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Electrochemical Etching of Individual Multiwall Carbon
Nanotubes
Takashi Ito, Li Sun, and Richard M. Crooks* ,z

Department of Chemistry, Texas A&M University, College Station, Texas 77842, USA

The electrochemical properties of individual multiwall carbon nanotubes~MWNTs! coated with an amorphous carbon layer are
reported. MWNTs were etched at potentials more positive than 1.7 Vvs. Ag/AgCl ~3 M NaCl! in an aqueous 0.1 M KCl
electrolyte solution. The logarithm of etching rate was proportional to the applied electrode potential, suggesting a kinetic etching
mechanism. The estimated charge necessary to etch a MWNT was smaller than the total charge passed during etching, indicating
that current was consumed for other parasitic reactions. Transmission electron microscopy~TEM! images of partially etched
MWNTs indicate that etching begins at the distal end and proceeds preferentially along the longitudinal axis of the nanotube. The
amorphous carbon layer was etched more readily than the graphitic core. TEM images of completely etched MWNTs showed that
the pore at the distal end was still open, and that the tip of the MWNT was sharpened. These results indicate that electrochemical
etching might be useful for controlling the shape and length of carbon nanotubes.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1526779# All rights reserved.
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Here, we report on the electrochemical properties of individ
multiwall carbon nanotubes~MWNTs! in an aqueous electrolyte so
lution. The nanotubes used in this study have a pore diam of a
100 nm and are coated with amorphous carbon. We chose to e
ine these materials because individual nanotubes of this size
composition can be manipulated relatively easily. Understanding
electrochemical properties of individual carbon nanotubes~CNTs!,
particularly their etching properties, is important for a number
reasons. First, electrochemical data derived from individual NTs
be correlated directly and quantitatively to information obtain
from other analytical methods, such as microscopy. Second, it
be possible to use electrochemical methods to control the size
shape of individual CNTs, which will likely be necessary if they a
to be incorporated into devices of various sorts.1 Third, many pro-
posed applications of CNTs require an understanding of their sta
ity and corrosion properties.

We have shown that individual MWNTs could serve
electrodes.2 More recently, we have become interested in the use
CNTs for preparing single-pore membranes.3 Such membranes hav
been used to construct Coulter counters,4 which also enable study o
transport phenomena within CNTs. Electrical approaches to par
counting, such as that employed by Coulter-type devices, req
application of an electrical potential across a single-pore membr
The potential drives a current that is carried by ions migrat
through the pore. However, when a sufficiently large potentia
applied across a conductive pore, such as a CNT, it is possible
faradaic electrochemical process to carry all or part of the curr
because the CNT acts as a bipolar electrode.5,6 Because only ionic
current carries analytical information in a Coulter counter, optim
zation of the CNT-based membranes necessitates an understa
of the potential range over which Faradaic processes are minim
Knowledge of the electrochemical properties of CNTs is import
for other potential applications too; these include catalysis of re
reactions,7-11 electrochemical hydrogen storage,12 Li
intercalation,13,14 and electrochemical capacitors.15,16

In this report we describe the electrochemical properties of in
vidual MWNTs coated with an amorphous carbon layer. We fou
that MWNTs etched in 0.1 M KCl at potentials more positive th
1.7 V vs.Ag/AgCl ~3M NaCl!. The extent of etching could be easi
controlled by adjusting the immersion depth of the MWNT in t
electrolyte solution and the applied electrode potential. The elec
chemical and electron microscopy data described in this pape
interpreted in terms of a model that accounts for the observed e
ing behavior. Electrochemical etching of CNTs represents a n
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method for controlling the length and width of CNTs that comp
ments existing methods such as gas-17 and solution-phase chemica
etching,18,19 and cutting with electrical discharges.20,21

Experimental

Chemicals and materials.—All solutions were prepared with wa
ter having a resistance of 18.2 MV cm ~Milli-Q, Millipore !. KCl,
H2SO4 , and H2O2 ~EM Sciences, Gibbstown, NJ! were of reagent
grade quality or better and used without further purificatio
MWNTs, produced via a chemical vapor deposition process,22 were
used as received from Applied Sciences~Cedarville, OH!.

Fabrication of MWNT electrodes.—With the aid of an optical
microscope (100-600 times magnification, Optiphot, Nikon, Toky!,
a single MWNT was removed from its bundle using a sharp Pt
having acrylic adhesive~adhesive carbon tape, Ted Pella Inc., Re
ding, CA! on its apex. The junction between the MWNT and t
metal tip was then coated with Ag epoxy~Epoxy Technology Inc.,
Billerica, MA! to improve electrical contact.2 An xyz translational
stage~model 462: Newport, Irvine, CA! was used to perform thes
manipulations. Prior to electrochemical experiments, the surface
MWNT electrodes were cleaned by dipping in a freshly prepa
piranha solution for several seconds~3:1 concentrated H2SO4 :30%
H2O2).

Safety note:Piranha solution reacts violently with organic com
pounds and should not be stored in closed containers.

Electrochemistry and microscopy.—Electrochemical data were
obtained using either a Pine Instruments model AFRDES bipo
tiostat~Grove City, PA!, a Bioanalytical Systems model 100B ele
trochemical analyzer~West Lafayette, IN!, or a CH Instruments
model 660A electrochemical analyzer~Austin, TX!. Electrochemical
experiments were carried out in a three-electrode cell~Fig. 1! con-
taining an Ag/AgCl ~3 M NaCl! reference electrode, and a P
counter electrode. One end of a single 60-270mm long MWNT
electrode was dipped into a drop of an aqueous electrolyte solu
~typical immersion depth: 10-70mm! defined by a small hole
(;0.8 mm diam! in a Teflon block~Fig. 1!. With this design it was
not possible to exclude oxygen from the electrolyte solution.

Optical micrographs of MWNTs were recorded using an inver
microscope~TE 300, Nikon! equipped with a 2D charge-couple
device array detector~SenSys 1401E, Photometrics, Tucson, AZ!.
Transmission electron microscope~TEM! and energy dispersive
X-ray spectroscopy~EDS! measurements of MWNTs fixed at th
apex of metal tips were obtained using a JEM-2010 microsc
~JEOL, Tokyo, Japan!.



g a
lu-

en
or

s
e

for
for
tal
th
y
c-
ris
e

ial
bo
red
n o
s.
an

in

gh
ide

a
nt
al

o the

was
hro-
to 2

tions
ime
ri-
all
rams

ms.

rge
as

etc

Electrochemical and Solid-State Letters, 6 ~1! C4-C7 ~2003! C5
Results and Discussion

Figure 2 shows a typical cyclic voltammogram obtained usin
single MWNT electrode in an aqueous 0.1 M KCl electrolyte so
tion. The data indicate no voltammetric peaks in the range20.5 to
1.3 V, but beyond this range significant cathodic and anodic curr
are observed. The onset of cathodic current is about 0.5 V m
positive than previously reported values~about21.0 V) for macro-
scopic carbon electrodes23,24or for single-wall CNT sheet electrode
in aqueous electrolyte solutions.13,14,25Bubbles are observed on th
MWNT electrode at potentials more negative than20.5 V, and
therefore H2 evolution is the likely faradaic process responsible
the negative potential limit. The relatively positive voltage onset
H2 generation may be a consequence of the presence of me
impurities such as Fe, which is used as a catalyst during the syn
sis of the MWNTs.22 However, if such impurities are present, the
are below the detection limit of EDS. In addition to proton redu
tion, the current observed at negative potentials may partially a
from reduction of oxygen, which is not excluded from th
electrolyte.26

The onset potential for anodic current is 1.3 V, and at potent
higher than 1.7 V, MWNTs and the surrounding amorphous car
layer begin to etch. In contrast, anodic oxidation of highly orde
pyrolytic graphite and glassy carbon electrodes leads to formatio
a surface oxide and surface roughening under similar condition24

Figures 3a and b are optical micrographs of a MWNT before
after electrochemical etching, respectively, for 24 min at 1.8 V
aqueous 0.1 M KCl. The immersed part of the MWNT~the electro-
lyte solution level is indicated by an arrow in Fig. 3a! was com-
pletely removed under these conditions. Because this result is hi
reproducible, we conclude that this electrochemical method prov
a means for controlling the length of MWNTs. Figure 3c shows
TEM image of the distal end of an etched MWNT. The importa
information here is that the end of the MWNT is open and the w

Figure 1. Schematic illustration of the experimental apparatus used to
individual MWNTs.

Figure 2. A typical CV for an individual MWNT electrode~outer diam: 240
nm, pore diam: 80 nm, immersion depth: 30mm! in aqueous 0.1 M KCl.
Scan rate: 100 mV/s.
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thickness is reduced at the end of the tube that was exposed t
etching solution.

To learn more about the etching process, a MWNT electrode
characterized by chronoamperometry. Figure 4a shows typical c
noamperograms after the electrode potential was stepped from 0
V ~black line! and from 0 to 1.9 V~gray line!. The results of mea-
surements such as these were reproducible when different frac
of the same MWNT were etched, but the absolute etching t
varied as a function of the particular MWNT used for the expe
ment. This is probably a consequence of slight variations in w
thickness. Nevertheless, the shapes of these chronoamperog
were similar to each other.

Two distinct regions are observed in the chronoamperogra
The current in the first region decreases at a faster rate~see inset!
than it does in the second region. We speculate that the initial la
current (t , 5 s) may be due to a combination of processes such

h

Figure 3. Optical micrographs of a single MWNT electrode~a! before and
~b! after electrochemical etching.~c! TEM of the distal end of a completely
etched MWNT.
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Figure 4. ~a! Typical chronoamperometric response from a single MWN
electrode~outer diam: 220 nm, pore diam: 70 nm, immersion depth: 20mm!
for potential steps from 0 to 2 V~black line! and from 0 to 1.9 V~gray line!.
~b! Relationship between the logarithm of etching rate for a constant imm
sion depth~20 mm! and the applied electrode potential,E. ~c! Relationship
between total charge consumed during etching andE. All data shown in this
figure were obtained with different fractions of the same MWNT in an aq
ous 0.1 M KCl electrolyte solution.
slow capacitive charging, surface faradaic reactions, and super
intercalation.24 The gradual decrease in the oxidation current refle
a decrease in the surface area of the MWNT as it etches. Irreg
changes in the oxidation current as a function of time are proba
due to vibration of the nanotube, which leads to slight changes in
immersion depth and fluctuations in the electrical noise.

In Fig. 4a, the etching time, defined as time required for
current to reach zero, was shorter at 2 V~120 s! than at 1.9 V~350
s!. Indeed, the etching rate~1/etching time! for a constant immersion
depth~20 mm! was higher at higher applied potentials over the ran
1.7 to 2 V ~Fig. 4b!. At potentials less than 1.7 V, etching did no
occur or was too slow to be reliably measured. The logarithm of
etching rate was almost linearly dependent on the applied poten
which implies a kinetically controlled etching mechanism.23 The
charge required to etch a unit length of an MWNT electrode, de
mined by integrating the chronoamperometric response and nor
izing to the etched length, is, at the indicated level of reproducibil
independent of the applied potential in the range between 1.7 a
V ~Fig. 4c!. This charge (;0.04 C/m) is about 18 times larger tha
the calculated charge required for complete oxidation of the MW
(2.2 3 1023 C/m, assuming that all carbon is converted to carb
dioxide!. This indicates that current is consumed for both oxidat
etching of the MWNT and simultaneously for other anodic reactio
such as oxidation of water.

There are three possible electrochemical etching mechanism
MWNTs ~Fig. 5a!. First, the nanotube could be etched linearly fro
the distal to the proximal end. Second, the MWNT could be etc
uniformly from the periphery toward the inner graphitic core. Thir
the nanotube could be etched selectively at the air/electrolyte s
tion interface; in this case, the distal end of the nanotube wo
simply fall into the solution when etching is complete.

TEM images for four different MWNTs at various stages duri
the etching process were obtained to differentiate between t
three possibilities. A TEM of one of these four MWNTs is shown
Fig. 5b. Very similar TEM images were obtained for two of th

r-

-

Figure 5. ~a! Possible electrochemical etching mechanisms for MWNTs:~1!
longitudinal etching from the distal to the proximal end;~2! uniform etching
perpendicular to the longitudinal axis of the nanotube;~3! preferential etch-
ing at the air/electrolyte solution interface.~b! TEM image of the distal end
of a partially etched MWNT. The electrolyte solution level is indicated
the arrow.



as
d
h o

let

n
s
tac
f t
n
en
he

ap
Ts
lu
n-
th
pr

m-
w
in
to
e

we
en
re

the
ul
s
d

al
re
er
di

he
r t
th

pro
ex
m
di
-
he
th
es
O

e-

i-
re-

this

,

g,

. E.

T.
ee,

J.

p-

, N.

Electrochemical and Solid-State Letters, 6 ~1! C4-C7 ~2003! C7
other MWNTs, but the etching behavior of the fourth MWNT w
somewhat different~vide infra!. The image in Fig. 5b was obtaine
from a nanotube immersed in the electrolyte solution to a dept
;15mm. Etching was terminated after passing a charge of 0.39mC,
which we estimate to be about 65% of that required for comp
etching. After etching, 10mm of the MWNT length was removed
and 5mm remained~the electrolyte solution level is indicated by a
arrow in Fig. 5b!. Importantly, the distal end of the MWNT wa
thinned, whereas the portion near the solution level remained in
These observations indicate that etching starts at the distal end o
MWNT and proceeds simultaneously via the mechanisms show
frames 1 and 2 of Fig. 5a. Moreover, examination of the distal
of the MWNT indicates that the amorphous carbon layer etc
more quickly than the graphitic core.

In contrast to the behavior discussed in the foregoing paragr
which is representative of three of the four partially etched MWN
the remaining MWNT etched selectively at the air/electrolyte so
tion interface~data not shown!. We suspect that this nanotube co
tained a defect site at the air/electrolyte solution interface, but
point is that under some conditions the etching mechanism re
sented by frame 3 may be operative.

Consistent with our general model for etching, which is a co
bination of the mechanisms shown in frames 1 and 2 of Fig. 5a,
also observed that an increase in immersion depth resulted
longer etching time. However, this time varied from nanotube
nanotube and was not necessarily directly proportional to the imm
sion depth. Taken together with the TEM results shown in Fig. 5,
conclude that electrochemical etching usually starts at the distal
of the MWNT, probably because the electric field is highest the
This results in selective etching along the longitudinal axis of
MWNT, but etching also occurs at a measurable rate perpendic
to the longitudinal axis. We hypothesize that etching occurs a
consequence of carbon oxidation via an intermediate generate
the MWNT surface when H2O is converted to oxygen.27

Conclusions

In this study, we described the electrochemistry of individu
MWNTs in aqueous electrolyte solutions. The most interesting
sults were obtained at positive potentials where the MWNTs w
etched. Etching started from the amorphous carbon layer at the
tal end of the MWNT and proceeded longitudinally toward t
proximal end. Slower etching was also observed perpendicula
this direction. The etching rate and length are determined by
electrode potential and the immersion depth, respectively. This
vides a means for controlling the geometry of nanotubes. For
ample, this etching method may be useful for removing CNT te
plates used to prepare nanopores without damaging the surroun
polymeric membrane matrix.28 It might also be possible to selec
tively remove the amorphous carbon layer of a MWNT from t
graphitic core. Details of the reactions responsible for etching of
MWNTs are not clear at present, but they may be clarified by inv
tigating the effects of a variety of factors such as dissolved2
concentration, solution pH, and electrolyte composition.
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