNT analogous catalyst, a key 

aspect to consider is the control over G properties. The essential step of G functionalization was carried 

out via a less destructive protocol based on 1,3-dipolar cycloaddition,12 rather than more conventional 

but highly invasive oxidation.63 
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Fig. 6. Scheme showing the synthetic steps required for G derivatization with a nanocatalyst based on Ru 

polyoxometalate (Ru4POM) toward artificial photosynthesis. Reprinted from ref 63 Copyright 2013 

American Chemical Society. 

While photocatalysis by CNTs and G has immense promise in terms of supplying and storing energy with 

benign impacts on the environment, much work remains to improve efficiency. As an alternative, 

electrocatalysis appears to be within closer reach for short-to-medium term market breakthroughs. 

Indeed, CNS-modified electrodes are proliferating for a variety of other energy-related reactions. One 

such reaction, of huge importance for fuel cells, is the oxygen reduction reaction (ORR). This process is 

conventionally carried out by Pt catalysts supported on carbon, but it was shown to proceed with 

improved activity when the amorphous carbon support was replaced by G, using FePt nanoparticles to 

decrease the required amount of costly and scarce Pt metal.64 Similar trends were observed with the 

employment of CNTs.65 There is a massive amount of research attempting to replace state-of-the-art Pt-

based catalysts with cheaper metals, and both CNTs and G are useful components to enhance 

performance. In one famous example, Co3O4 supported on N-doped GO (N-GO) could be used for both 

ORR and the reverse oxygen evolution reaction (OER), displaying similar activity but higher stability than 

the corresponding Pt-based catalyst,66 while replacing N-GO with N-doped CNTs (N-CNTs) after 

hybridization with Co3O4 resulted in even higher ORR current densities.67 Another intriguing feature 

borne by CNTs as compared to G is the possibility of exploiting the inner cavity, endohedrally filling the 

tubes with several entities. This approach gives rise to what has been termed the “confinement effect”, 

which leads to interesting and unusual characteristics.68 After preparation of a Fe-filled N-CNT 

electrocatalyst, it was suggested that across-layer electron transfer from endohedral Fe to the outer 

CNT layer could lead to efficient activity for ORR in acidic media. Other than directly being involved in 

the catalytic process, the CNTs also provide protection for the Fe from leaching under operation 

conditions.69 For the same hybrid, the external surface of the CNTs was carefully modified with benzoic 

acid groups in order to tune reactivity, and the catalyst was capable of carrying out both the ORR and 

the hydrogen evolution reaction (HER) at nearly neutral pH. The importance of performing these two 
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reactions under physiological conditions is a necessary condition for the development of microbial fuel 

cells, which are at the forefront of the energy revolution.70 In conclusion, CNS electronic benefits for 

catalysis are evident, and their chemical functionalization provides the right tool for fine control over 

the process. Informed choice over CNS derivatization will be key to make further quality progress in the 

energy field. 

 

CONCLUSIONS AND PROSPECTS 

The family of CNS has been growing steadily since 1985, providing interesting new tools for scientists 

every few years. In particular, those nanomaterials displaying extended π-conjugated systems, with 

CNTs and G as leaders, display intriguing electronic effects as discussed above. It took some time for 

researchers to gain familiarity with these nanomaterials and especially to understand that chemical 

functionalization is indispensable to handle and to apply these interesting CNS successfully. We are only 

now starting to understand better the deep implications of different chemical routes (e.g., radical-

mediated, thermal cycloaddition, oxidation, etc.) for preservation and modulation of CNS electronic 

behavior. A fine balance between functionalization level, preservation of the π-system, and stability of 

the chemical species, while keeping their ability to respond to changes in the surrounding conditions is 

key. We have provided selected examples of a long research effort devoted to the use of CNS to bring 

about revolutions in energy and medicine. Mastering their unique properties offers tremendous 

opportunities to address the difficult challenges that our society is facing, and only continuous, long-

term efforts will provide the right tools to enable full use of their unique bridging capabilities.  
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Suggested Pull Quotes 

Carbon nanotubes and graphene molecularly and electronically bridge in a manner that is useful across 

many disciplines of science, from medicine to energy. 
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At this pace of development, and in parallel with the enormous advances in the scaled-up preparation of 

high-quality carbon nanostructures (CNS), we anticipate a new generation of solar fuel cells with CNS as 

essential components. 


