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Electrochemically functionalized carbon nanotubes for device applications
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The application range of carbon nanotubes (CNTs) has been significantly expanded by the advent of

reliable chemical functionalization methods. This article surveys electrochemistry-based approaches

that have been devised for the covalent and non-covalent modification of CNTs, and highlights their

increasing importance in the development of nanoscale and macroscopic CNT devices. The primary

focus is on electrochemical protocols for selective functionalization of CNTs according to their

electronic properties, as well as the fabrication of various types of CNT-based sensors for gases and

(bio)molecules.
1. Introduction

The prospects for the application of carbon nanotubes (CNTs)

are multi-faceted ranging from reinforced composites to molec-

ular-scale electronic devices. While most of the applications still

remain a far-off dream, a number of such promises have been

successfully realized such as field-emission displays1 and

scanning probe tips.2 Moreover, CNTs have been successfully

implemented as highly efficient conduction channels into field-

effect transistors (FETs). However, although the first CNT-

FETs were demonstrated one decade ago,3,4 the integration of

such devices as integral components of computers still remains

to be achieved. While efforts are undertaken to reach this goal,

optimized device architectures are constantly emerging5 and

the basic understanding of the physics of CNT-FETs is steadily

expanding.6,7 In this context, the development of reliable CNT

chemical functionalization strategies has significantly contrib-

uted to the progress.8–11 The present review focuses on one

specific type of functionalization method, namely the electro-

chemical route. After a brief introduction about carbon

nanotubes in general and their reactivity, the available electro-

chemical functionalization schemes are outlined. The subsequent
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section is devoted to the fabrication of CNT-FETs through

selective electrochemical elimination of metallic nanotubes.

Following this, the application of electrochemically functional-

ized CNTs as detectors for gas molecules and as sensors for

analytes in liquid solutions will be presented. The review

concludes with future perspectives for devices based on electro-

chemically functionalized CNTs.

2. Carbon nanotubes

2.1 Electronic and physical structure

Carbon nanotubes are rolled-up graphene sheets occurring as

single-wall (SWCNT) or multi-wall (MWCNT) cylinders.12

They have diameters from 0.4 up to a few nm, and their lengths

range from a few nanometres up to several millimetres. Any

single SWCNT can be specified by its chiral vector (n,m), which

in turn determines the tube’s electronic structure.12 The diameter

of an (n,m) tube is given by d ¼ a
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2 þ nmþm2Þ

p
, where the

lattice constant a is related to the nearest-neighbour bond

distance (ac–c) between two carbon atoms through a ¼ O3ac–c
¼ O3 � 1.42 Å ¼ 2.46 Å. In general, (n,m)-SWCNTs with

(n,m) being an integer multiple of 3 are metallic (m-SWCNTs)

or semi-metallic, whereas all other tubes are semiconducting

(s-SWCNTs). The band-gap of an s-SWCNT can be approxi-

mated to 0.8 eV/d,13 where d is the diameter of the nanotube in
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Fig. 1 Chemical structure of diporphyrin-based chiral nano-tweezers for the separation of left- and right-handed SWCNTs. They are simply designated

(R)-1 and (S)-1, since all four sterogenic centers in both molecules have the same configuration. (Adapted with permission from ref. 17.)
nm. Most of the commercially available nanotube raw materials

contain tubes with a distribution of diameters and a correspond-

ing variation of physical properties. Hence, much recent work

has been devoted toward separating the nanotubes according

to their chirality or electronic structure. Enrichment of single

chirality SWCNTs has recently been achieved by single-stranded

DNA that helically wraps around the tubes, combined with

a two-step separation involving size exclusion and ion exchange

chromatography.14 In this manner, (9,1) tubes could be effec-

tively purified from (6,5) tubes of almost identical diameter. A

related approach comprises the chirality-selective extraction of

SWCNTs by wrapping of fluorene-based polymers, which

afforded high-purity (7,5) nanotubes.15,16 As a further exciting

development, it has been possible to separate right- from left-

handed SWCNTs with the aid of appropriately designed chiral

diporphyrin molecules (Fig. 1) capable of forming nanotube

complexes of different stabilities.17
Fig. 2 Schematic depiction of a pentagon–heptagon pair (Stone–Wales

defect) in the sidewall of a carbon nanotube.
2.2 Chemical reactivity

The sites of highest chemical reactivity within carbon nanotubes

are the caps, which have a fullerene-like structure. Chemical

functionalization of CNT tips has been performed mainly on

the basis of oxidative treatments.18,19 As a general rule, CNT

purification by oxidation yields tubes with oxygen-containing

functional groups (predominantly carboxylic acid) at both the

sidewall and the tube endings. These groups can then be used

to link molecules via, e.g., amide bond formation.20

The curvature of the nanotube sidewall renders covalent bond

formation to the sp2 carbon framework more favorable than for

planar graphene.21 On this basis, a range of sidewall modification

protocols have been established, most notably involving the

addition of carbenes22,23 and azomethine ylides.24,25 Meanwhile,

there exist several experimental studies which reveal that the

(exohedral) chemical reactivity rises with increasing curvature

of the wall.26–28 This dependency has been attributed to curva-

ture-induced strain that originates from pyramidalization of

the sp2-hybridized carbon atoms and the misalignment of

p-orbitals.29–31 It is noteworthy that for certain types of nano-

tubes, the binding energy may increase instead of decrease

when going from smaller- to larger-diameter tubes. One example

is the chemisorption of hydrogen on zigzag tubes, as predicted by

a recent theoretical study.32 For a more comprehensive descrip-

tion, the direction dependence of curvature has to be taken

into account.33
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Metallic and semiconducting SWCNTs display different

reactivity toward covalent functionalization, as has been demon-

strated for hydrogen peroxide-mediated oxidation,34 addition

reactions like the coupling of aromatic diazonium8 or nitronium9

ions, or osmylation.35 In general, m-SWCNTs, due to their larger

propensity for both donating and accepting electrons, exhibit

a higher reactivity than their semiconducting counterparts.36

However, it should be kept in mind that doping (as a result of,

e.g., the purification procedure) can render the reactivity of

semiconducting tubes comparable to that of the metallic

ones.37 This may explain experimental findings that the function-

alization is selective toward smaller diameter tubes, but largely

independent of the tubes’ electronic character.38

Like the chemisorption energy, the binding position of reac-

tive atoms or groups can depend on the type of nanotube. For

instance, while in case of armchair tubes pairs of hydrogen atoms

have been theoretically predicted to preferably attach to adjacent

positions,39,40 calculations on zigzag tubes indicate alternate

carbon sites to be most favorable.32 Interestingly, it has been

found that Clar’s valence bond model41 allows successful predic-

tion of the preferred pattern of covalently bonded hydrogen

atoms on CNTs.42

Defects such as vacancies and pentagon–heptagon pairs or

Stone–Wales (SW) defects (Fig. 2) profoundly alter the chemical

reactivity of the SWCNT sidewall.43–46 Their strong relevance is
This journal is ª The Royal Society of Chemistry 2008



apparent from the fact that approximately 2% of the carbon

atoms in SWCNTs occur in non-hexagonal rings.47 The presence

of defects usually leads to locally enhanced reactivity. For

example, according to theory the addition of methylene (CH2)

is significantly more favorable at SW defects than at the intact

sidewall.48 However, there can be pronounced differences

between the various defect-associated addition sites.49 In partic-

ular, the central 7,7 ring fusion at SW defects in armchair tubes

has been found by theory to be less reactive than the sidewall.50

Covalent sidewall functionalization strongly affects the elec-

tronic properties of the nanotubes as a consequence of the

reduced number of delocalized p-electrons. With increasing

functionalization degree, metallic SWCNTs first assume semi-

conducting character51 until they eventually become insulating.52

It has been shown for diazonium-functionalized metallic

SWCNTs that annealing at 500 �C removes a large fraction of

the attached aryl groups and thus partially restores their original

conductivity.53 While reliable experimental data concerning the

location and orientation of the appended moieties are not yet

available, several theoretical investigations have addressed this

topic.54–57 A special case may be the [2 + 1] cycloaddition of

species like CH2 or NH, which has been predicted to preserve

the electronic properties of the nanotubes.58 Recovery of sp2

hybridization through bond cleavage between adjacent sidewall

carbons has been implicated to explain this characteristic. A first

confirming hint has recently been gained by experiments on

SWCNTs modified by cyclopropanation via the Bingel reac-

tion.59
3. Electrochemical functionalization

3.1 Strategies

CNTs are ideally suited for electrochemistry-based functionali-

zation schemes due to their good electrical conductivity, their

low capacitance which arises due to their one-dimensional

nature, and the thickness of the electrochemical double layer

being comparable to the diameter of the nanotube.60 There are

a range of experimental indications that CNT surfaces exhibit

fast electron transfer rates for various redox systems, compa-

rable to the edge planes of pyrolytic graphite.61,62 The first exper-

iments using individual MWCNTs as electrodes demonstrated

that the limiting electrochemical current is a function of the

length of the nanoscale electrode.63 This electrode was fabricated

in a facile manner by attaching an individual MWCNT tube to

a Pt tip with the aid of silver paste. Similar electrochemical char-

acteristics have been observed at individual SWCNT electrodes

fabricated by nanolithography.64

Bulk CNT electrodes have been fabricated in a number of

ways,65 including the preparation of a bucky-paper electrode

through vacuum filtration of a nanotube suspension,66 or the

deposition of a thick CNT network onto a glassy carbon or

a metal electrode.67 The electron transfer kinetics at such elec-

trodes have been shown to depend on the length and orientation

of the nanotubes. Specifically, the electron transfer between the

underlying metal electrode and a redox couple in solution was

found to be 40 times faster through vertically aligned tubes

than through randomly dispersed SWCNTs.68 This difference

indicates that in the random network the electron transfer is
This journal is ª The Royal Society of Chemistry 2008
impeded by the more complicated pathway presumably

involving intertube junctions. Moreover, the electron transfer

rate through the array varied inversely with the average tube

length, which has been rationalized on the basis of the nanotubes

acting as a resistive element in the circuit. The latter finding

could help to clarify the discrepancy between earlier studies on

this topic.69,70

Electrochemical functionalization involves the creation of an

active species from a precursor in the vicinity of a working elec-

trode (WE).71 The active species that is formed through charge

transfer with the WE (nanotube here) often has a tendency to

react further with the precursor or to self-polymerize yielding

a coating on the nanotube surface. Depending on the choice of

precursor and electrochemical conditions, such polymerization

may or may not be accompanied by the formation of covalent

bonds to the carbon framework of the nanotubes.52 The electro-

chemical coupling can be achieved using different methods. Most

common is the potentiostatic technique, wherein a constant

potential is applied over an extended period of time. The appro-

priate potential to be applied is estimated by performing cyclic

voltammetry.71 Electrochemical modification can also be per-

formed galvanostatically where a constant current density is

applied over a desired period of time. In the case of bulk elec-

trodes, where usually the nanotubes are in exclusive contact

with the solution, complete voltammetric scans can be studied.72

When using this method with single SWCNTs, special prepara-

tion steps are required to ensure that the contacting electrodes

and pads do not come in contact with the solution.73,74 The

advantage of performing complete voltammetric scans is that

the corresponding amperometric signal measured during the

functionalization procedure provides information on the under-

lying coupling mechanism.75

In the following, the various electrochemical functionalization

schemes for CNTs are classified under metal nanoparticle deco-

ration, as well as covalent and non-covalent attachment of

organic or inorganic moieties.
3.2 Metal particle decoration

Electrochemistry provides a simple but efficient route for the

decoration of nanotubes with metal nanoparticles. In such an

experiment, a metal salt in solution is reduced by application

of an appropriate potential. Electrodeposition offers several

advantages over alternative methods such as metal evaporation

or deposition of pre-formed colloid particles, most importantly

good control over the size and density of the particles. In addi-

tion, electrochemically decorated particles are in intimate

contact with the carbon nanotubes in comparison to metal

colloids deposited from solution, which is important for some

applications.76,77 CNTs decorated with transition metals like

platinum or palladium are interesting as catalysts with high

surface area78 or as chemical sensors (see Section 5).

As a representative example, SWCNTs with electrodeposited

gold nanoparticles are depicted in Fig. 3. In Table 1, a survey

of electrodeposition parameters used for decorating CNTs with

different metals is provided. In contrast to platinum, palladium

and nickel, the electrodeposition of silver and gold usually

requires stabilizers in order to obtain regular particles.76,77 Silver

nanoparticle deposition onto SWCNTs has also been reported in
J. Mater. Chem., 2008, 18, 3071–3083 | 3073



Fig. 3 Atomic Force Microscope (AFM) amplitude image of two

contacted SWCNTs electrochemically decorated with a low density of

Au nanoparticles. The tube on the lower left side that is not in contact

with the electrode remains unmodified. The arrow points towards the elec-

trodeused for contacting the nanotubes.The electrochemicalmodification

was carried out in an aqueous solution of KAuCl4 with (poly)vinylpyrro-

lidone as the stabilizer and LiClO4 as the supporting electrolyte.
the absence of a stabilizer.75 The size and distribution of the

nanoparticles can in general be controlled by the magnitude of

the applied potential and the concentration of the metal salt in

solution. However, the growth kinetics can vary substantially
Table 1 Representative examples of various parameters used for decorating

Nanoparticle Metal salt Stabilizer

Pd Na2(PdCl4) —
Pt H2(PtCl6) —
Au KAuCl4 (Poly)vinyl pyrrolidone
Ag AgCN K4P2O7

AgNO3 —
Ni NiSO4 —

Fig. 4 (a) Scheme showing the preparation of a metal nanoparticle at the en

particle formed at the exposed end of a single SWCNT (adapted with permi
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from one metal to another.75 For example, Ag nucleates much

faster than Pt on the bare nanotube and thus by varying the

time of deposition the density of Ag nanoparticles can be

controlled, while with Pt nanoparticles increasing the deposition

time results in bigger clusters. There is convincing experimental

evidence that the particles preferentially nucleate at defect sites.

For example, defects introduced by gentle oxygen plasma or mild

acid treatment have resulted in an increased density of nanopar-

ticles on a SWCNT network.79 In another study, nickel has been

electrodeposited in a controlled manner onto individual

SWCNTs.80 After oxidative dissolution and re-deposition of

Ni, the particles were found at exactly the same positions as

before. Selective decoration of the nanotube ends (Fig. 4) has

also been reported, albeit requiring isolation of the sidewalls

from the solution by using either a patterned mask81 or vertical

arrays of nanotubes.82
3.3 Covalent functionalization

The development of covalent electrochemical functionalization

schemes for CNTs has largely built upon earlier work on

carbon-based electrodes like glassy carbon or highly ordered

pyrolytic graphite (HOPG).83 The major electrochemical

protocols described so far are CNT oxidation,84–86 nitration,87

hydrogenation,88 halogenation,89 and addition of phenyl radi-

cals72 (Scheme 1). In general, the higher curvature of SWCNTs

renders them more amenable to covalent modification than

MWCNTs. Functionalization degrees exceeding 5% have been
SWCNTs with metal nanoparticles

Supporting electrolyte Solvent References

LiClO4 Ethanol 153
LiClO4/HClO4 Ethanol 75
LiClO4 Water 76,77
KCN Water 76,77
KNO3 Water 79
Na2SO4 Water 80

d of a single SWCNT. (b) and (c) SEM images showing the metal nano-

ssion from ref. 81).
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Scheme 1 Scheme showing the major electrochemical functionalization

routes for carbon nanotubes.
found,72 although considerable variations among the obtained

products may exist. Since the covalent functionalization at the

same time opens the nanotube tips, the resulting material

exhibits an increased surface area.84,85 In the case of anodic

reactions, the introduction of oxygenated functional groups

like –OH or –COOH typically occurs as a significant side

reaction.89 Single covalent bonding events at the nanotube

sidewall could be monitored by in situ measurements of the

electrical conductance of individual SWCNTs during their

electrochemical oxidation within an aqueous electrolyte.74 This

study provided evidence that covalent bonding events can

directly occur at the intact sidewall, rather than requiring a defect

site for the bond formation. Electrochemical oxidation of

MWCNTs has been shown to strongly improve their electro-

chemical reactivity.90

The functionalization scheme based upon benzene diazonium

salts is compatible with a wide range of substituents on the

phenyl ring.52,72,91,92 Spectroscopic studies suggest that extensive

diazonium coupling leads to the formation of aryl chains grafted

to the CNT sidewall.91 Substituted phenyl groups electrochemi-

cally appended to CNTs have been utilized as anchors for the

subsequent attachment of metal nanoparticles,93 the grafting of

poly(methyl methacrylate) and polystyrene brushes via atom

transfer radical polymerization,94 as well as the immobilization

of hydrogenase95 and DNA molecules.96 There are also

reports of covalent attachment of polyaniline under certain

conditions of aniline electropolymerization onto SWCNTs,

without the need for such anchors.97,98
Scheme 2 The chemical structure of common polymers used for

electrografting onto carbon nanotubes: 1—polyacrylonitrile, 2—poly-

pyrrole, 3—poly-N-(vinyl-carbazole), 4—poly-(o-phenylenediamine)

5—polyaniline.
3.4 Non-covalent functionalization

The non-covalent electrochemical modification of CNTs has

been accomplished through four major approaches, namely (i)

electropolymerization of organic precursor molecules onto

CNTs, (ii) electrodeposition of inorganic compounds, (iii)

co-electrodeposition of CNTs and a polymer matrix onto a solid

support, and (iv) electrophoretic deposition of pre-formed

moieties.

It should be emphasized that in the electrografting experi-

ments described below, non-covalent attachment to the CNTs

is a plausible scenario. However, in several cases the obtained

products have been insufficiently characterized, such that

(partial) covalent anchoring of the polymers cannot be

excluded.99 Some hints toward covalent modification have been
This journal is ª The Royal Society of Chemistry 2008
obtained for, e.g., the oxidative polymerization amines,100 as

well as the electrografting of polyacrylates101 or poly(N-vinyl-

carbazole).102,103 However, further studies are required to fully

clarify this aspect.

3.4.1 Electropolymerization approach. There are a range of

publications dealing with the electropolymerization of appro-

priate monomers onto CNT thin film or bucky-paper electrodes.

The most relevant polymers that have been used to coat CNTs in

this manner are depicted in Scheme 2. In the initial stage, moti-

vated by the wealth of data available on the corresponding con-

ducting polymers, the experiments were focused on the

electropolymerization of aniline104–106 and pyrrole.107,108 More

recently, polymer coatings obtained via electropolymerization

of o-phenylenediamine onto oxidatively pre-treated MWCNTs

were found to strongly interact with the nanotubes via oxygen-

containing functional groups (presumably –COOH).109 This

interaction has been interpreted as the origin of the enhanced

polymer deposition rate in comparison to a bare glassy carbon

electrode (GCE). It has been speculated that the created cationic

radicals preferentially attach to the acidic sites on the nanotubes,

thereby greatly increasing the number of nucleation sites for the

polymerization reaction. This behaviour is different from that of

polypyrrole, for which no facilitated grafting has been

observed.110

Apart from polyaniline and polypyrrole, the electrodeposition

of a few other polymers has been performed. Electrografting of

polyacrylonitrile onto MWCNTs yielded coatings that are stable

up to �250 �C, at which temperature the polymer undergoes

exothermic cyclization.99 However, only a low grafting ratio of

�0.3 (i.e., weight ratio of polymer to CNTs) was found in this

work. More homogeneous coatings were obtained via electropo-

lymerization of fluorene onto oxidatively modified SWCNTs,110

carbazole onto SWCNTs,111 and N-vinyl-carbazole onto

SWCNTs or MWCNTs.102,103 An interesting recent work has

addressed a major problem in the electrochemical functionaliza-

tion of large CNT ensembles, namely the fact that the reaction is

often limited to a thin surface layer with a thickness of just a few
J. Mater. Chem., 2008, 18, 3071–3083 | 3075



Fig. 6 Schematic illustration of a possible mechanism for the perpendic-

ular orientation of nanotubes during the electrodeposition of conducting

polymer–CNT composite films. The micelle-encased tubes, which are

disordered in the absence of an electric field (a), become aligned when

an electric field is applied (b). After depositing on the electrode (c), elec-

tropolymerization of the monomer occurs at the electrode and nanotube

surface if a sufficiently high potential is applied (d). (Adapted with

permission from ref. 125.)

Fig. 5 (a) SEM image of aligned MWCNTs electrochemically coated by

a layer of polypyrrole; (b) TEM image of an individual modified nano-

tube, revealing a thickness of the polymer sheath of approximately 30

nm. (Adapted with permission from ref. 201.)
micrometres. It has been demonstrated that by embedding the

tubes in an ionic liquid, efficient polymer electrografting can be

achieved throughout the CNT network.101

Besides ensembles composed of randomly oriented CNTs,

vertically aligned CNT arrays have been used as electrodes in

electrografting procedures (Fig. 5). The latter type of electrode

offers the advantage of a large surface area, which is beneficial

for applications in, e.g., chemical sensors or photovoltaic cells.

The first such report involved the electropolymerization of

pyrrole, which yielded aligned polypyrrole-sheathed

MWCNTs.104 Free access of the monomer requires proper

control over the CNT density, which results in uniform polymer

coatings reaching thicknesses of several tens of nanometres.112

Other polymers that have been electrodeposited onto vertical

CNT arrays are polyaniline,113,114 poly(o-anisidine)115 and poly-

methacrylonitrile.116

In contrast to bulk CNT electrodes, studies on the coating of

individual CNTs with non-covalently attached polymers are

rare. This task has been achieved via electropolymerization of

substituted aromatic amines like 4-amino-benzylamine.117

AFM investigations revealed that the electropolymerization

procedure offers a high degree of controllability over the thick-

ness of the polymer layer by adjusting the deposition time and

potential, and is capable of yielding closed coatings even for

polymer thicknesses as small as 3–4 nm. Moreover, the combina-

tion of Raman spectroscopy and electrical conductivity measure-

ments has proven highly valuable for confirming the largely

unperturbed electronic character of the modified tubes.52

3.4.2 Electrodeposition of inorganic compounds. Compared to

organic polymers, only a little work has been performed on the

electrodeposition of inorganic materials onto CNTs. One

example is the cathodic deposition of cadmium sulfide onto
3076 | J. Mater. Chem., 2008, 18, 3071–3083
MWCNTs.118 Further to this, there are reports of electrodeposi-

tion of Prussian blue119 and molybdenum oxides onto

MWCNTs.120 In the first two cases, the nanotubes were pre-

treated by oxidation in order to provide them with appropriate

anchor groups.

3.4.3 Electrodeposition of mixed CNT–polymer films. Initial

studies along this direction comprised the polymerization of

aniline or polypyrrole within aqueous solutions containing

dispersed CNTs which act as a dopant for the formed poly-

mers.121,122 The resulting composite films often showed a porous

structure imparting a high surface area.123 Later, polypyrrole–

CNT composite nanowires were synthesized by a template-based

approach, wherein the polymer is electroplated into the pores of

an alumina membrane in the presence of carboxylated CNTs.124

Moreover, aligned polypyrrole–CNT composite films were fabri-

cated with the aid of an ionic surfactant as the electrolyte.125 In

the latter study, electric-field induced orientation of the

micelle-enclosed CNTs has been put forward as a possible mech-

anism for tube alignment during the polymerization process

(Fig. 6). Very recently, electrodeposition has been used to

produce chiral polyaniline–MWCNT composite films whose

optical activity can be tuned by the choice of electrode material

and nanotube concentration.126

Various strategies have been pursued to enhance the interac-

tion between the conducting polymer matrix and the nanotubes.

As one possibility, nanotubes non-covalently modified by

adsorption of dodecylbenzene127 or 1-pyrene sulfonic acid128

have been employed. Alternatively, the CNTs were covalently

functionalized with amino groups129,130 or poly(m-aminobenzene

sulfonic acid)131 in order to provide anchors for the polymer. A

third strategy is based upon covalent linkage of the monomer

to the CNTs prior to electropolymerization.132–136

Also non-redox processes have been developed for the fabrica-

tion of polymer–CNT composite films, as exemplified by the

electrodeposition of chitosan–MWCNT films.137 The underlying

mechanism here is a pH increase near the cathode surface as
This journal is ª The Royal Society of Chemistry 2008



a consequence of proton reduction, which causes precipitation of

the chitosan.

3.4.4 Electrophoretic deposition. Electrophoretic coating, an

approach that has received the smallest attention so far, has

been used to deposit protonated, positively charged titanium

dioxide clusters in high density along vertically aligned

MWCNTs.138 The thickness of the resulting homogeneous

TiO2 coatings could be controlled by the applied voltage and

deposition time.
4. Field-effect transistors

Amajor impetus for increasing research in the field of CNTs was

the fabrication of field-effect transistors (FETs).3,4 In fact, the

realization of transistors with just a nanometre-wide channel

was expected to further stimulate the miniaturization drive in

information technologies. However, this expectation has not

yet been fulfilled, which is largely due to the fact that CNTs—

unlike conventional semiconductor materials—are available

mostly as a mixture of m- and s-SWCNTs. Hence, for routine

fabrication of CNT-FETs, the m-SWCNTs need to be elimi-

nated either before or after their implementation into a device.

Within the first approach, different chemical methods have

been used which exploit for instance the differing interaction

between m- and s-SWCNTs with various polymers,15 although

the attained enrichment factors are still well below 100%.

More promising separation efficiencies have been attained by

physical methods like dielectrophoresis139 and density gradient

centrifugation,140 however, it is more difficult to scale-up these

procedures.

The most common technique employed for eliminating

m-SWCNTs at the device level involves destruction of the

m-SWCNTs by passing a high current through the CNT

ensemble.141 Here a back-gate is required in order to switch the

s-SWCNTs to the OFF state, in order to ensure that the current

is exclusively carried by the metallic tubes. Another selective

elimination method applicable to CNT devices is electrochemical

functionalization, which has been demonstrated in two different

ways. In the first variant, the hysteresis of back-gated SWCNT-

FETs is utilized to bring the s-SWCNTs within a network to the

OFF state by sweeping the back-gate voltage appropriately.142
Fig. 7 Back-gate dependence of a sparse SWCNT network before and after

a very low modulation of conductance. The network is electrochemically mod

(0.1 M LiClO4 as supporting electrolyte), after sweeping the back-gate voltag

are exclusively covalently modified and become highly resistive. This results

orders of magnitude with the gate voltage. (Adapted with permission from r

This journal is ª The Royal Society of Chemistry 2008
Subsequently, the metallic tubes are strongly modified through

electrochemical diazonium coupling, whereupon their resistance

is increased by more than three orders of magnitude due to the

covalent attachment of a high density of phenyl residues (cf.

Section 3.3). The resulting network shows a semiconducting

behaviour, and its conductance can be tuned over 6 orders of

magnitude as shown in Fig. 7. The second variant involves the

elimination of m-SWCNTs without the use of a back-gate,

exploiting the difference in electrochemical reactivity between

m- and s-SWCNTs.143 Its underlying principles are best

conveyed by first presenting the concepts of liquid-gating and

in situ monitoring of the tube conductance.
4.1 Liquid-gating

While performing electrochemistry, the potential of the working

electrode connected to the material of interest (CNTs in the

present case) is adjusted with respect to a well-defined potential

at a reference electrode (RE). Thus varying the potential at the

RE results in a modulation of the electrochemical potential of

the CNTs. If the WE comprises an individual s-SWCNT, this

variation of the electrochemical potential would lead to a change

in the filling of the energy levels and correspondingly alter the

conductance of the nanotube.60 If the other end of the tube is

connected to a fourth electrode (apart from WE, RE and CE),

it is possible to measure the conductance of the contacted tube

in dependence of the voltage applied to the RE. In this manner,

it is possible to gate the nanotube in a liquid medium, and the

device functions as an electrochemical field-effect transistor

(EC-FET). The gating effect in such a device relies upon the

formation of an electrochemical double layer (Helmholtz layer)

at the nanotube–electrolyte interface upon application of

a liquid-gate voltage at the RE. While the conception of an

EC-FET does not appear promising for semiconductor elec-

tronics, it offers a number of other advantages including highly

efficient gate coupling as well as the possibility of fabricating

FET-based nanoscale sensors in liquids.

Fig. 8 shows the gate dependence of conductance of

a m-SWCNT and a s-SWCNT in both back-gated and liquid-

gated configurations. For the liquid-gated curves the potentials

at the bottom scale refer to the voltage applied to the gate

(RE) referenced to the nanotube, following the convention for
electrochemical modification. Initially the device behaves as a metal with

ified in a solution of 4-nitrobenzenediazonium tetrafluoroborate in DMF

e to bring the s-SWCNTs to the OFF state. In this manner, m-SWCNTs

in a semiconducting network, whose conductance can be varied over 6

ef. 142.)
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Fig. 8 (a) Gate dependence of conductance for an individual m- and

s-SWCNT as a function of the back-gate voltage. (b) Liquid-gate depen-

dence of conductance for the same m- and s-SWCNTs in water, using an

Ag/AgCl electrode as the gate. The lower scale refers to the voltage at

this gate electrode, while the upper scale denotes the potential at the nano-

tube with respect to the Ag/AgCl reference (electrochemical convention).

Fig. 9 (a) Conductance of a single s-SWCNT as a function of the liquid-

gate voltage in the presence (black solid line) and absence (dark-gray

solid and light-gray dotted lines) of H2SO4. The dark-gray and light-

gray curves are measured in water before and after the measurement in

H2SO4. It is apparent that oxidation results in a flat zero conductance

until the voltage exceeds the reduction threshold (VWE < 0 V), where

the conductance of the tube is restored. (b) and (c) Measurement of

the tube conductance as a function of time revealing sharp steps under

oxidizing and reducing electrochemical conditions, respectively (Adapted

with permission from ref. 73.)
FETs. The top scale displays the potential in a convention

common in electrochemical experiments, where the potential at

the nanotube is referenced to the RE. For the remainder of

this review, this electrochemical convention will be used for the

gate potentials. From the curves it is apparent that electrochem-

ical gating in a liquid is much more efficient than back-gating,

with the liquid-gate voltage range being an order of magnitude

smaller and the sub-threshold slope much steeper. The improved

performance is a consequence of the difference in gate capaci-

tances. The thickness of the electrochemical double layer is of

the order of a few nm (capacitance: 2000 pF m�1), in comparison

to 100 nm in case of the SiO2 dielectric layer (capacitance: 37 pF

m�1). Moreover, due to the lower density of electronic states in

the quasi-1D nanotubes in comparison to bulk semiconductors,

the so-called quantum capacitance (400 pF m�1) has to be taken

into account as an additional component that occurs in series

with the geometrical capacitance.60 The smaller of the two capac-

itances dominates the net capacitance. In the back-gate configu-

ration, the capacitance is mainly governed by the dielectric

capacitance, whereas for the liquid-gate the capacitance is

mainly determined by the quantum capacitance.

4.2 Conductance monitoring

The ability to monitor the conductance of a nanotube while

varying the voltage at the RE has beneficial consequences. In
3078 | J. Mater. Chem., 2008, 18, 3071–3083
particular, by adding an appropriate coupling agent, the conduc-

tance of the tube can be used as a sensitive indicator to trace the

formation of covalent bonds to its sidewall. This was first

demonstrated by observing the effect of reversible electrochemi-

cal oxidation and reduction on the conductance of individual

s-SWCNTs in H2SO4.
73 Fig. 9 compares the conductance of

such an s-SWCNT-EC-FET as a function of the voltage applied

to the RE with and without H2SO4. In the presence of H2SO4,

the oxidation of the tube causes a large conductance decrease,

and the subsequent reduction almost completely restores the

original conductance. Later experiments with the addition of

a strongly oxidizing agent (KMnO4) have even enabled the

detection of point-functionalization at individual defect sites

on an individual SWCNT.74 Thus, it is possible to control the

degree of covalent functionalization of the tube by stopping

the electrochemical modification at a desired conductance.144

It is worthwhile taking a look at the various experimental

set-ups used for in situ monitoring of the conductance of the

nanotubes. Strictly speaking, in addition to WE and RE, a third

electrode (CE) is necessary in order to ensure that the required

potential is maintained between the WE and RE. Normally the

current supplied by the CE is controlled in order to maintain

this potential difference. However, many experiments have

been carried out without the CE.64,75,79,92,145 Such a two-electrode

configuration is justified by considering the fact that the intrinsic

capacitance of the nanotube (quantum capacitance) is much

smaller than the double layer capacitance146 as a result of which

the potential drop is mainly associated with shifting the electro-

chemical potential of the nanotube.60 By contrast, the choice of

the reference electrode is probably more critical. Although Ag/

AgCl is principally the best-suited RE for low-volume applica-

tions, the use of Pt as a pseudo-reference has also resulted in

consistent measurements.73,74
This journal is ª The Royal Society of Chemistry 2008



Fig. 10 Time course of electrical resistance of a gas sensor obtained by

electrodeposition of polyaniline onto a SWCNT film upon exposure to

ammonia (10 ppm) at room temperature (exposure periods are indicated

be the arrows). The bold line represents a fit obtained by assuming

a simple first order adsorption–desorption kinetic model. (Adapted

with permission from ref. 157.)
4.3 Selective functionalization

From the foregoing discussion and from Fig. 8, it is evident that

an m-SWCNT is amenable to electron transfer over a broad

range of applicable potentials. By contrast, due to the band

gap of an s-SWCNT, there exists a potential range in which

electron transfer is blocked. This difference becomes directly

apparent from the theoretically calculated electrochemical

charge transfer rates of prototype metallic and semiconducting

tubes.143 These calculations predict that by optimizing the

electrochemical conditions including the type of diazonium salt

used and the applied potential, it is possible to obtain a reduction

rate at an m-SWCNT that is four orders of magnitude larger

than at an s-SWCNT. Experiments on individual m- and

s-SWCNTs with in situ conductance monitoring data support

this prediction.143 This opens access to semiconducting networks

of SWCNTs, just by performing a single electrochemical modifi-

cation step.10

5. Sensors

Due to their high surface area and chemical stability, CNTs are

close-to-ideal components of nanoscale sensors. As another

advantage, which is particularly relevant for biosensing applica-

tions, the small size of CNTs enables them to access the interior

of redox enzymes.69,70,147

5.1 Gas sensors

The sensitive detection of different types of gas molecules has

been accomplished using both individual CNTs148 and thin

CNT networks.149,150 Various approaches have been followed

to enhance the sensitivity, selectivity and/or response time of

the sensors via chemical modification.151,152 Among these, elec-

trochemical methods have been utilized to decorate CNTs with

noble metal nanoparticles153–156 or organic polymers.157,158

Oxidatively treated SWCNTs modified by electrodeposition of

palladium particles exhibited a sensitive response towards

hydrogen at room temperature, with a lower detection limit of

100 ppm, a linear response up to 1000 ppm, and a response

time of several minutes.154 The enhanced sensitivity of such

chemiresistors can be attributed to the dissociation of hydrogen

atoms at the Pd–nanotube interface, which decreases the parti-

cle’s work function and allows electrons to be transferred onto

the p-type tube.153 Another chemiresistor-type gas sensor was

obtained by electrochemically coating oxidized SWCNTs with

polyaniline, which enabled a detection limit of 50 ppb for

ammonia at room temperature (Fig. 10).157

5.2 Chemical sensing of (bio)molecules

5.2.1 Electrochemical sensors. Numerous amperometric and

voltammetric sensors have been realized on the basis of covalent

or non-covalent linkage of appropriate modifying molecules

(e.g., enzymes, DNA) to CNTs in order to improve their electro-

analytical response. In the vast majority of these studies, the

attachment was carried out using solution-based chemical modi-

fication protocols159 involving direct adsorption,160 amide or

ester couplings to surface carboxyl groups on the tubes,161–163

or a ‘mixed’ approach wherein a suitable linker molecule is
This journal is ª The Royal Society of Chemistry 2008
initially adsorbed onto the nanotubes, followed by covalent

linkage of the (bio)molecules.164 During the past 2–3 years,

increasing efforts have been directed towards utilizing electro-

chemical methods for the immobilization of (bio)molecules

onto CNT electrodes. The employed strategies can be classified

into three categories.

The first category encompasses two closely related methods,

namely the electropolymerization of monomers onto CNTs

and the co-electrodeposition of CNT–polymer composites

(compare Sections 3.4.1 and 3.4.3). Monomers utilized for this

purpose include aniline,165–171 pyrrole,172–175 diphenylamine,176

3,30-diamino-benzidine,177 2,6-pyridinedicarboxylic acid,178 and

dye molecules like nile blue,179 neutral red180 or substituted

metallo-phthalocyanines.181 To implement specific biosensor

function, different enzymes have been deposited onto or

entrapped within the polymer matrix, including alcohol

dehydrogenase,179 horseradish polymerase,170 choline oxidase,167

glutamate dehydrogenase,174 and glucose oxidase.165,172,173,177

Chemical pre-modification of the nanotubes, e.g., with

carboxylic groups, has proven to be an effective means to

improve the coupling to the formed polymer.166,168,172–176,178,180

Moreover, the sensitivity of a MWCNT-based dopamine sensor

could be enhanced by the incorporation of cyclodextrin,169 which

was assumed to form a supramolecular complex with the

analyte.

Within the second category, organic residues like aliphatic

diamines or substituted phenyl groups were first electrochemi-

cally grafted to the CNTs, followed by chemical linking of

biopolymers such as double-stranded DNA182 or enzymes183 to

the created functional surface groups. Sensors obtained in this

manner enabled for instance the detection of DNA intercalation

by dye molecules.182

The third category comprises the electrodeposition of metal

nanoparticles onto CNTs, with the aim of increasing the surface

area of the electrodes and/or exploiting the electrocatalytic

activity of noble metals (e.g., Pt or Au–Pt alloy).184–186 In order

to ensure a controlled electrochemical growth of well-defined

particles, the CNTs were pre-modified via oxidation or
J. Mater. Chem., 2008, 18, 3071–3083 | 3079



adsorption of charged polyelectrolytes. Glucose sensors could

then be realized through direct or indirect attachment of glucose

oxidase to the metal particles.

5.2.2 Chemiresistors. Chemiresistors are devices whose

resistance is directly proportional to the chemical or biological

input (analyte concentration). Their active components are

most commonly metal oxides used for gas sensing,187 albeit

chemiresistors for application in liquid phase gain increasing

importance. One example is a composite polymer chemiresistor,

where analytes cause swelling and in turn an increase in resis-

tance.188 CNTs are suitable dopants for such polymer matrices,

as exemplified by the fabrication of a micro-gap chemiresistor

with MWCNTs incorporated into electropolymerized polypyr-

role.189 This sensor exhibited a linear response to H2O2 and

could be extended to detect glucose by incorporating glucose

oxidase. In general, while chemiresistors are advantageous

because they do not require a reference electrode or electron

mediators, they suffer from problems such as the need for

frequent calibration.

CNTs are excellently suited for the miniaturization of

chemiresistors. Since the device resistance is a key-factor in

such devices, m-SWCNTs are normally chosen due to their

higher conductance (in comparison to their semiconducting

counterparts), which remains fairly constant as a function of

gate-voltage. For sensor implementation, analyte-sensitive

functional groups need to be coupled onto the surface of the

m-SWCNTs. Furthermore, the functionalization degree needs

to be controllable so that the tube is not completely destroyed.52

All these requirements are granted by the electrochemical

covalent modification method with the in situ conductance

monitoring capability,144 as demonstrated by the fabrication of

a pH sensor through controlled covalent attachment of diethyla-

niline moeities to individual m-SWCNTs.92 Fig. 11 shows

a typical calibration curve obtained from such an electrochemi-

cally functionalized m-SWCNT device. Protonation-dependent

charge carrier scattering exerted by the appended aniline

moieties is a plausible mechanism for the observed pH

dependence of conductance. A rough analogy is molecular

adsorption onto ultrathin metal films, which alters the

strength of inelastic scattering of charge carriers at the film

surface.190
Fig. 11 Resistance as a function of pH for an individual m-SWCNT

after electrochemical grafting of covalently bonded diethylaniline moie-

ties. (Adapted with permission from ref. 92.)
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5.2.3 Sensors based on electrochemical field-effect. The most

common sensor type based upon the electrical field-effect is the

Ion-Sensitive or Ion-Selective FET (ISFET).191 It comprises an

active layer coated onto a gate electrode that is in contact with

the liquid and whose potential is set with respect to a reference

electrode. Depending on the concentration of the analyte the

surface charge on the active layer varies, leading to a threshold

voltage shift in the FET characteristics. However, with CNTs

a different approach is being followed, as in this case the

s-SWCNT acting as the channel is the active layer, and the

solution is used as a gating medium (see previous section). As

an example, the sensing of ammonia in liquids has been demon-

strated using an s-SWCNT-EC-FET.192 Increasing concentra-

tions of ammonia led to stronger electron doping of the

nanotube resulting in a negative threshold voltage shift of the

transfer characteristics. Also the hysteresis and the sub-threshold

slope of such a device can be used to determine the analyte

concentration.193

The characteristics of electrochemically gated unmodified

s-SWCNTs have been studied as a function of pH and the

concentration of supporting electrolytes.145 The FETs exhibited

a pronounced dependence of threshold voltage shift on the pH,

whereas the transconductance and sub-threshold swing remained

almost unaffected. The threshold voltage shift of the transistors

increased with rising pH, as shown in Fig. 12. Control experi-

ments evidenced that this shift does not result from a direct

charge transfer to the tube, but is most likely due to the presence

of surface charges associated with carboxylate groups on the

SWCNTs that become protonated at low pH values. Interest-

ingly, high ionic strengths were found to screen out the surface

charges, leading to a reduced threshold voltage shift. Meanwhile,

a number of other sensors have been demonstrated with pristine

s-SWCNTs on the basis of the electrochemical field-effect.193 In

order to attain sensitivity to a certain analyte, a charge transfer

promoting mediator has to be immobilized onto the tube.194

This task can be performed by several methods including electro-

chemistry. For example, a sensor for heavy metal ions has been

obtained by electropolymerization of pyrrole- or aniline-coupled

peptides onto individual s-SWCNTs in a non-covalent

manner.195 After the deposition of a thick polymer coating
Fig. 12 (a) Liquid-gate dependence of conductance of an individual

s-SWCNT at the indicated pH (10 mM KCl). Both forward and reverse

scans are shown for pH 4. (b) Concentration-dependent threshold

voltage shift at the indicated pH. The plotted threshold voltage shifts

are measured with respect to the threshold voltage at 100 mM at pH 4.

(Adapted with permission from ref. 145.)
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(>100 nm thickness), a large positive threshold shift was observed

in the devices. When exposed to metal ions like Ni2+ or Cu2+, the

modified s-SWCNT-EC-FETs exhibited a negative threshold

voltage shift, with a magnitude proportional to the ion concen-

tration. Selectivity towards a specific heavy metal ion could be

achieved through tailored peptide sequences that chelate with

the desired ion. It is well documented that peptide sequences,

such as (His)6 for Ni2+, are able to form metal complexes in

a very selective manner.195 A mechanism was proposed in which

the initial positive threshold shift is brought about by the

positive charges in the electrodeposited polymer. In the presence

of metal ions, the involved groups within the polymer partake in

the chelation, which shifts the threshold voltage more towards

the situation of an unmodified tube.
6. Future perspectives

The available literature clearly witnesses that electrochemically

modified CNTs have a strong application potential in various

fields, most prominently biosensing. The advent of advanced

electrochemical functionalization protocols in the future could

enable the fabrication of high density individually addressable

nanosensor arrays, in which each element is differently modi-

fied.196 Another promising perspective is the further development

of novel detection principles, for example based upon a low

density of surface functional groups covalently anchored to

metallic nanotubes.92,145 On this basis, it may even become

possible to amplify a small number of molecular events into

detectable electrical signals. A related application is the use of

modified CNTs as nanoscale probes for fluid flow. First results

along this direction have already been obtained with pristine

nanotubes.197,198

Due to their high chemical stability, low mass and large

surface area, CNTs are also of strong interest for energy

storage-related applications like super-capacitors, rechargeable

batteries and hydrogen storage. Efficient electrochemical

capacitors from pristine SWCNTs and MWCNTs have been

demonstrated,199,200 and first steps towards improving their

performance by electrochemical functionalization achieved.201

For example, the pore size distribution of MWCNT-based

electrodes could be increased through electrochemical oxidation

by up to 200%,202 imparting a two- to three-fold increase in

capacitance. Alternatively, the electrodeposition of poly

(N-vinyl-carbazole) proved beneficial for this purpose.103 The

same type of polymer coating has furthermore enabled improve-

ments in the performance of CNT-based lithium batteries.102

Moreover, the hydrogen storage properties of CNTs could be

enhanced via electrochemical functionalization, specifically

through opening the edges of MWCNTs by electrochemical

oxidation in H2SO4.
203

Finally, membranes composed of aligned MWCNTs consti-

tute valuable artificial platforms for mimicking selective chemi-

cal transport through biological membranes.204 The attachment

of suitable molecules to the nanotube channels has allowed

control of the flux of ions through such membranes.205 More

recently, electrochemistry has been used to selectively tether

charged molecules close to the CNT tip entrances, yielding

CNT-based voltage-gated membranes.206
This journal is ª The Royal Society of Chemistry 2008
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