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Introduction

Herein we report an investigation into the reasons for in-
creases in the observed heterogeneous electron-transfer rate
constant (k0

obs) of carbon nanotubes after their electrochemi-
cal activation. Since the discovery of multiwalled carbon
nanotubes (MWCNTs)[1,2] and their single-walled counter-

parts (SWCNTs),[3,4] these nanoscale materials have attract-
ed much attention from electrochemists because of their
unique structural and electronic properties.[5–10] The impor-
tant applications of carbon nanotube electrodes are the
main driving force for examining the relationship between
their structure and electrochemical activity.[11–14] Of particu-
lar interest is the value of k0

obs for electron transfer between
carbon nanotubes and well-known redox systems such as
ferri/ferrocyanide.

Electrochemical activation of carbon electrodes for the
enhancement of heterogeneous electron transfer has been
known for a long time. The principal reasons for electro-
chemical activation of highly oriented pyrolytic graphite
(HOPG) electrodes were studied in detail by Raman spec-
troscopy, scanning electron microscopy (SEM), scanning
tunneling microscopy (STM), and atomic force microscopy
(AFM) with the conclusion that electrochemical activation
results in extensive lattice damage and exposure of edge-
plane sites in HOPG.[15–17] McCreery and co-workers found
a direct correlation between the 1360 cm�1 Raman band (d-
band) and k0

obs of HOPG electrodes.[15] The same group in-
vestigated the quantitative relationship between k0

obs and the
microstructure of graphite electrodes.[18] Electrochemical ac-
tivation of carbon nanotubes was also studied previously.
Wang et al.[19] demonstrated that it is possible to electro-
chemically activate SWCNTs and hypothesized that this
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arises from the functionalization of SWCNTs with carboxyl-
ic groups. However, they found that the relationship be-
tween applied activation potential and electrode perfor-
mance is not straightforward. Later, Musameh et al.[20] dem-
onstrated that the anodic pretreatment of MWCNT-based
electrodes results in an improvement of electrochemical re-
activity of carbon nanotubes. It is important to note that ref-
erences [19] and [20] present only electrochemical data and do
not provide any spectroscopic or microscopic insight into
the phenomena. Even though Musameh et al.[20] hypothe-
sized that such enhancement of electrochemical activity of
MWCNTs results from the breaking of the basal-plane end
caps of arc-produced MWCNT, they did not support this
claim nor show the existence of the caps in their MWCNT
samples by electron microscopy.[20] Ito et al.[21] reported that
it is possible to etch individual MWCNT by applying poten-
tials higher than 1.7 V, which they clearly demonstrated by
presenting optical micrographs of MWCNTs at different
stages of etching. They hypothesize that etching occurs as a
consequence of carbon oxidation via an intermediate that is
generated when water is converted into oxygen on the sur-
face of MWCNTs.[21] Liu et al.[22] oxidized MWCNTs elec-
trochemically at a potential of 2 V for 30 min and 6 h and
found, using transmission electron microscopy (TEM), that
the ends of some MWCNTs opened after 30 min of electro-
oxidation, some MWCNTs were cut, and the surface of
MWCNTs eroded after 6 h of electrooxidation. Unfortu-
nately, the resolution of the TEM images in their work was
not sufficient to provide any insight into the nature of such
erosion. The authors proved by FTIR spectroscopy that
oxygen-containing groups (carbonyl, carboxy) were intro-
duced during electrooxidation of MWCNTs. They also
found by electrochemical impedance spectroscopy that the
capacitance of electrochemically oxidized MWCNTs was
promoted.[22]

The aim of this article is to demonstrate that electrochem-
ical activation of carbon nanotubes results in an introduction
of defects into the walls of the carbon nanotubes. These de-
fects lead to a higher density of electroactive sites and, con-
sequently, to increased values of k0

obs. We characterized elec-
trochemically activated carbon nanotubes by cyclic voltam-
metry, electrochemical impedance spectroscopy, Raman
spectroscopy, high-resolution transmission electron micro-
scopy (HR-TEM), and high-resolution X-ray photoelectron
spectroscopy (HR-XPS) to gain insight into the mechanism
of such activation. We discuss the structural changes in
carbon nanotubes and report calculations of the density of
the defects on the surfaces of MWCNTs.

Results and Discussion

As-received MWCNTs were dispersed in DMF at a concen-
tration of 1 mgmL�1. Then, 5 mL of this solution was depos-
ited on the surface of a GC electrode and allowed to dry.
The MWCNT-modified electrodes were electrochemically
pretreated by applying them at a fixed potential and time in
phosphate buffer (50 mm, pH 7.4). The resulting electro-
chemically activated MWCNT electrodes were subjected to
cyclic voltammetry, electrochemical impedance spectrosco-
py, Raman spectroscopy, HR-TEM, and HR-XPS analyses
to shed light on the mechanism of such electrochemical acti-
vation.

Cyclic Voltammetry

Cyclic voltammetry was used to measure the heterogeneous
electron-transfer constant k0

obs of as-received and electro-
chemically activated MWCNTs. The value of k0

obs was calcu-
lated by a method developed by Nicholson,[23] as described
briefly in the Experimental Section. Electrochemically acti-
vated MWCNT electrodes show dramatically enhanced het-
erogeneous electron transfer, which results in a lowering of
the value of DEp of [Fe(CN)6]

3�/4�. The heterogeneous elec-
tron-transfer rate constant k0

obs for [Fe(CN)6]
3�/4� was found

to be 8.34 � 10�5 cm s�1 for as-received MWCNTs and in-
creased monotonically over the whole activation potential
range to 3.67 � 10�3 cm s�1 at an activation potential of
2.00 V (measured in 0.1 m KCl; see Figure 1 A). The latter
value is similar to that previously observed at electrochemi-
cally activated HOPG electrodes (k0

obs =6.5 � 10�3 cm s�1)[15]

and, therefore, one could suggest that electrochemical acti-
vation occurs as a result of the introduction of “edge-like”
defects into the walls of the carbon nanotubes. The exact
reason for such enhancements in k0

obs is described in detail
in the following sections. The influence of electrochemical
activation time on k0

obs at a fixed potential of 1.75 V is
shown in Figure 1 B. As can be seen, k0

obs increases monoton-
ically from 1.97 �10�3 cm s�1 at an activation time of 60 s to
4.04 � 10�3 cm s�1 at an activation time of 360 s. The electro-
chemical activation of MWCNTs is very reproducible; the
difference in k0

obs between two measurements after a period

Abstract in Czech: Elektrochemick� aktivace uhl�kových na-
notrubiček (MWCNTs) (v rozmez� potenci�lů 1.5–2.0 V vs
Ag/AgCl po dobu 60–360 s) vede k výrazně vyšš�m kon-
stant�m rychlosti heterogenn�ho přenosu elektronů (k0

obs)
pro Fe(CN)6

3�/4�, z 8.34 � 10�5 cm s�1 pro nemodifikovan�
MWCNTs, na 3.67 �10�3 cm s�1 pro elektrochemicky aktivo-
van� MWCNTs. Elektronovou mikroskopi� bylo zjištěno, že
toto zvýšen� k0

obs je důsledkem vytvořen� výrazných defektů
ve stěn�ch MWCNTs; zastoupen� těchto defektů vzrostlo z
t�měř nulov�ho (pro nemodifikovan� MWCNT) na 3.7 %
(pro elektrochemicky aktivovan�). Pro objasněn� pozorova-
ných jevů byly použity metody rentgenov� fotoelektronov�
spektroskopie s vysok�m rozlišen�m (HR-XPS), Ramanovy
spektroskopie a elektrochemick� impedančn� spektroskopie.
HR-XPS experimenty vedly k pozn�n� že zvýšen� elektro-
chemick�ho aktivačn�ho potenci�lu vede k zvýšen� zastoupe-
n� uhl�kových skupin obsahuj�c� kysl�k na povrchu uhl�ko-
vých nanotrubiček.
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of three months was found to be 6.9 % (k0
obs of 2.59 � 10�3

and 2.77 �10�3 cm s�1 for an electrochemical activation po-
tential of 1.75 V and time of 180 s).

The relative standard deviation (RSD) of DEp was in all
cases less than 3 % (n= 3, measured the same day). Howev-
er, for calculation of k0

obs, the interpolation/extrapolation
error of the Nicholson method[23] (approximately between 0
and 2 %, see the Experimental Section) must be added.
Since the interpolation/extrapolation error of the Nicholson
method depends on DEp and it is difficult to establish it ex-
actly, we do not present RSD bars in the graphs. However,
it is possible to estimate that RSD of k0

obs is less than 5 %.

Electrochemical Impedance Spectroscopy

It has been shown that the capacitance of highly ordered
carbon materials is higher at the graphitic edges than on the
basal planes.[24] It was suggested that this difference arises
from the anisotropic conductivity of such materials, which
under polarization build up more charge and consequently
more capacitance at the plane edges as a result of the much
higher electrical conductivity along the basal planes (relative
to the perpendicular direction) owing to the mobility of the
delocalized p electrons.[24]

Electrochemical impedance spectroscopy was used to
measure the changes in capacitance of MWCNTs at differ-
ent stages of electroactivation to understand the nature of

the changes in MWCNT structure. The observed weight-spe-
cific capacitance of carbon nanotubes increases monotoni-
cally over the whole activation potential range (from
1.18 Fg�1 for as-received MWCNTs to 4.75 Fg�1 for an elec-
troactivation potential of 2.00 V; Figure 2 A). The observed
weight-specific capacitance of MWCNTs also increases with
increasing electroactivation time (at a fixed electroactivation
potential of 1.75 V) from 2.69 Fg�1 at an activation time of
60 s to 4.85 F g�1 at an activation time of 360 s (Figure 2 B).
The increased capacitance during electroactivation arises
from a combination of the following effects: 1) The frequen-
cy of edge-like domains on the carbon nanotube surface in-
creases. 2) Such edge-like domains increase the roughness of
the carbon nanotube surface (as confirmed by HR-TEM in
the following section), which increases the wetting of other-
wise significantly hydrophobic MWCNT surfaces[25] and con-
sequently decreases the distance between the solvent
(water) and the surface of the nanotube. As a result of the
very high dielectric constant of water, the capacitance of
such “roughened” carbon nanotubes therefore increases.
3) Electrochemical activation introduces oxygen-containing
groups on MWCNT surfaces (as confirmed by high-resolu-
tion XPS in the following section), which leads to increased
wetting as discussed in the previous point. 4) These oxygen-
containing groups are solvated by water, which again in-
creases the capacitance of the carbon nanotubes. 5) The
oxygen-containing groups at the surface of the carbon nano-
tubes might undergo Faradaic reactions, which would con-
tribute to the observed capacitance. The contribution of

Figure 1. Effect of A) electrochemical activation potential and B) electro-
chemical activation time on k0

obs for MWCNTs with [Fe(CN)6]
3�/4� in

0.1m KCl. The inset shows cyclic voltammograms for the as-received
carbon nanotubes (a, black line) and the nanotubes (b, grey line) electro-
chemically activated for 180 s at 1.75 V. Conditions: A) electrochemical
activation time, 180 s; B) electrochemical activation potential, 1.75 V.

Figure 2. Effect of A) electrochemical activation potential and B) electro-
chemical activation time on weight-specific capacitance of carbon nano-
tubes. The inset shows the Randles equivalent circuit. Conditions:
A) electrochemical activation time, 180 s; B) electrochemical activation
potential, 1.75 V.
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these effects to the capacitance is further discussed in the
following sections.

The weight-specific capacitances of carbon nanotubes pre-
sented in this article are on the same order of magnitude as
the weight-specific capacitances obtained by this and other
authors for carbon nanotubes.[26–28]

X-ray Photoelectron Spectroscopy

XPS is a very useful tool for obtaining information on the
chemical states of materials. It has proven its suitability for
the chemical analysis of carbon nanotubes.[13,29–31] HR-XPS
was used in this work to gain an insight into chemical state
changes in as-received and electrochemically activated
carbon nanotubes. HR-XPS spectra of the carbon 1s core
level as well as high-resolution spectra of oxygen 1s level
were recorded for as-received MWCNTs (Figure 3 A) and
for MWCNTs electrochemically activated for 180 s at 1.75 V
(Figure S-1A, Supporting Information), at 1.85 V (Figure S-
1B, Supporting Information), and at 2.00 V (Figure 3 B). The
XPS C 1s core spectra of MWCNTs show a single tailing
peak at 284.5 eV, the maximum of which corresponds to sp2

hybridization of graphene sheets in a carbon nanotube.[31, 32]

Careful curve fitting shows that the C 1s spectrum of a
MWCNT can be quantitatively differentiated into five dif-
ferent carbon stages, namely, sp2-hybridized carbon atoms
(at 284.4 eV) of the graphene sheet of a MWCNT, sp3-hy-
bridized carbon atoms (-CH2-) (at 285.2 eV), the alcohol/

ether group (C�O) (at 286.6 eV), the carbonyl group (C=O)
(at 288.0 eV), and the carboxy acid/ester group (O�C=O)
(at 289.2 eV). Also present is the p–p* shake-up signal (at
290.5 eV), which is typical for sp2-hybridized carbon (in the
text and also in Figure 3, the atom that is responsible for the
given signal is in italics). A quantitative comparison of the
C 1s core-level spectra of an as-received and electrochemi-
cally activated MWCNT is given in Table 1 (in our calcula-
tions we exclude the p–p* shake-up signal). It is clear that

the relative abundance of carboxy/ester groups (O-C=O) in-
creases from 1.0 to 6.3 % (relative increase of 630 %), alco-
hol/ether groups (C�O) increase from 6.7 to 25.3 % (relative
increase of 377 %), and C=O increases from 3.6 to 7.3 % at
the expense of the carbon–carbon groups, of which the rela-
tive abundance decreased from 88.7 to 61.1 % (relative de-
crease by 31 %) upon increasing the electrochemical activa-

tion potential from 0 to 2.00 V
(for 180 s). Note that, in princi-
ple, the signals for carboxy
acid and the ester groups
cannot be distinguished by the
C 1s signal because the carbon
atom in these groups has the
same chemical neighborhood.
However, by using the HR-
XPS O 1s core oxygen signal,
one can distinguish between
the carboxy acid/carbonyl
groups (O�C=O and C=O) (at
532.2 eV) and signals from the
ester groups (C�O�C=O) (at
533.7 eV). A quantitative com-
parison of the O 1s core-level
spectra of an as-received and
electrochemically activated
MWCNT is shown in Table 2.
It is clear that the relative
abundance of the ester groups
decreases significantly with an
increase in the electrochemical
activation potential while the
relative presence of the signal
from carboxy acid/carbonyl in-
creases with an increase in the
electrochemical activation po-

Figure 3. HR-XPS spectra of A) as-received and B) electrochemically activated carbon nanotubes at 2.00 V for
180 s. Left, C 1s core spectra; right, O 1s core spectra.

Table 1. Quantitative comparison of high-resolution X-ray photoelectron
spectra of the C 1s core level at different carbon stages for as-received
and electrochemically activated (for 180 s) carbon nanotubes.

Electrochemical activation
potential

carbon–carbon C�O C=O O�C=O

–[a] 88.7 % 6.7% 3.6 % 1.0%
1.75 V 87.9 % 7.4% 3.4 % 1.4%
1.85 V 87.8 % 8.0% 2.6 % 1.6%
2.00 V 61.1 % 25.3 % 7.3 % 6.3%

[a] As received.
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tential. XPS data from the C 1s and O 1s measurements are
consistent with each other and their synthesis leads us to
conclude that after the electrochemical activation, there is
an increase in the relative presence of carboxy groups at the
expense of the relative presence of the alcohol, ether, and
carbonyl groups. In this context, it is important to mention
that Masheter et al.[32] recently found by XPS and voltam-
metry that nitric acid treatment of MWCNTs leads to a rela-
tive increase of abundance of the carboxy groups.

Here we wish to discuss the influence of oxygen-contain-
ing groups upon increasing heterogeneous electron transfer.
Chou et al.[13] demonstrated that an increase in the presence
of carboxy-containing groups on single-walled carbon nano-
tubes (induced by mineral acid treatment of SWCNTs)
leads to an increase in the heterogeneous electron-transfer
rate for [Fe(CN)6]

3�/4�. Later, however, Pumera[28] demon-
strated in contrast that similar treatment of single- and
double-walled carbon nanotubes (DWCNTs) leads to a
slower heterogeneous electron-transfer for [Fe(CN)6]

3�/4�,
more strongly in the case of SWCNTs and less intensely in
the case of DWCNTs. Ji et al.[33] studied the influence of
oxygen-containing groups of graphite electrodes in great
detail and found that heterogeneous electron transfer for
[Fe(CN)6]

3�/4� at graphite is actually slowed by increasing
the amount of oxygen-containing groups at graphite electro-
des. Later, the same group demonstrated that even for
MWCNTs, the increase of oxygenated species may not in-
crease electron-transfer kinetics.[34] In our present case, the
highest relative increase of oxygen-containing groups upon
electrochemical activation of pristine MWCNTs at 2.00 V
for 180 s is 630 % (for carboxy groups). There is a clear cor-
relation between the abundance of oxygen-containing
groups and the heterogeneous electron-transfer rate con-
stant (see Figure S-2, Supporting Information), although this
correlation is not linear, suggesting that oxygen-containing
groups are not solely responsible for the increasing value of
k0

obs. In addition, the value of k0
obs for [Fe(CN)6]

3�/4� was
found to increase by two orders of magnitude (from 8.34 �
10�5 to 3.67 �10�3 cm s�1). If oxygen-containing groups were
solely responsible for the increase of k0

obs, the increase would
be much smaller (about ten times). Therefore, we conclude
that oxygen-containing groups play a minor role in enhanc-
ing heterogeneous electron transfer for electrochemically ac-
tivated multiwalled carbon nanotubes and that the driving
mechanism of the increased heterogeneous electron-transfer

rate lies in an increase of the density of edge-like sites at
the walls of MWCNTs.

Raman Spectroscopy

Raman spectroscopy plays an important role in the structur-
al characterization of sp2-hydribized carbon materials, pro-
viding information about defects and crystalline struc-
ture.[35–41] The most prominent features of Raman spectra of
carbon nanotube materials are the so-called G band appear-
ing at around 1580 cm�1 and the D band at around
1350 cm�1. The G band is a doubly degenerated phonon
Raman active mode for sp2-hydrized carbon networks,
whereas the D band is localized where the lattice structure
is not perfect, mostly at the edges and defects of the sp2

zones. Amorphization of sp2-hydridized carbon networks,
which leads to sp3 hybridization, results in significant
changes in the Raman profiles.[35, 37,38] The ratio of the inten-
sity of the G band to that of the D band (the so called “G/D
ratio”) is usually used for characterizing the quantity of de-
fects in graphitic and carbon nanotube materials.[35, 39–41]

Figure 4 shows the evolution of the G/D ratio with ap-
plied electrochemical activation potential (Figure 4 A) and

Table 2. Quantitative comparison of high-resolution X-ray photoelectron
spectra of the O 1s core level at different oxygen stages for as-received
and electrochemically activated (for 180 s) carbon nanotubes.

Electrochemical
activation
potential

O�C=O and C=O C�O�H and
C�O�C

C�O�C=O

–[a] 7.8% 55.6 % 36.6 %
1.75 V 10.4 % 54.6 % 35.0 %
1.85 V 30.6 % 58.2 % 11.2 %
2.00 V 27.1 % 59.6 % 13.3 %

[a] As received.

Figure 4. A) Effect of electrochemical activation potential on G/D ratio
of carbon nanotubes after their electrochemical activation for 180 s. The
inset shows the Raman spectra for as-received (left) and electrochemical-
ly activated carbon nanotubes for 180 s at 1.75 V (right). B) Effect of
electrochemical activation time on G/D ratio of carbon nanotubes after
their electrochemical activation at potential 1.75 V. Error bars corre-
spond to standard deviation for n=3.
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activation time (Figure 4 B). Also shown are Raman spectra
of as-received carbon nanotubes and electrochemically acti-
vated nanotubes at a potential of 1.75 V for 180 s (Fig-
ure 4 A, insets). The G/D ratio decreases rapidly from 1.30
to 0.63 upon changes in the electrochemical activation po-
tential from 0 to 1.65 V and then more slowly, reaching a
minimum of 0.61 at an activation potential of 1.75 V and
then increasing slightly to 0.66 at an activation potential of
2.00 V. A similar reversal of the G/D ratio was observed
previously for radiation damage of HOPG, which first re-
sulted to defects in the HOPG lattice, then to amorphization
of the HOPG lattice.[38, 39] Similar defects were observed for
the MWCNTs as well.[41] Amorphization of the defect sites
was observed in our samples by HR-TEM. Therefore, elec-
trochemical activation leads not only to the creation of de-
fects in the sp2-hybridized structure of carbon nanotubes but
also results in the amorphization of the defect sites of CNTs.

When the activation potential is fixed at 1.75 V and elec-
trochemical activation time is changed, the G/D ratio de-
creases monotonically from 1.15 to 0.53 as the activation
time is increased from 60 to 300 s (Figure 4 B).

High-Resolution Transmission Electron Spectroscopy

Since cyclic voltammetry and electrochemical impedance
spectroscopy provide evidence of increasing “edge-plane-
like” defects in the structure of MWCNTs, we used HR-
TEM to investigate the nature of these defects. Figure 5
shows representative TEM images of MWCNTs before (A)
and after (B) electrochemical activation at 1.75 V for 180 s.
The as-received MWCNT sample contains a straight, open-
ended MWCNT with no visible structural defects. In con-
trast, the TEM image of the electrochemically activated
nanotubes shows a striking difference. The structure of the
MWCNT is damaged and wall defects can be observed. This
damage is shown in greater detail in the HR-TEM images
of the MWCNT after electroactivation at 1.65 V (Figure 6),
1.75 V (Figure 7 A), and 1.85 V (Figure 7 B). Electrochemi-
cal activation results in lattice damage of the MWCNT walls

(Figure 6 B), and the edge planes of the damaged graphene
sheets are accessible through the outside environment (i.e. ,

Figure 5. TEM images of A) as-received carbon nanotubes and B) carbon
nanotubes electrochemically activated for 180 s at 1.75 V.

Figure 6. HR-TEM images of sidewall defects on carbon nanotubes electrochemically activated for 180 s at 1.65 V (vs. Ag/AgCl). The defect marked in
(A) is shown in greater detail in (B). The lattice deformation of the MWCNT is clearly visible. For further clarity and emphasis on the deformation of
the lattice, the important part of (B) is redrawn and is shown in (C). The white “vacancies” shown in (C) represent amorphous carbon.
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by solution). For greater clarity of the HR-TEM image, we
redrew the main lattice lines (Figure 6 C). Note that the
white areas in Figure 6 C represent parts of the MWCNT
where the lattice is not observable, containing amorphous
carbon, which was created during electroactivation. This ob-
servation of amorphous carbon is consistent with the
Raman spectroscopic data. Another interesting point is that,
with the application of increased electroactivation voltage,
the size of these defects increases in a radial direction (com-
pare the size of the defect sites in Figures 6 (activation po-
tential 1.65 V), 7 A (activation potential 1.75 V), and 7 B
(activation potential, 1.85 V)).

From the HR-TEM, Raman spectroscopy, electrochemical
impedance spectroscopy, and cyclic voltammetry data, there
are clear structure–reactivity correlations. With increased
electrochemical activation potential, the magnitude of the
defects on the MWCNT walls increases, leading to higher
density of “edge-like” planes and therefore to a higher ob-
served heterogeneous electron-transfer rate.

Density of Defects

How many defects are responsible for the observed increase
in the value of k0

obs ? This is an important and interesting
question. To determine a more quantitative relationship be-
tween the heterogeneous electron-transfer rate and the den-
sity of defects in the carbon nanotube structure, we used the
approach for calculating the density of defects on the basis
of electrochemistry and capacitance measurements devel-
oped by Yeager and Randin[42–44] and later by McCreery and
Rice[18] for HOPG electrodes. Since we concluded in the
previous sections of this article from electrochemistry, spec-
troscopy, and electron microscopy that electrochemical acti-
vation involves formation of “edge-like” defects on the
walls of carbon nanotubes, we can propose the following
way of determining the density of such defects.

If we hypothesize that k0
obs in the first approximation is ex-

clusively a function of the edge-plane density[18] of carbon
nanotubes, and that k0

obs is the weighted sum of the edge
plane and basal plane k0 values, we can write Equation (1),
in which k0

e is the heterogeneous electron-transfer rate con-
stant of the pure edge plane, k0

b is the heterogeneous elec-
tron-transfer rate constant of the pure basal plane, and fe is
the ratio of the edge planes to the basal planes. The litera-
ture values of k0

e and k0
b for HOPG are 0.10 cm s�1 and 1 �

10�7 cm s�1, respectively.[18] Even though the value of k0
b

might be less than 1 �10�7 cm s�1, probably in the region of
10�9 cm s�1 or lower,[18,45] since k0

e is much larger then k0
b, the

contribution of k0
b to k0

obs in Equation (1) is negligible for
electrochemically activated MWCNTs and the accuracy of
k0

b is unimportant for determining fe from Equation (1).[18]

Since the electrochemistry of multiwalled carbon nanotube
electrodes closely resembles the electrochemistry of HOPG
electrodes,[12,46] one can use values of k0

e and k0
b of 0.10 and

1 � 10�7 cm s�1, respectively, to calculate fe. The values of fe

determined by this method [using Eq. (1) and data for k0
obs

presented in Figure 1] are shown in Figure 8 for different
electrochemical activation potentials (A) and different elec-
troactivation times (B). The increase of the frequency of de-
fects from 0.083 % for as-received MWCNTs to 2.5 % for
electrochemically activated MWCNTs (at 1.5 V for 180 s) is
responsible for the steep increase in the value of k0

obs by
almost two orders of magnitude (from 8.34 � 10�5 to 2.54 �
10�3 cm s�1; see section on “Cyclic Voltammetry“). A further
increase of electrochemical activation potential from 1.5 to

Figure 7. TEM (left) and HR-TEM (right) images of electrochemically
activated MWCNTs at A) 1.75 V and B) 1.85 V for 180 s.

Figure 8. Plots of fraction of edge-plane defects on A) electrochemical ac-
tivation potential and B) electroactivation time calculated from k0

obs using
Equation (1) and data from Figure 1 (circles) and from capacitance meas-
urements using Equation (2) and data from Figure 2 (triangles).
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2 V results in a relatively small increase in the frequency of
defects (from 2.5 to 3.7 %). Similarly, the density of defects
increases for different electroactivation times from 2.0 to
4.0 % for electroactivation times increasing from 60 to 360 s
(electroactivation potential of 1.75 V). These results are con-
sistent with our TEM images, in which it is not possible to
see a significant difference in the density of defects on the
surfaces of MWCNTs activated at different potentials, and
the density of such TEM-observable defects is relatively
low.

k0
obs ¼ k0

ef e þ k0
bð1� feÞ ð1Þ

The density of defects can also be calculated from capaci-
tance measurements, which can be used for estimating the
presence of oxygen-containing groups and their influence on
the observed capacitance. If we make the same hypothesis
for observed area-specific capacitance (C0

A;obs) as we did for
k0

obs, that is, that the observed capacitance is an exclusive
function of edge plane density,[18] we can derive Equa-
tion (2), in which C0

e is the capacitance per area of pure
edge plane, C0

b is the capacitance per area of pure basal
plane, and fe is the ratio of the edge planes to the basal
planes.

C0
A;obs ¼ C0

efe þ C0
bð1� feÞ ð2Þ

It has been shown for laser-treated HOPG that the deter-
mination of the ratio of the coverage of the edge plane to
the basal plane (fe) from k0

obs and C0
obs data is quantitatively

consistent, provided that no oxygen-containing groups are
involved in contributing to the observed capacitance.[18]

However, if oxygen-containing groups are present, they can
contribute in various ways (see section on “Electrochemical
Impedance Spectroscopy”) to the observed capacitance.
One can use this difference to determine the role of oxygen-
containing groups in the capacitance of MWCNTs: if there
is no contribution of oxygen-containing groups to fe, the
values of fe calculated from k0

obs and C0
obs data by Equa-

tions (1) and (2) will be quantitatively consistent. However,
if oxygen-containing groups contribute to the observed ca-
pacitance, the values of fe calculated from C0

obs and Equa-
tion (2) will be higher than those calculated from k0

obs and
Equation (1).

We used the values in the literature for C0
e and C0

b for
HOPG (1.9 mFcm�2 and 70 mF cm�2, respectively)[18] and we
converted the observed weight-specific capacitance (C0

w;obs)
of MWCNTs (presented in Figure 2) into area-specific ca-
pacitance (C0

A;obs) by using data from surface-specific meas-
urements of MWCNTs. From these data, we calculated fe

from Equation (2) as a function of electrochemical activa-
tion potential (Figure 8 A, circles) and electrochemical acti-
vation time (Figure 8 B, circles). As can be seen in Figure 8,
fe values based on capacitance measurements increase from
1.8 % in as-received carbon nanotubes to 15.8 % in carbon
nanotubes that were electrochemically activated at 2.00 V
for 180 s. Similarly, the frequency of defects calculated from

capacitance measurements increases for different electroac-
tivation times (at a potential of 1.75 V) from 7.7 to 16.1 %
with increasing electroactivation time from 60 to 360 s. It is
clear that the values of the ratio of edge plane calculated
from the k0

obs data and capacitance data have the same trend
(i.e., monotonous increase), but quantitatively the values
differ significantly. Thus, there is considerable contribution
from oxygen-containing groups to the observed capacitance
of MWCNTs and the capacitance of MWCNTs is not solely
a function of edge-plane defects. On the contrary, in our
study, the oxygen-containing groups play a major role in de-
termining the capacitance of MWCNTs (see section on
“Electrochemical Impedance Spectroscopy”).[18]

Conclusions

We have demonstrated that electrochemical activation of
MWCNTs results in an increase in the observed heterogene-
ous electron-transfer rate constants for ferri/ferrocyanide
couples, and the electrochemical activity of MWCNTs may
be altered to any value between that of the as-received and
exhaustively activated sample. By using HR-TEM, Raman
spectroscopy, and electrochemical impedance spectroscopy,
we proved that this increase is due to the introduction of
dramatic edge-like defects to carbon nanotube walls during
electrochemical activation. We calculated that small increas-
es in the density of defects are responsible for a huge in-
crease in the value of k0

obs. We showed that the capacitance
of MWCNTs is not solely the function of edge-plane defects,
but that oxygen-containing groups play a major role. De-
tailed XPS analysis proved that during electrochemical acti-
vation, there is a significant increase in the presence of
oxygen-containing groups and, most notably, carboxy
groups. Our findings should find a broad range of applica-
tions in the areas of sensing, biosensing, and energy storage.

Experimental Section

Apparatus

A JEM 2100F field emission transmission electron microscope (JEOL,
Japan) working at 200 kV was employed to obtain TEM images in a scan-
ning TEM mode (spot size, 0.4 nm; 200 kV). HR-TEM images were ob-
tained by using the same JEM 2100F microscope in conventional TEM
mode. TEM/energy-dispersive X-ray spectra (TEM/EDS) were collected
by using the above-described JEM 2100F instrument equipped with an
ultrathin window. Raman spectra were collected by excitation at
514.5 nm with an Ar ion laser beam employing backscattering geometry
(BeamLok 2060-RS/T64000, Spectro-Physics, Mountain View, CA/Jobin
Yvon, Horiba, France). Surface specific areas were measured by Auto-
sorb 1 equipment (Quantachrome Instruments, Boynton Beach, FL,
USA) using the multipoint Brunauer–Emmett–Teller (BET) method[47]

(60 points); nitrogen was used as the adsorbate. Prior to the adsorption
experiments, the samples were dehydrated at 250 8C under vacuum for
16 h. Thermogravimetric analysis (TGA) was performed on Exstar TG/
DTA 6200 equipment (SII NanoTechnology, Japan) by placing the
sample in the furnace with an air atmosphere, heating to 120 8C at a heat-
ing rate of 10 8C min�1, holding at 120 8C for 30 min to remove any mois-
ture, and then heating again to 1000 8C at a heating rate of 10 8C min�1.
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All voltammetric experiments were performed on an electrochemical an-
alyzer Autolab 302 (Ecochemie, Utrecht, The Netherlands) connected to
a personal computer and controlled by General Purpose Electrochemical
Systems v. 4.9 software (Ecochemie). The electrochemical experiments
were performed in a 5 mL voltammetric cell at room temperature (25 8C)
in a three-electrode configuration. A platinum electrode served as the
auxiliary electrode and a Ag/AgCl electrode as the reference electrode.
Electrochemical impedance spectroscopy was performed by using an Au-
tolab 302 electrochemical analyzer equipped with an FRA2 module and
operated by FRA 4.9 software (Ecochemie). X-ray photoelectron spec-
troscopy (XPS) was performed on a PHI Quantera SXM (ULVAC-PHI)
spectrometer with monochromatic AlKa radiation. The analysis area was
50 mm in diameter and the beam energy was 15 kV, 12.5 W; the photo-
electron take-off angle was 458. For the HR-XPS scans, the pass energy
was 13 eV and steps of 0.1 eV. XPS is a highly surface-sensitive method
and the sensitivity strongly decreases with depth (the maximum depth for
carbon analysis is about 10 nm).

Materials

Potassium chloride, potassium phosphate (dibasic), potassium ferrocya-
nide, potassium ferricyanide, and phosphoric acid were purchased from
Sigma–Aldrich (Japan). Multiwalled carbon nanotubes were purchased
from Bucky, TX, USA (BU-200, purity measured by TGA was
99.2 % wt.; surface-specific area 37.61 m2 g�1; diameter 8–15 nm, length
5–10 mm, according to the producer) and used as received. TEM/EDS
analysis of metal impurities was performed by using a JEM 2100F trans-
mission electron microscope with an EDS module and showed that BU-
200 contains iron impurities within the carbon nanotube (see Figure S-3
in the Supporting Information).

Procedures

Carbon nanotube materials were used as received without further purifi-
cation. For the electrochemistry measurements, the carbon nanotubes
were cast onto a glassy carbon (GC) electrode surface (3 mm in diame-
ter, surface area 0.071 cm2, received from Autolab), which was previously
polished with 0.05 mm alumina on a polishing cloth. The nanotubes were
first dispersed in DMF at a concentration of 1 mg mL�1, and the suspen-
sion was then placed for 5 min into an ultrasonic bath and then 5 mL of
the suspension was pipetted onto the GC electrode surface. (The surface
area of the deposited MWCNT was 1.88 cm2, according to our measure-
ments by the BET method). The suspension was allowed to evaporate at
room temperature to create a MWCNT film over the entire GC elec-
trode surface. The contribution of the underlying GC electrode to the
electrochemical response is considered negligible[19, 20] because the surface
area of the deposited MWCNT is 1.88 cm2, whereas the surface area of
the GC electrode is 0.071 cm2. Thus the surface area of the deposited
MWCNT layer is at least 26 times greater than that of the GC electrode
and most electron transfer occurs on the MWCNT layer. If not stated
otherwise, the cyclic voltammetric experiments were performed at a scan
rate of 100 mV s�1 over a relevant potential range using 0.1 m KCl as a
supporting electrolyte. Capacitance was determined by electrochemical
impedance spectroscopy measurements in the frequency range of 0.01 Hz
and 1 MHz with a perturbation signal of 5 mV. The capacitance values
were extracted by fitting Nyquist plots using Randles equivalent circuit
shown as the inset in Figure 2. If not stated otherwise, 10 mm

[Fe(CN)6]
3�/4� was used as an electrochemical probe. For TEM measure-

ments, MWCNTs were mechanically removed from the GC electrode sur-
face by using a plastic pipette tip and transferred to a drop of water. This
droplet was transferred onto a copper TEM grid and allowed to dry in
air. For XPS and Raman measurements, MWCNTs were transferred
from the electrode surface to the corresponding substrate by the above-
described procedure.

The k0
obs values were determined by the method developed by Nichol-

son[23] that relates DEp to dimensionless parameter y and consequently
to k0

obs through Equation (3), in which k0
obs is observed heterogeneous

rate constant, DA is the diffusion coefficient, n is the scan rate, F is the
Faraday constant, R is the gas constant, and T is the absolute tempera-
ture.

k0
obs ¼ y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pDAv
nF
RT

r

ð3Þ

The value of parameter y and a detailed discussion on the use of this
equation can be found in reference [23]. A diffusion coefficient for
[Fe(CN)6]

3� in 0.1 m KCl of 7.2� 10�6 cm2 s�1 was used for evaluation of
all electrochemical data. Since all k0

obs data are obtained by either inter-
polation (for DEp between 60 and 242 mV) or extrapolation (for DEp>

242 mV) of Nicholson�s working curve,[23] an additional interpolation/ex-
trapolation error of approximately 0–2 % is introduced in addition to an
experimental error of DEp.
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