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PROPERTIES OF AQUEOUS SUSPENSIONS
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The structure of single- and multiwalled carbon nanotubes (CNTs) functionalized with carboxyl
groups in water is investigated by means of atomic force microscopy. The electrochemical prop-
erties of the water systems containing both types of CNTs are investigated, by using the cyclic
voltammetry and electrochemical impedance spectroscopy techniques. The results may be use-
ful for the clarification of the mechanisms of specific biological activities of CNTs and their
applications in various fields of nanobiotechnology.
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1. Introduction

Single- and multiwalled carbon nanotubes (further re-
ferred as SWCNTs and MWCNTs, respectively) con-
sist of 𝑠𝑝2-hybridized carbon atoms and are known
to exhibit unique chemical and physical properties
[1–3]. Namely, they are chemically and thermally sta-
ble, possess a high mechanical strength, thermal and
electric conductivities, and a large specific surface
area, and, in particular, can be successfully applied to
biomedicine as materials for the fabrication of biosen-
sors [4–6] as well to biomedical imaging [6–8]. Func-
tionalized CNTs can also be used as molecular carri-
ers for the in vitro and in vivo drug delivery [9, 10]
as unique transfection vectors for the gene delivery
[11–15] and for the cancer treatment [5, 16–19].
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The functionalization of CNTs improves their solu-
bility in water and biocompatibility. Thus, the func-
tionalized CNTs are promising novel materials for
a variety of biomedical applications. Aqueous sus-
pensions of CNTs can be used as target therapeu-
tic agents, including biomolecules, on the disease
sites. For understanding the mechanisms of specific
biological activities of CNTs and for their success-
ful applications to nanobiotechnologies, a comprehen-
sive study of CNTs structure in water is necessary.
Particularly important is to ascertain, in which form
CNTs are bioactive, as single tubes or in the form of
CNT-aggregates [20].

The aim of the present work is to investigate the
structure of aqueous suspensions of SWCNTs and
MWCNTs functionalized with carboxyl groups using
the atomic force microscopy (AFM) technique. In ad-
dition, the electrochemical properties of aqueous sus-
pensions of both types of CNTs are studied by means
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of the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) techniques.

2. Materials and Methods

The SWCNTs were synthesized by means of the arc-
discharge technique between two graphite electrodes
in the helium atmosphere (700 mbar). A hollow in the
anode was drilled and filled with a catalytic powder
(graphite, 1% Y2O3, 4.2% NiO). The arc-discharge
was performed at a current of 150 A. The contami-
nants, such as amorphous carbon and metallic cata-
lyst particles were removed after the treatment with
boiling HCl (6 M) in a reflux condenser. MWCNTs
were synthesized by chemical vapour deposition
(CVD) in a furnace at 900 ∘C with the decomposi-
tion of benzene using ferrocene as a catalyst. The fer-
rocene solution (1% w/w) was introduced to a furnace
through a syringe with a flow rate of 0.2 ml/min. The
synthesis process was performed using argon as a car-
rier gas.

The structure characterization of the products
was carried out by means of scanning electron mi-
croscopy (SEM; FEI XL30 LaB6) and high-resolution
transmission electron microscopy (HRTEM; Philips
TECNAI 20 S-TWIN).

The functionalization (carboxylation) of SWCNTs
and MWCNTs was done by the HNO3 (3 M) treat-
ment. Functionalized SWCNTs and MWCNTs were
suspended in distilled water by the ultrasonication
(UZDN-1 U42 (Russia); 21 kHz; 0.68 A, processing
time 90 s at constant heat removal). The content of
surface carboxyl groups (<3 wt.%) was estimated by
means of X-ray photoelectron spectroscopy [21]. The
maximum concentration of functionalized SWCNTs
and MWCNTs in water was 30 𝜇g/ml.

The state of CNTs was examined using the AFM
technique (“Solver Pro M” system; NT–MDT, Rus-
sia). The samples were deposited onto a freshly
cleaved mica substrate (V-1 Grade, SPI Supplies) by
the precipitation from an aqueous suspension drop-
let. The suspension was subjected to the mechanical
treatment in an ultrasonic bath for 10 min before
being applied to the mica substrate. Afterward, the
suspension heterogeneity was not observed. The re-
gion of the substrate covered by a suspension drop
(“spot”) was ∼1 mm in diameter. The AFM mea-
surements were performed after the evaporation of
the solvent. Several sites within the “spot” were se-

lected. The visualization of samples was carried out
in the semicontact (tapping) mode of AFM. NSG10
(NT–MDT) probes were used.

The electrochemical properties of CNTs water sus-
pensions were investigated by means of the CV
and EIS techniques. The CVs and EIS spectra were
recorded using a Zahner computer-controlled sys-
tem (model IM6/6EX). The experiments were carried
out, by using a three-electrode cell configuration. The
working electrode was a glassy carbon (active sur-
face area 0.24 cm2), the counter electrode was a plat-
inum plate, and the reference electrode was Ag/AgCl
(saturated KCl). A three-compartment electrochem-
ical cell specially designed to minimize the distances
between the electrodes with a total solution volume of
about 20 ml was used in all experiments. Potassium
chloride (KCl) (1.0 mol/l) was used as a support-
ing electrolyte. Before each measurement, the solu-
tion was purged with high purity argon in order
to eliminate the interference from oxygen. The CVs
were recorded in the potential range from −1.0 to
+1.0 V (vs. Ag/AgCl) with scan rates ranging from
0.02 to 0.12 V/s. The EIS spectra were taken in
the frequency range from 0.10 Hz to 100 kHz. All
measurements were carried out at room temperature
(21.0 ∘C).

3. Results and Discussion

3.1. AFM study

The comprehensive knowledge of a degree of aggre-
gation of CNTs in aqueous suspensions is very im-
portant for their biomedical application, since it is
assumed that the toxicity of CNTs is correlated with
their aggregation ability [5, 21, 22]. Thus, it is impor-
tant to determine the optimal concentration of CNTs
in water that does not lead to their aggregation. In
order to characterize the composition of CNTs aque-
ous suspensions, AFM studies were performed.

According to the obtained electron microscopic
images (Figs. 1, a and 1, b), the diameter and the
length of SWCNTs are 0.5–2 nm and 1–5 𝜇m, re-
spectively. The SEM and TEM images of MWCNTs
(Figs. 1, c and 1, d) demonstrate that their inner and
outer diameters are 8–12 nm and 20–80 nm, respec-
tively, while their length is about 1–40 𝜇m.

AFM measurements showed that the water sus-
pensions of SWCNTs were in the non-coagulated
state at a concentration of 5 𝜇g/ml (Fig. 2, a). From
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Fig. 1. SEM and TEM images of SWCNTs (a, b) and MWCNTs (c, d)

one to several dozen of SWCNTs were found in the
10×10 𝜇m2 area of the mica substrate. With respect
to their sizes, SWCNTs could can be split into two
groups: the first one included the SWCNTs with a
diameter of 0.6–0.7 nm and a length of 2–3 𝜇m, while
the second group comprised the SWCNTs with diam-
eters of 1.0–1.5 nm and lengths up to 5 𝜇m (note that
these SWCNTs were non-uniform in thickness, which
could reach a height of 2 nm).

The AFM studies demonstrated that the number
of MWCNTs within the above scanned area was sig-
nificantly less as compared with that of SWCNTs. To
increase the statistical sampling, this area was broad-
ened from 10 to 20 𝜇m. According to the AFM image
(Fig. 2, b), the diameters of individual MWCNTs in
water suspensions lay in the range from 16 to 80 nm,
while their characteristic length was about 1–3 𝜇m at
a concentration of 5 𝜇g/ml.

3.2. Electrochemical measurements

The exact knowledge of the purity of CNTs is also im-
portant in view of their application to nanobiotech-
nology. It is supposed that the toxicity of CNTs, as
well as their ability to generate the reactive oxygen
species under the light irradiation, may be related

to the presence of residual metal catalyst impuri-
ties within the CNTs structure [5, 22, 23]. Our elec-
trochemical investigations by means of the CV and
EIS techniques were undertaken in order to estimate
this effect.

The CVs recorded for aqueous SWCNT and MW-
CNT suspensions on a GC electrode using KCl as
an electrolyte (1.0 mol/l) at a scan rate of 0.10 V/s
are exemplified in Fig. 3. As expected, the redox re-
sponses were observed for both types of CNTs in
aqueous suspensions and were probably due either to
the presence of oxygen-containing groups bound to
the CNTs or to remaining metal catalyst impurities
stemming from the CNTs fabrication process [24]. It
is also possible that the impurities produced during
the CNT purification (acid treatment) could enhance
as well the electrochemical activity of CNTs. This ef-
fect was more pronounced in a SWCNT water sus-
pension. Namely, in the investigated potential range
from −1.0 to +1.0 V (vs. Ag/AgCl), the reduction
peak at about −0.322 V (vs. Ag/AgCl) and the
oxidation peak at about +0.742 V (vs. Ag/AgCl)
were observed for SWCNTs. But, for MWCNTs, only
the shoulder-shaped cathodic peak could be seen
at about −0.334 V (vs. Ag/AgCl). The obtained
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Fig. 2. AFM images of SWCNTs (a) and MWCNTs (b) deposited from an aqueous suspension (concentra-
tion: 5 𝜇g/ml) on the mica substrate (tapping mode). Topographic images for a given profile (dashed line)
are shown on the top. The diameters of some CNTs are indicated by arrows

Fig. 3. CVs recorded for aqueous SWCNT and MWCNT
suspensions (1.0 KCl) on a GC electrode (0.24 cm2) at 𝑣 =

= 0.10 V · s−1

impedance data provided a further support for the
CV-results. Actually, the recorded EIS spectra for
aqueous SWCNT and MWCNT water suspensions
(Fig. 4) exhibited that the barrier for the electron
transfer is significantly lower in the case of SWCNTs
as compared with MWCNTs. The estimated charge
transfer resistance for MWCNTs (∼26 kΩ·cm−2) was
found to be by a factor of ∼130 higher than that de-
termined for SWCNTs (∼0.20 kΩ·cm−2), by demon-
strating a much faster electron transfer kinetics in
the SWCNT water suspension. The better electro-
chemical performance of the aqueous SWCNT sus-
pension may be caused by a larger amount of residual
metal catalysts impurities, which they contain. The-
se findings demonstrate that the existence of oxygen-
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Fig. 4. EIS spectra recorded for aqueous SWCNT and
MWCNT suspensions (1.0 KCl) on a GC electrode (0.24 cm2)
in the frequency range 0.1 Hz−100 kHz (a); zoom of EIS spec-
tra in the high frequency region (b)

containing groups and metal impurities in CNTs sus-
pensions enhances their electrochemical activity.

4. Conclusions

This work reports on the studies of the aqueous sus-
pensions of functionalized SWCNTs and MWCNTs.
According to our AFM findings, the SWCNTs at a
concentration of 5 𝜇g/ml appear as non-aggregated
species with lengths up to 5 𝜇m and diameters in
the interval ≈0.5–1.5 nm. Furthermore, the MWC-
NTs also appear as single non-aggregated species at
the same concentration, with lengths up to 3 𝜇m and
diameters in the interval 20–80 nm. The electrochem-
ical studies revealed that the SWCNTs within CNT
water suspensions studied exhibit a better electro-
chemical performance (significantly lower barrier and
faster kinetics for the electron transfer) as compared
with MWCNTs, due, probably, to a greater amount
of residual metal catalyst impurities that these par-
ticular CNTs contain.

Toxicity is a major concern in using the CNT-based
materials for biomedical applications, since they can
cause toxic effects in human bodies and animals,
which are strongly dependent on the size and the con-
centration of CNTs, as well as on the amount of metal
catalyst impurities [5, 21, 22]. The findings of the
present work may contribute to clarifying the mech-
anisms of specific biological effects of CNTs (mem-
branotropic [25], tumoritropic [18], antihypertensive
[26], etc.) at the molecular and cellular levels.
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СТРУКТУРА I ЕЛЕКТРОХIМIЧНI
ВЛАСТИВОСТI ВОДНИХ СУСПЕНЗIЙ
ФУНКЦIОНАЛIЗОВАНИХ ОДНО-
ТА БАГАТОСТIННИХ ВУГЛЕЦЕВИХ НАНОТРУБОК

Р е з ю м е

Методом атомно-силової мiкроскопiї дослiджено структу-
ру одностiнних та багатостiнних вуглецевих нанотрубок
(ВНТ), функцiоналiзованих карбоксильними групами, оса-
джених з водних суспензiй. Електрохiмiчнi властивостi су-
спензiй, що мiстять обидва типи ВНТ окремо, вивчено ме-
тодами циклiчної вольтамперометрiї та спектроскопiї еле-
ктрохiмiчного iмпедансу. Отриманi результати можуть бу-
ти корисними для з’ясування механiзмiв специфiчної бiоло-
гiчної дiї ВНТ та їх застосування у рiзноманiтних сферах
нанобiотехнологiї.
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