Universita degli Studi di Trieste
Archivio della ricerca — postprint

ar'T

Electrochemical modification of carbon nanotube

fibrest

Antonio Dominguez-Alfaro,:* Ngoc Do Quyen Chau,1° Stephen Yan,©

Donato Mancino,? Sushma Pamulapati,© Steven Williams,
Oliver S. Dewey,“ Matteo Pasquali,

*f.a

and Alejandro Criado

© Lauren W. Taylor,®

© Maurizio Prato, (229 Alberto Bianco (2 *©

Covalent modification of the surface of carbon nanotube fibres (CNTFs) through electrochemical

reduction of para-substituted phenyldiazonium salts and electrochemical oxidation of an aliphatic

diamine is described. Following these strategies, diverse surface functionalities have been introduced
while preserving the fibre bulk properties. The corresponding modified CNTFs were fully characterised by
Raman spectroscopy, X-ray photoelectron spectroscopy, energy dispersive X-Ray, scanning electron
microscopy and electrochemical impedance spectroscopy, exhibiting different surface properties from

those of the unmodified CNTFs.

Introduction

Carbon nanotubes (CNTSs) are nanomaterials with outstanding
electrical, thermal, chemical, mechanical, and biological pro-
perties." However, significant translation of their properties to
the macroscale level has been attained only recently.*™ The
production of CNT-based macrostructures, which preserve
many properties of CNTs has improved, overcoming applica-
bility challenges. CNTs have been assembled into continuous
films,” sponges,™® and fibres,>'' yielding macrostructures
with remarkable properties.

In particular, carbon nanotube fibres (CNTFs) represent
one of the most attractive examples of the evolution from
nanomaterial to macroscopic structures. Four main routes of
preparation were developed in the early 2000s and improved
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since then: colloidal spinning,'® direct spinning from chemi-
cal vapor deposition (CVD) reactors,'? dry assembly from CVD-
grown CNT carpets,'* and wet spinning from liquid crystalline
solutions of CNTs.">'® The latter method yields fibres of neat
CNTs with the best combination of mechanical, thermal, and
electrical properties. A recent example of their application is
their use as the main component in flexible optoelectronic
devices for the emerging field of textile electronics.’”” In
addition to this set of properties, CNTFs exhibit promising bio-
compatibility, which allows their employment as suture
materials to restore myocardial conduction across epicardial
scar.'® The combined properties of these fibres, together with
their scalable production, make them an interesting substrate
for the introduction of new surface functionalities, an area
that has not been explored so far. However, functionalising
individual CNTs alters their processability and electrical and
mechanical properties, sometimes compromising their final
application.’®*" To this end, the development of chemical
strategies for surface functionalisation of fibres have great
potential when preserving the inner CNTF structure unaltered.
Thus functional groups are incorporated on the fibre surface
for specific properties and applications, such as sensing or tar-
geting.®! It is well-known that CNTs can be functionalised by
different strategies to tailor their properties or enhance the
interaction with active species.***® Particularly, diazonium
salt reactions represent a versatile method to modify CNTs
with different functionalities because of the large number of
possible substituents in the phenyl ring. In addition, this
chemical modification allows a high degree of functionalisa-
tion due to the high reactivity of corresponding phenyl rad-
icals. This radical addition occurs when the decomposition of



aryldiazonium salts generate a reactive aryl radical. This
decomposition can be carried out thermally or electrochemi-
cally. After the radical generation, the aryl structure tends to
graft onto substrates that possess high charge density, such as
conductive or semiconductive materials. Indeed, this method-
ology is also widely used, via electrografting, on many different
substrates, including nanostructures such as single-walled
carbon nanotubes (SWCNTs),*® graphene,”” and transition
metal dichalcogenides,*® as well as macrostructures such as
glassy carbon,* carbon fibres,*® and others.***?

Here, we report the functionalisation of the CNTF surface
with different para-substituted phenyl groups via electro-
chemical reduction of the corresponding aryldiazonium salts.
In addition, we introduce amino groups through the electro-
chemical oxidation of an aliphatic amine. We demonstrate
that well-known electrochemical methods can be extended
easily to a novel type of substrate as solution-spun CNTFs,
introducing surface functionalities while preserving the fibre
bulk properties.

Experimental section
Preparation of the modified electrodes with CNTFs

CNTFs were spun in long lengths (hundreds of meters)*'* and
were cut in single fibres of 4 cm and connected to a single
electronic pin. The fibre surface was modified using two
different approaches: the first was a common protocol of
electrochemical reduction of aryl diazonium salt, and the
second was an electrochemical oxidation of aliphatic amine.™

The electrochemical reactions took place in a three-elec-
trode cell, in which CNTFs were placed as working electrode,
carbon fibre as counter electrode and Ag/AgCl as reference
electrode. Cyclic voltammetry (CV) at 100 mV s~ scan rate was
carried out from —0.7 to 0.3 V in the case of the electro-
chemical reduction experiment and from 0 to 2 V in the case
of the electrochemical oxidation. In both cases, TBAPF, (0.1
M) was used as supported electrolyte in 40 mL of anhydrous
acetonitrile (ACN).

General procedure for the reductive electrochemical functio-
nalisation of CNTFs. A 1 cm length CNTF, as working elec-
trode, was immersed in ACN (40 mL), using TBAPF, as sup-
porting electrolyte. The system was assembled in a three-elec-
trode cell using Ag/AgCl as reference electrode and carbon
fibre as counter electrode. Before carrying out the reaction, the
electrolytic solutions were deoxygenated by nitrogen bubbling
for 15 min. Then, three CV scans were carried out from 0 V to
—1 V to condition the fibre. Subsequently, 5 mM of the
selected diazonium salt was added to the system and stirred
until homogenisation. Electrochemical modification of the
fibre was performed through 5 scans from 0.3 Vto —0.7 Vat a
scan rate of 100 mV s™'. After the reaction, the CNTFs were
thoroughly washed with ACN and water to remove any
adsorbed residual molecule. It should be noted that different
reaction conditions (concentration of reagents, scan rate, etc.)
have been explored (data not shown), obtaining as optimal the

ones mentioned above. A control experiment was performed to
elucidate the possible defects created by the potential applied
to the fibres. Thus, a reducing potential was applied to the
fibre in absence of diazonium salt.

Reduction of the p-nitrophenyl functionalised CNTFs. A
1 cm length CNTF previously functionalised with p-nitro-
benzene diazonium salt was immersed in a solution of PBS
(1x) and used as working electrode in a cell having Ag/AgCl
reference electrode and carbon fibre as counter electrode. The
CV of the cell was recorded three times scanning the potential
from 1V to —1.2 V at a scan rate of 100 mV s™".

Oxidative electrochemical functionalisation of CNTFs. The
system was set up as previously described.”® After conditioning
the fibre by three CV scans from 0 V to 1V, a solution of 5 mM
of ethylene diamine was added. Then, five scans from 0 Vto2V
at a scan rate of 100 mV s~ were performed to oxidise the ali-
phatic amine. Finally, the fibre was washed with ACN and water
and then it was fully characterised. In addition, a control experi-
ment was carried out in absence of the ethylene diamine
through three CV scans from 0 to 2 V. The aim of this experi-
ment was to determine the number of defects that do not derive
from the proposed chemical modification. The described reac-
tion conditions were obtained after exploring different concen-
tration of reagents, scan rates, etc. (data not shown).

Characterisation of CNTF electrodes

The modified CNTFs were characterised by Raman spec-
troscopy, X-Ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), X-ray energy dispersive spec-
troscopy (EDS), and electrochemical impedance spectroscopy
(EIS).

Raman spectroscopy. Raman spectra of CNTFs were
acquired using a Renishaw InVia Confocal Raman microscope
at different excitation wavelengths: 532, 633, and 785 nm with
1 s of integration time. The selected Raman shift range was
from 1000 to 2000 cm™". Each averaged Raman spectrum pre-
sented in this study corresponds to the accumulation of 60
spectra per area, evaluating three different areas (180 points
per each analysed sample). As described previously,” CNTFs
present anisotropic properties derived from CNT alignment.
Therefore, in order to acquire accurate Raman measurement,
functionalised CNTFs were fixed using tape on a glass sub-
strate oriented 90° from line formed between the fibre and the
laser beam (Fig. 521).**** Accordingly, the Raman spectra
show the high quality of the CNTs and therefore the CNTFs
observed throughout the low defect content measured along
the D band at ~1325 em™". The evaluation of the functionalisa-
tion degree of the different functionalisation strategies onto
the CNTFs were calculated comparing the intensity ratio of the
D band with respect to the G band before and after chemical
modification.

X-Ray photoelectron spectroscopy. XPS spectra of CNTF were
collected via a PHI Quantera XPS microprobe using a mono-
chromated aluminium K, X-ray source. XPS surveys were per-
formed at a pass energy of 140 eV while high resolution scans
were taken at a pass energy of 30 eV for 20-40 sweeps.



Scanning electron microscope and X-ray energy dispersive
spectroscopy. The morphology of the CNTF surfaces were
characterised by SEM. The CNTFs were cut into short lengths,
placed on an aluminium holder with double-sided carbon tape
and evaluated at different magnifications. SEM images with
elemental identification of the CNTFs were acquired using a
field-emission scanning electron microscope (FEI Quanta 400
ESEM FEG) equipped with an energy dispersive X-ray EDS
detector. Cross-sections of CNTFs were prepared using an ion
milling system with an Ar-ion beam (IM4000, Hitachi High-
Technologies).

Electrochemical impedance spectroscopy. EIS was used to
evaluate the non-faradaic behaviour, which is observed in the
fibre due to porosity, functional groups grafted in the surface,
and the electroactive properties of the material. Functionalised
CNTFs were placed within a three-electrode cell. The CNTFs were
placed as working electrode, 2 mm diameter carbon fibre was the
counter electrode, and Ag/AgCl as reference electrode. The
measurement was recorded controlling the fibre length, ie.,
1 cm. As a general procedure, the functionalised CNTFs were
covered within a hollow glass fibre leaving only the active length
in contact with the electrolyte. They were assembled in the cell
using 0.1 M (pH 7.4) PBS as supported electrolyte and solvent.
The frequency changes were registered in the range from 0.1 to
100.0 Hz, with a Gamry Reference 3000 potentiostat/galvanostat.

Results and discussion

Electrochemical functionalisation of CNTFs

Two different strategies were developed in this work to modify
the pristine CNTFs, consisting of an electrochemical reduction
of an aryl diazonium salt and an electrochemical oxidation of
an aliphatic amine. The general representation of the electrode
assembly is shown in Fig. 1. The CNTFs were placed as
working electrode, where the reaction takes place under the
applied corresponding potential. Then, the modified CNTFs
were obtained with different functional organic moieties on
their surface.

Thus, five different functional groups were linked to the
fibres obtaining: 4-bromophenyl- (CNTF1), 4-fluorophenyl-
(CNTF2), 4-nitrophenyl- (CNTF3) and 4-phenylacetic acid-
modified CNTF (CNTF4) through electrochemical reduction
and ethylene-1,2-diamine-modified CNTF (CNTF5) oxidation
(Scheme 1).

Fig. 2 shows the CVs recorded for the CNTF electrodes in
the corresponding diazonium salt solutions. The curves
exhibit a characteristic irreversible cathodic process that is
attributed to the reduction of the diazonium cations present
in the reaction medium. When the corresponding aromatic
radical is generated, it reacts with the surface of the fibres. The
reduction potential values change depending on the substitu-

Fig. 1 Modified CNTFs with p-substituted phenyl ring through electrochemical reduction of aryldiazonium salt. Green ball corresponds to a

general functional group.
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Scheme 1 Electrochemical immobilisation of aryl diazonium salts on the CNTF surface. It is worth noting that chemical representation of CNTFs is
depicted as a single carbon nanotube to better illustrate the chemical reactions without reference to the relative sizes of the carbon nanotube and CNTFs.
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Fig. 2 Cyclic voltammogram corresponding to different diazonium salt
reduction using 100 mV s~* as scan rate. First scan (solid line) shows the
reduction of the salt, and second scan (dashed line) shows the absence
of an active electrochemical surface for further reduction. The panels
correspond to the different aryl diazonium salts CNTF1 (a), CNTF2 (b),
CNTF3 (c) and CNTF4 (d), respectively.

ents of the phenyl ring, corresponding to —0.34 V for CNTF1,
—0.45 V for CNTF2, —0.30 V for CNTF3 and —0.28 V for CNTF4,
respectively. Interestingly, the reduction process is complete
after the first scan since any additional reduction process is
detected in the successive cycles. Presumably, an organic layer
around the electrode is formed after the first cycle, blocking
the electroactive area that prevents access to new diazonium
species.’'*°

For the electrochemical oxidation approach, the introduc-
tion of an aliphatic amine was studied (Scheme 1). As in the
previous strategy, the CNTFs were placed as working electrode,
using 0.1 M TBAPF, and 40 mL of ACN. Ethylene diamine was
added, and CVs were performed from 0 to 2 V at 100 mV s~ %,
This oxidative electrografting has been reported for a large
number of primary and secondary amines.”® Previous work
has demonstrated oxidation of aliphatic amines carrying out
the reaction in aprotic media and using oxidation potentials
up to 1 V. A radical cation is generated from one of the
removed o proton of the amino group, providing the aminyl
species that binds to the surface leading to CNTF5.%” Fig. S3t
shows the different voltammograms corresponding to the first
and the second scan. A broad peak can be observed in the first
scan indicating a chemically irreversible oxidation potential
around 1.38 V. This new peak can be attributed to electron oxi-
dation of the amine group that corresponds to the radical
cation formation.

Raman spectroscopy characterisation

Raman spectroscopy is one of the most employed and power-
ful tools for the characterisation of covalent functionalisation
of CNTs, since it gives information about additional structural
defects disrupting the delocalised electron system in the gra-

phitic nanotube structure. As the described electrochemical
grafting approach to CNTFs consists of covalently modifying
the carbon nanotube surface, therefore Raman spectroscopy
was used to verify the functionalisation of CNTFs with the aryl
diazonium salts (CNTFs1-4) and the ethylene diamine
(CNTF5).*® Particularly, the intensity ratio of the D band and
the G band (In/Is) values were employed to verify the chemical
modification. First, the Raman spectroscopy of pristine (unmo-
dified) CNTFs was investigated using 3 different laser exci-
tation modes (e.g., 532, 633 and 785 nm). In Fig. 3a and
Fig. S4, an average Raman spectrum of ~180 points (from 3
different areas) from the unmodified fibre surface at 532, 633
and 785 nm laser excitation is shown. The G (~1603 em™") and
G’ bands (~2600 cm™") indicate the Raman scattering due to
strain in the © CNT network. Moreover, the intensity the D
band (~1306 cm '), related to defects and disorders in the gra-
phitic structure, is negligible.

The functionalisation degree of the modified CNTFs
derived from diazonium salt CNTFs1-4 and amine grafting
CNTF5 was compared to pristine material (Fig. 3b). The
average Ip/l; in percentage terms (%lIp/ls) of the functiona-
lised CNTFs showed a significant difference compared to the
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Fig. 3 (a) Raman average spectra of pristine CNTFs and functionalised
CNTFs at 785 nm from line mapping mode of 180 points analysis, with
time exposure of 1 s, and 10% power. Inset: optical image of a typical
CNTF with the mapping points analysed (from red to black as intensity
colour scale), and (b) %Ip/l measured using the different laser sources.



pristine and the control samples (Table S1t). The difference in
Ip/lg ratio with respect to the excitation energy could be
related to the metal selectivity of the employed chemical reac-
tion with CNTs.>® Taking into account that the employed CNTs
are a mixture of semiconducting and metallic tubes, in which
metallic ones are in higher proportion, the 785 nm laser exci-
tation evidences mainly metallic CNTs, while the 532 nm
probes mainly semiconducting in the CNTs used (Fig. S57).
The 633 nm laser excites both CNTs with a higher ratio of
semiconducting than metallic. After functionalisation, the
change of % Ip/I; at 785 nm laser excitation is the most promi-
nent with a lower increase for 633 nm excitation, and very little
increase for 532 nm. This experimental evidence could be in
line with the reported chiral selectivity of diazonium salt reac-
tion towards metallic CNTs.*® However, it is worth noting that
the diameters of CNTs used here are considerably larger than
those used by Strano and co-workers, which should make the
chiral selectivity of the chemical functionalisation less pro-
nounced.” The Raman spectroscopy studies of CNTFs modi-
fied through the oxidation of aliphatic amine also suggest
metal selectivity. However, further studies are necessary to
claim the chiral selectivity since this modification approach
for CNTs remains underexplored.

In addition, control experiments were performed on the
fibres to clarify the nature of the defects. The electrochemical
reduction and oxidation of pristine CNTFs were performed in
absence of diazonium salts and diamine, to determine poss-
ible defects derived from side-reactions. As shown in Fig. S6,T
no significant differences of the %Ip/l; among the pristine
fibre and the control experiments were observed. These results
indicate that there are no defects on the surface of the CNTFs
due to the reaction conditions.

Therefore, with the enhancement of the percentage of the
Ip/Ig ratio of the functionalised fibres in respect to the pristine
and control sample values, we can conclude that the electro-
chemical functionalisation of fibre surfaces with the different
para-substituted phenyl and amine led to a covalent modifi-
cation of the external layer of CNTFs.

X-Ray photoelectron spectroscopy characterisation

XPS was then used to identify the type of functional groups on
the surface of CNTFs, the chemical state of the atoms, and the
relative atomic composition after the electrochemical modifi-
cations. The groups introduced through the corresponding
phenyl radicals provided a diagnostic signal that allowed to
confirm the electrochemical grafting. In particular, the modi-
fied CNTF1-3 show the presence of 3.1% of Br, 2.1% of F and
2.6 of N, respectively, while CNTF4 exhibited an increase of
2.7% of O with respect to pristine fibres, and CNTF5 a 3.8% of
N (Table S2,7 and Fig. S7t). A more detailed identification of
the new moieties on the surface of CNTFs is visible in the
high-resolution XPS spectra (Fig. 4). The deconvolution of Br
2p signal of CNTF1 displays two peaks at 70.20 and 71.22 €V,
corresponding to C-Br bond (Fig. 4a).*° Likewise, the analysis
of F 1s of CNTF2 and N 1s of CNTF3 exhibit peaks at 405.3
and 687.0 eV that can be assigned to C-F and -NO, groups,
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Fig. 4 High resolution XPS spectra of functionalised (a) CNTF1, (b)
CNTF2, (c) CNTF3, (d) CNTF4, (e) pristine CNTF, and (f) CNTF5 showing
Br 2p, F 1s, N 1s, C 1s, C 1s, N 1s core levels, respectively. It should be
noted that the small diameter of CNTFs (~20 pm) makes it difficult to
obtain an optimal signal-to-noise ratio.

respectively (Fig. 4b and c). In addition, CNTF4 displays an
increment of oxygen content components in C 1s core level
after the electrochemical oxidation (Fig. 4d and e). Finally,
CNTF5 also presents one peak at 399.5 eV that can be attribu-
ted to C-N bond (Fig. 4f). It is worth noting the absence of
components at 402-405 eV, therefore, the presence of oxidised
nitrogen groups was discarded."' However, this fibre, which
was functionalised through an electrochemical oxidation,
shows C=0 and O-C=0 groups in the C 1s core level that
could be derived from oxidizing side reactions (Fig. S87).

SEM-EDX characterisation

The morphology of the functionalised fibres was also investi-
gated by SEM. The CNTFs consist of closely-packed and
aligned nanotubes with a ~2 nm diameter and CNT length of
~7.4 pm.** The functionalisation processes did not signifi-
cantly alter the physical structure and dimensions of the
CNTFs.

EDX analysis, which can provide the elemental composition
of the CNTFs, was carried out to know the distribution of the
chemical functionalisation on the modified fibres. As repre-
sentative example, the SEM image along with EDX elemental



maps of CNTF1 shows a uniform distribution of bromide
atoms in the fibre surface (Fig. $97). The quantitative analysis
resulted in an elemental composition of bromide and carbon
corresponding to 88.0% and 12.0% (Fig. S107), respectively.
The difference between bromide content for CNTF1 obtained
by SEM-EDX and XPS analysis could be related to the difficul-
ties to select the analysed area in XPS due to its cylindrical
shape and low diameter (~20 pm).

Electrochemical impedance spectroscopy and surface coverage
by cyclic voltammetry

EIS is based on small voltage variations in a large window of fre-
quencies, to obtain a specific current with a phase delay. The
voltage and current correlation mainly depend on the mor-
phology of the electrodes and the functional groups grafted.
Therefore, this correlation observed throughout resistances and
capacities, ie., changes on the relative impedance and phase,
can be used to evaluate covalent grafting onto the electrodes,
based on variations in the charge transfer ability of the fibre
surface.”””* In this work, EIS is presented as a tool that con-
firms the covalent functionalisation evaluated throughout com-
parative changes in the impedance and phase behaviour.

EIS measurements were performed in a three-electrode cell,
where the CNTFs were placed as working electrode, carbon
fibre as counter electrode and Ag/AgCl as reference electrode.
The measurements were performed in a PBS buffer solution to
elucidate how the covalent modifications modulated the orig-
inal fibre behaviour (Fig. 5 and Fig. $127).

Since the modified fibres are similar in geometry and com-
position, and the grafted species do not present redox behav-
iour, we assume that non-faradaic processes govern the elec-
trode/electrolyte interface, ie., electrical double layer, ion
mobility and chemical surface charges."® Fig. 5a illustrates the
impedance (modulus) change versus the frequency. All CNTFs
present the same behaviour, exhibiting a linear dependence
with a positive slope at high impedances with low frequencies
(1 Hz). Pristine CNTF presents the highest relative impedance
(6.31 kQ) at 1 Hz compared to the phenyl acetic acid CNTF4
functionalised fibres, which possesses the lowest value (1.81
kQ) at the same frequency. It is remarkable that the functiona-
lisation of CNTF4 and CNTF5, which possess a charged
species (such as p-Ph(CH,COO~) and —(CH,),-NH;") display
the lowest values of impedance. However, the fibres with the
halogenated heteroatoms (CNTF1 and CNTF2) or an electron
withdrawing group (CNTF3), which do not have this possi-
bility, showed values of impedance similar to pristine CNTFs,
corresponding to 5.79 kQ and 3.85 kQ, respectively. The expla-
nation of these results is in line with the description of pre-
vious work that reported changes on the local electrical poten-
tial due to variations around the electrode of the micro-
environmental pH.**** These changes can activate the charge
of some species and create strong interactions with the electro-
lyte, enhancing the transport rates of the cations and the
anions inside and outside the pores. Chen et al. reported that
carboxylic groups attached to SWCNTs can modulate the pro-
perties of electrochemical capacitors.”® The introduction of
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Fig. 5 EIS measurement of (a) relative impedance, inset: expanded area
from 1 to 10 Hz, and (b) measurements of functionalised CNTFs in PBS
(pH =7.4,0.1M).

carboxylates on electrodes made of SWCNTs can decrease the
resistivity of the system and improve the number of sites
adsorbed around the SWCNT surface of electrolyte ions,
increasing ionic conductivity at electrode-electrolyte inter-
faces. Charged species such as aliphatic amines also showed a
similar behaviour due to micro-changes in the pH closed to
the electrode.”

Furthermore, Fig. 5b shows the change of phase respect to
the frequency. Pristine CNTF phase is —84° at lower frequen-
cies, which is similar to typical values associated with ideal
supercapacitors (¢ = —90°).**" Meanwhile, functionalised
fibres present a similar trend, but yield lower values, i.e. —80°
for CNTF4, —66° for CNTF3 and above —70° for CNTF1, CNTF2
and CNTF5. Probably, the reduction of this value of phase on
the pristine fibres is due to the formation of lower double layer
capacitance than the functionalised fibres. Therefore, this
result corroborates the modification of the different CNTFs by
significant impedance and phase changes. We would like to
evidence that the covalent modification of graphitic structures
was previously confirmed by Raman studies,*® although the
physical adsorption of aromatic oligomers typically formed
during the diazonium salt decomposition cannot be totally
discarded.

An estimation of the modified fibre surface coverage after
the grafting reaction can be also obtained via electrochemical



characterisation. Taking into account the charge (Q) used
during the diazonium salt reduction process, surface coverage
(I") relates to Q by the following eqn (1):*

I' = Q/nFA (1)

where n is the number of electrons involved in the process (n =
1 in the case of electrochemical reduction of a diazonium
salt), F is the Faraday constant, and A is the area of the elec-
trode. Electrode area was calculated as the surface area of a
1 cm long cylinder having a diameter of 25 pm. Q is obtained
from the CV of the reduction process, integrating the area
under the electrochemical peak, and considering the applied
scan rate.

Data obtained with this approach are well-founded in the
approximation of a quantitative grafting yield, that is, all the
aryl radicals produced by the reduction of the diazonium salt
at the working electrode only react to the carbon material to be
grafted. By applying eqn (1), the surface coverage on the
CNTFs with the different diazonium salts can be calculated
(Table 1).

Quantitively, the amount of grafted material on the surface
of the fibre (Ieaction) Tesults higher than an adsorbed close-
packed monolayer of vertically aligned molecules (roughly 12.5
x 107'° mol em™2).>° This fact highlights, as we expected, the
presence of a thin, homogeneous layer of functionalisation on
the outer part of the CNTFs. The higher quantity of functiona-
lisation relative to a monolayer can be explained considering
that, as it is often shown by the reaction of diazonium salts,
some branching on the functionalisation moiety are formed
during the process.”" This is due to the reaction of reactive rad-
icals not just directly at the surface of the carbon material but
also on the aromatic ring of the functionalisation itself. It is
worth noting that for simplicity of calculation, we are using
the geometrical area of the fibre without regarding to possible
roughness of the surface that may increase the actual area i.e.,
decrease I'.

To check whether the approximation used reflects what
really happens in the electrochemical system, it is necessary to
compare the data obtained with eqn (1) from the reduction of
the diazonium salt, with a quantitative surface coverage data
obtained directly from a functionalised fibre. It was decided to
investigate the electrochemical properties of p-nitrophenyl
functionalised CNTF2. Nitrophenyl groups on the surface of

Table 1 Surface coverage I' of functionalisation on the CNTFs after the
reaction with different diazonium salts

Sample Treaction® (mol em™) Tenrs” (mol em™)
CNTF1 7.27 +1.06 x 107° —

CNTF2 34.5+3.21x 1077 —

CNTF3 2,91 +0.74 x 1077 2.37 +0.68 x 1077
CNTF4 4.08 +0.31x107° —

 INeaction Was calculated from the charge Q used for the reduction of
the diazonium salt. ? I'crerr Was obtained making use of a redox moiety
grafted to the CNTF3 (vide-infra).

the fibres are used as redox-labile moieties in a cyclic voltam-
metry experiment run in 1x PBS solution. Knowing the quan-
tity of charge used in the p-nitrophenyl redox processes and
using eqn (1), it is possible to get the functionalisation degree
of the fibres (I'cnrrs). It is known that nitrotoluene is reduced
in solution to aniline in a 6e, 6H" process that also involves
the semi-reduced species nitrosotoluene and hydroxylaminoto-
luene.®* An example of a CV of a p-nitrophenyl functionalised
CNTFs from 0.6 V to —1.2 V is shown in Fig. S11.7

In the first cycle, a sharp reduction peak is present at about
—1 V, related to the irreversible reduction of NO, in a multi-
electron step. This feature completely disappears in the
second and following cycles, indicating the full consumption
of the moiety during the first sweep. The positive scan of the
voltammetry gives rise to a broad peak in between 0 and 0.4 V,
generating the associated reduction peak starting from the
second scan. This system, according to literature, can be
associated to the hydroxylamine/nitroso redox couple in a 2e”
process (Scheme $17).%%7°

Remarkably, the system is not fully reduced to the amino
compound in the condition in which the CV is run. This may
be due to the pH of the electrolyte solution. As expected, the
data obtained in this way show a Ionrres (2.37 x 1077 mol
em ™) of CNTF3 lower than the results obtained from the
reduction of the diazonium salt 3 (2.91 x 10~ mol em™2). This
result evidence that over the 80% of the radical produced from
diazonium salt is grafted to the surface of the electrode. The
remaining part is possibly transported in the bulk solution
where it quenches.

Conclusions

In summary, we applied fast and versatile electrochemical
methods to covalently modified CNTF surfaces. On one hand,
by using a simple and widely known electrochemical diazo-
nium reaction, we have covalently attached to the CNTF
surface four different p-phenyl groups, under easy and mild
conditions (reduction potential applied between 0.2-0.4 eV).
On the other hand, a covalent modification of CNTFs with an
aliphatic diamine was performed by an oxidative electrograft-
ing to introduce primary amines in one step.”® Both chemical
modification methods were confirmed by cyclic voltammetry,
SEM-EDX, Raman spectroscopy and XPS. In addition, EIS was
used to evaluate and confirm the functionalisation onto the
fibres. Charged moieties as carboxylic and amines demon-
strated lower impedance than p-halogenated and p-nitro func-
tionalisation at 0.1 Hz. Besides, changes in the phase behav-
iour confirmed the modification of the fibres with the func-
tional groups and suggested decreasing of double layer capaci-
tance typically observed in this type of carbon materials. Also,
the surface coverage of each functionalised fibres was esti-
mated from cyclic voltammetry, while in the case of the p-nitro
functionalisation it was directly calculated making use of the
redox properties of this functional group. The resulting modi-
fied CNTFs feature multiple possibilities to farther modified



the CNTF surface through further reactions on the introduced
moieties. Indeed, we foresee applying this approach to such
modified materials in the sensing and biomedical fields, in
which the introduction of anchor points, such as amines or
carboxylic acids, are mandatory to anchor active molecules or
receptors on the fibre surface through fast, non-damaging,
and controllable procedures are highly desirable.
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