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Electrochemical doping of bisulfate ions into single wall carbon nanotube (SWNT) bundles has been studied
using coulometry, cyclic voltammetry, mass-uptake measurements, and Raman scattering experiments. A
spontaneous charge-transfer reaction is observed prior to the application of an electrochemical driving force,
in sharp contrast to previous observations in the graphite-H2SO4 system. A mass increase of the SWNT
sample and a concomitant upshift of the Raman-active tangential mode frequency indicate oxidation (i.e.,
removal of electrons) of the SWNT bundles. In fact, using Raman scattering, we were able to separate the
spontaneous and electrochemical contributions to the overall charge transfer, resulting in the value of an
upshift of 320 cm-1 per hole, per C-atom introduced into the carbon π-band by the bisulfate (HSO4-) dopant.
This value may prove to be a universal measure of charge transfer in acceptor-type SWNT compounds. At
a critical electrochemical doping, the SWNT bundles are driven into an “overoxidation” regime, where they
are irreversibly oxidized with the formation of C-O covalent bonds, analogous to electrochemical formation
of graphite oxides.

Introduction
Graphite’s lamellar structure with weak van der Waals
interlayer bonding between the graphene sheets, and its amphoteric nature, have allowed the synthesis of a large number
of donor and acceptor graphite intercalation compounds (GICs)
in which sheets of intercalated atoms or molecules are inserted
between the host graphene planes.1 Of particular interest to the
present work here on single wall carbon nanotubes (SWNTs),
graphite-bisulfate intercalation compounds Cp+HSO4-(xH2SO4)
have been prepared by both chemical2 and electrochemical
oxidation of graphite in sulfuric acid.3,4 The electrochemical
oxidation of graphite (i.e., removal of electrons) in sulfuric acid,
first reported by Rüdorff,3 has been shown to provide an exact
determination of charge transfer (f ) 1/p) between the host
carbon and guest intercalate layers through coulometry. Thus
these compounds provided a convenient means to study the
effect of charge transfer on the physical properties of acceptor
GICs. A large number of studies devoted to graphite-bisulfate
intercalation compounds then followed.5-27
A single wall carbon nanotube (SWNT) can be envisioned
as a long, rolled up graphene sheet with a seamless joint.28 The
SWNT exhibits a well-defined, periodic structure defined by
the “roll up” vector C(n,m) ) na + mb, where a and b are
primitive translation vectors of the graphene sheet, and n and
m are integers. The symmetry, unit cell dimension, and tube
diameter are uniquely determined by the integers (n, m) and
the carbon interatomic distance. SWNTs prepared by pulsed
laser vaporization (PLV)30 and the arc discharge (AD)29 methods
have been shown by transmission electron microscopy (TEM)
to self-organize into bundles containing tens to hundreds of tubes
held in a triangular “rope” lattice by the van der Waals force.30
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Thus, by analogy to GICs, it was expected that bundles of
SWNTs could be oxidatively (reductively) intercalated, where
the guest anions (cations) occupy sites in the interstitial channels
in the rope lattice. Evidence for the existence of such compounds
has been demonstrated recently for alkali metal and halogen
vapor-phase-doped SWNTs.31-34 Doping provides an attractive
means of controlling the electronic properties of SWNTs. Here,
we present a study of the electrochemical anodic oxidation of
SWNTs in sulfuric acid. In situ Raman scattering and mass
uptake were used to study the guest-host charge-transfer
chemistry. Interesting comparisons can be made for the anodic
oxidation of graphite and SWNT hosts in sulfuric acid, and they
will be discussed below.
Experimental Section
ACS reagent grade sulfuric acid (H2SO4 95%, Fisher Scientific, as received) was used and diluted with distilled water as
needed. Pressed pellet mats of SWNT bundles containing
coproduced carbon nanoparticles synthesized by the electric arc
discharge (AD) and pulsed laser vaporization (PLV) process
were studied, giving very similar electrochemical results. The
SWNTs obtained from both these processes exhibited a narrow
diameter distribution with a most probable diameter in the range
1.3-1.4 nm. The diameter of a (10, 10) armchair nanotube is
1.37 nm. In a separate experiment, the coproduced carbon
nanoparticles were found not to be electrochemically active.
Electrochemical reactions were carried out in a closed quartz
cell with the standard three-electrode configuration. The quartz
cell allowed in situ Raman spectroscopy of the SWNTs during
anodic oxidation, and this cell has been described previously.23
Typically, a mat of SWNTs (4 × 4 × 0.1 mm3) was pressed
onto a platinum (Pt) plate and used as the “working” electrode.
A Pt wire served as the “counter” electrode and the cell potential
was measured between a “reference” electrode (saturated
calomel electrode, or SCE) and the working electrode.

10.1021/jp984362t CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/30/1999

Electrochemical Oxidation of SWNT Bundles
A model 273 EG&G Princeton Applied Research potentiostat/
galvanostat provided electrochemical control during the measurements. Controlled current (galvanostatic) reactions were
performed by allowing a constant current to flow between the
working and counter electrodes. The potential between the
working and SCE electrodes was measured as a function of time
t or charge Q ) I0t, where I0 ) constant current. When the
electrons passed through the external circuit from the SWNT
electrode to the Pt counter electrode, anodic oxidation of the
SWNTs was confirmed by in situ Raman scattering.
Controlled potential (potentiostatic) reactions were also
studied. In this case, the potential difference between the
working and counter electrodes was stepped at a rate of ca. 0.1
mV/s from ∼0 to ∼1.5 V and back again in a cyclic fashion.
The resulting cyclic voltammograms, indicating the charge
passed during each voltage step, were also recorded vs the cell
potential.
In situ Raman spectra of the intercalated SWNT rope lattice
were recorded in the backscattering configuration during both
the cyclic voltammetry and the constant current reactions.
Radiation from an argon ion laser (514.5 nm) was focused with
a cylindrical lens onto the sample; the power density was ∼2
W cm-2. The spectra were collected with a single-grating
instrument (Jobin Yvon HR460; ISA, Inc.) equipped with a
charge-coupled array detector (CCD) and an external holographic notch filter (Kaiser Optical Systems, Inc.).
In independent experiments, the mass uptake of the SWNT
electrode was also obtained during anodic oxidation. This was
accomplished by hanging the SWNT working electrode by a
fine Pt wire from the arm of an analytical balance (sensitivity
10 µg) and suspending the sample in a beaker of H2SO4, which
also contained the Pt counter electrode and the SCE reference
electrode.
Results and Discussion
Graphite-bisulfate intercalation compounds have been known
for almost 160 years since Schafhäutl observed dilation of
graphite during exposure to boiling sulfuric acid.5 In 1954,
Rüdorff and Hoffman first reported the electrochemical preparation from a natural single crystal of graphite.3,4 At the same
time, they discovered the “staging” phenomenon whereby a
periodic stacking of carbon and bisulfate layers were formed,
e.g., a “stage 4” material has the layer stacking sequence
...IC′CCC′IC′CCC′I..., where C′ is a “bounding” carbon layer,
C is an “interior” carbon layer, and I is a bisulfate layer.3,4 That
is, the stage number (n) refers to the number of carbon layers
separating successive intercalate layers. They established an
approximate stoichiometry of the first stage (...C′IC′I...) compound as C24+(HSO4-)‚2H2SO4, where the amount of charge
transferred between the graphite host and new (guest) HSO4-‚
xH2SO4 layers was calculated from the constant external current
(I0) passed during a specific time ∆t; the amount of neutral
H2SO4 molecules coexisting in the intercalate layers with the
HSO4- (bisulfate) ions was determined by mass uptake (gravimetry). Later electrochemical studies14 established that a range
of stage 1 and stage 2 graphite-H2SO4 compounds (Cp+HSO4-‚
xH2SO4) could be prepared: 56 < p <48 (stage 2) and 28 < p
<24 (stage 1). This was proposed to be accomplished by an
“overcharging” mechanism in which the cell potential drives
the internal conversion of neutral sulfuric acid molecules to
bisulfate anions, i.e., H2SO4 + e- f HSO4- + 1/2H2 in the
intercalate layers.14 For charge neutrality in the GIC, additional
charge transfer between the carbon and the intercalate layers
was then necessary to accommodate the additional bisulfate ion
formation during “overcharging”. Above a cell potential of 1
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V, “overcharging” in a stage 1 GIC was found to stop, and an
“overoxidation” regime commences, in which the presence of
H2O in the sulfuric acid allows the electrochemical formation
of C-O bonds and the graphitic network in the graphene sheet
is irreversibly altered. Eventually, a “graphite oxide” can be
formed electrochemically, which is a highly disordered compound containing C, H, and O.36
The total charge transfer between carbon and intercalate layers
in the compound Cp+HSO4-‚xH2SO4 can be represented by f
) 1/p, where f is the number of mobile holes per C-atom in the
carbon π-band. f is calculated according to

f ) 1/p ) Q/m0(M/NAe)

(1)

where Q is the electrochemical charge passed in the circuit, m0
is the mass of the SWNTs, M is the molecular weight of carbon,
NA is Avogadro’s number, and e is the charge of the electron.
To correct the sample mass m to the SWNT mass m0, we use
(1) the estimated yield of ∼70% of the sample carbon in
SWNTs30 and (2) the assumption that the same weight percent
of the catalyst in the electrode (target) ends up in the as-prepared
SWNT mat.
For electrochemical insertion of H2SO4 and HSO4- into
graphite we have33

(1) e- + H2SO4 f 1/2H2 + HSO4-

(cathode)

(2) Cp+HSO4- + VH2SO4 f Cp+HSO4-‚VH2SO4 + e(anode)
During “overcharging” we have

(3) Cp+HSO4-‚VH2SO4 f Cp(1+δ)+(HSO4-)(1+δ)‚
(V - δ)H2SO4 + δe- + δH+
(4) δH+ + δe- f δ/2H2

(anode)

(cathode)

Raman scattering spectroscopy applied to various all-carbon
solids have been reviewed recently.37-43 In both fullerenes and
graphite intercalation compounds, the high-frequency, Ramanactive modes have been shown to be a sensitive probe of charge
transfer between the carbon host and intercalated guest ions
introduced into the structure. Of considerable importance to the
work presented here, are detailed studies of the Raman-active
modes in graphite-H2SO4 GICs prepared electrochemically.23
In that work, it was found that the high-frequency carbon mode
associated with the intralayer displacement of carbon atoms in
the bonding (C′) carbon layers upshifts linearly in frequency
with charge-transfer f. This upshift in mode frequency was
identified with a charge-transfer induced contraction of the C-C
bonds.23 During “overcharging” in stage 1 and stage 2 graphiteH2SO4, a continuous shift with electrochemical charge Q of the
C′-layer mode frequency ω was reported. Values for this shift
of dω/df ) 460 cm-1, dω/df ) 1200 cm-1 were reported for
stage 1 and stage 2, respectively.
More recently, it has been show that Raman scattering is also
an effective probe of single wall carbon nanotubes.31,33 The highfrequency tangential displacement SWNT modes near ∼1593
cm-1, which are related to the C′ intralayer modes in a GIC,
were found sensitive to the charge exchanged between the
nanotubes and guest ions that have intercalated into the
interstitial channels in the tube bundles.31
Based on the previous in situ Raman results reported for
graphite-H2SO4 GICs, we were quite surprised to observe the
rapid spontaneous shift of the SWNT tangential band from 1593
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Figure 2. SWNT tangential band frequency ω, intensity Ip, and cellpotential V as a function of Q/m0.
Figure 1. Broad tangential band for data collected from a pristine
SWNT mat (open circles) with typical fit of five Lorentzians.

to 1604 cm-1 under open circuit (no external bias voltage)
conditions. In the case of the graphite-H2SO4 system, no
spontaneous (open circuit) shift of the 1582 cm-1 band was
observed, and an external bias was necessary to induce
intercalation and upshift the frequency of the ∼1582 cm-1
Raman band. The fact that no remnant of the pristine SWNT
band at 1593 cm-1 remained after only a few minutes (open
circuit) contact with concentrated H2SO4 indicates that most of
tubes in a typical bundle have spontaneously reacted to form a
charge-transfer compound, presumably with a stoichiometry
Cp+HSO4-‚xH2SO4. This observation is perhaps not so surprising when it is recalled that (1) a charge-transfer GIC can also
be prepared by boiling graphite in H2SO45 and (2) the interstitial
volume in a nanotube bundle is very accessible. Unfortunately,
since no external electrochemical current was passed to produce
the spontaneous product, we cannot use coulometry and eq 1
to determine the charge transfer or stoichiometry of the
spontaneously formed product.
It should be mentioned that the SWNT Raman band frequency
we are discussing here is associated with the most intense
(Lorentzian) contribution to a multiline, broad tangential band.
In Figure 1, we show a typical fit of five Lorentzian components
to the SWNT tangential band. As can be seen, one of these
five components dominates the overall band area. Our line shape
analysis showed that upon anodic oxidation, the frequencies of
all these bands upshift together with charge transfer, and their
relatiVe intensities remain essentially constant, although their
absolute intensity (integrated area) decreases strongly with
intercalation and increased charge transfer. Therefore, for
simplicity, we follow the behavior of the dominant Lorentzian
component in the high-frequency tangential band, and from now
on, when we refer to tangential band frequency, we are referring
to this dominant component frequency.
In Figure 2, we also plot both the SWNT tangential band
frequency ω and the cell potential V vs (Q/m0), where (Q/m0)
is the electrochemical charge per unit initial SWNT electrode
mass m0. The data in Figure 2 were collected for a constant
cell current of 10 µA using concentrated (18 M) H2SO4. The
initial sudden jump ∆ω of the Raman frequency noted at Q )
0 (i.e., ∆ω ) 12 cm -1) in Figure 2 is due to the spontaneous
reaction discussed above. The open and solid triangles in Figure
2 refer to ω data collected on charging (VPt - VSWNT > 0), and
then on the subsequent discharging (VSWNT - VPt > 0), of the

cell. As can be seen in the figure, two nearly linear regimes for
ω vs (Q/m0) are observed. Once the cell potential exceeds ∼0.5
V, a kink in the ω vs (Q/m0) data is observed at ω ∼ 1614
cm-1 and subsequent ω vs (Q/m0) data exhibit a more shallow
slope. For this particular experiment, the current was reversed
when the frequency reached ∼1618 cm-1 and the ω vs (Q/m0)
data then retraced along the same curve with increasing reverse
charge until the frequency reached 1614 cm-1 the second time.
Continuing the reverse current was observed to have no further
effect on the frequency, which was observed to remain constant
at 1614 cm-1. Above 0.5 V, the cell potential V(Q) begins to
exhibit a noticeably slower growth with increasing (Q/m0). We
identify the kink in the Raman data, and the concomitant
decrease in the growth of the cell potential, with the onset of
an “overoxidation” region for SWNT bundles, during which
time C-O bonds form irreversibly. As in the case of graphiteH2SO4, this potential then corresponds to the upper limit for a
simple charge-transfer reaction. “Overoxidation” is also consistent with the observation that frequencies below ∼1614 cm-1
cannot be recovered by reversing the current; i.e., the SWNTs
are irreversibly oxidized via the formation of C-O bonds.
Furthermore, we should add that if a fresh SWNT electrode
was studied, and the cell current was reversed before the
tangential mode frequency reached 1614 cm-1, the chargetransfer reaction could be reversed and the band frequency could
be returned to 1604 cm-1 , i.e., the mode frequency returned to
that reached by the spontaneous reaction of SWNTs in
concentrated sulfuric acid.
We interpret the initial linear regime of ω vs (Q/m0) induced
by the electrochemical bias as follows. As a result of the
spontaneous chemical reaction, the tube walls are decorated with
HSO4- ions and neutral H2SO4 molecules and the cell potential
climbs to 0.2 V. After the commencement of the galvanostatic
charging, as the cell potential climbs from its initial value at
0.2 V to ∼0.5 V, a mechanism similar, if not identical, to the
“overcharging” mechanism observed in graphite-H2SO4 is
identified with the increase in ω. In the “overcharging” regime,
neutral H2SO4 molecules in the interstitial channels of the tube
bundle are thereby converted to HSO4- (see reaction 3) and H2
is lost from the electrode. Therefore, only a very small change
in electrode mass should occur during overcharging, consistent
with our mass uptake data to be discussed below. For charge
neutrality of the SWNT bundle, the internal conversion of H2SO4
to HSO4- creates new holes in the SWNT π-band, and electrons
are passed in the external circuit. However, the slope of the ω
vs (Q/m0) data in Figure 2 and eq 1 cannot be used to obtain a
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Figure 3. Raman shift ω vs Q/m0 for the experimental runs with
concentrated (18 M) H2SO4 acid at various constant currents. Typical
error bar for the Raman shift (ω) is shown on the topmost curve.

“universal” value for this dω/df for HSO4-‚SWNT compounds
(f ) number of holes per C-atom). This is because a competing,
spontaneous charge-transfer reaction must be accounted for. We
discuss this below.
In Figure 3, we show the evolution of the tangential mode
frequency, ω with (Q/m0) for several choices of the cell current
I0, where Q ) I0t, and t is the time of the electrochemical
reaction. As can be seen, the ω data for various values of I0 in
the range 10-300 µA all contain the characteristic kink at ω ∼
1614 cm-1, which, as before, we identify with the onset of
“overoxidation”. Importantly, the slope of the linear regime in
ω vs Q/m0 between Q ) 0 and the kink is seen to be a function
of cell current (Figure 3). However, the slope saturates with
increasing current to the value dω/df ) 348 cm-1 per df ) 1
hole per C-atom, as can be seen in the data collected for the
higher cell currents of 100 and 300 µA. This behavior is
identified with simultaneous contributions to charge transfer
from a spontaneous side reaction and from the electrochemical
overcharging reaction. Both reactions create holes (charge
transfer) in the carbon π-band of the SWNT. At low currents,
e.g., 10 µA, the side reaction contributes significantly to the
overall charge-transfer rate, while at a factor of 10 higher
current, (i.e., I0 > 100 µA) the overall or total charge-transfer
rate is then dominated by the electrochemical reaction and, in
this case, eq 1 is then applicable.
To demonstrate that two types of simultaneous charge-transfer
reactions are occurring in this system, we have analyzed the
time evolution of the dominant tangential mode frequency ω
with respect to the electrochemical cell current I0. All these data
were collected using 18 M H2SO4. Assuming that spontaneous
and electrochemical charge-transfer reactions take place simultaneously, we write

(dω/dt) ) (dω/dt)e + (dω/dt)s

(2)

where the subscripts e and s refer to the electrochemical and
spontaneous reactions, respectively.
Now (dω/dt) can be expressed in terms of the rates Re and
Rs for charge transfer; that is,

(dω/dt) ) Re(dω/dQ)e + Rs(dω/dQ)s

(3)

where, Re ) (dQ/dt)e ) I0, Rs ) (dQ/dt)s, and Q is the number
of electrons removed from the carbon π-band via charge transfer
to the dopant. We assume that (dω/dQ)e ) (dω/dQ)s ≡ (dω/dQ),

Figure 4. Intercalation rate (dω/dt) as a function of external current
I0 with the linear squares fit. The slope gives the intrinsic value of
dω/df, and the x-axis intercept indicated by the downward arrow gives
the spontaneous rate of charge transfer Rs.

Figure 5. Time evolution of the SWNT electrode mass for two
different samples.

since the upshift of ω should not depend on the reaction by
which the charge transfer occurs. Hence, eq 3 can be written
as,

(dω/dt) )(dω/dQ)[I0 + Rs]

(4)

To assess the validity of the assumptions leading to eq 4, we
plot in Figure 4 the experimental values of dω/dt vs I0 for fixed
temperature T (∼24° C) and for concentrated (18 M) H2SO4.
(Rs would, of course, depend on temperature and acid dilution.)
In Figure 4, the squares represent the experimental data and
the solid line is a linear least-squares fit to the data. As can be
seen from the figure, the data are consistent with eq 4. From
the fitting parameters we obtain dω/df ∼ 320 cm-1, and a value
for the spontaneous charge-transfer rate is obtained, i.e., Rs ∼
37 µC/s. Thus, we assign the value 320 cm-1 to the intrinsic
value for the change in tangential mode frequency per hole,
per C-atom created in the SWNT valence bands. For example,
if this value were a universal result applicable to other acceptorSWNT compounds, Raman scattering could be used to examine
the charge transfer in a general C10+X- SWNT compound. In
this case, a charge-transfer-induced upshift of 32 cm-1 in the
tangential band should be observed, assuming the upshift is not
particularly sensitive to the identity of the anion X-.
Figure 5 shows the results of the time evolution of the SWNT
electrode mass (m0 ) 50 mg) measured as described in the
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transfer-induced shift in the tangential SWNT dω/df. We
interpret this observation as follows. Due to the acid dilution,
the spontaneous charge-transfer reaction is apparently reduced
and becomes relatively unimportant when compared to the
electrochemical contribution at 30 µA (or higher currents). As
can be seen in the figure, after initiation of the cell current,
there is an initial short, “induction” period in which little change
in the band frequency is observed. The mechanism behind the
“induction” period is not understood, and further work is needed
to sort this out. Another important difference to note between
intercalation in concentrated and dilute H2SO4 is that, in dilute
acid, we are able to fully deintercalate the sample under reverse
bias, returning the Raman band frequency to the pristine value
at 1593 cm-1. This result is again consistent with a reduced
forward spontaneous charge-transfer reaction, whereby the
reverse electrochemical rate can be used to overwhelm the
forward spontaneous rate. The observed values for dω/df
obtained in dilute H2SO4 (315-340 cm-1) are all in good
agreement with the results obtained in concentrated (∼18 M)
acid, assuming simultaneous electrochemical and spontaneous
charge-transfer reactions.
Conclusions

Figure 6. Effect of dilution on the observed chronopotentiometric
profile and Raman shift of the tangential mode. Three dilutions are
shown: 16, 13, and 9 M.

Experimental Section. It should be noted that data to the left of
the first vertical dashed line are taken with the cell in the open
circuit (I0 ) 0) condition, where a spontaneous reaction occurs,
inserting HSO4- and H2SO4 into the tube bundles. During this
time interval, the SWNT electrode mass is observed to increase
and saturate at 130% of its original value (i.e., 1.3m0). This
time interval is much longer than that observed for the tangential
Raman band frequency to saturate. This behavior is consistent
with the fact that the Raman scattering comes primarily from
the SWNTs within the first several microns of the pressed mat
sample and that additional time is required for the H2SO4 to
diffuse and react in the interior of the sample (thickness of ∼1
mm). After the saturation of the spontaneous mass uptake was
observed, the cell current was initiated (I ) 1 mA), and the
cell potential and electrode mass were recorded as a function
of time (Figure 5). In the region Vcell < 0.5 V, below the voltage
threshold for “overoxidation”, the mass is observed to be nearly
constant, consistent with the proposed “overcharging” mechanism (i.e., internal conversion of H2SO4 to with an evolution
of H2).
We next discuss the effect on the electrochemical reaction
of diluting the H2SO4 with H2O. It is well-known that in the
case of graphite in concentrated H2SO4, for each HSO4- anion,
two acid molecules are cointercalated. Thus the use of concentrated acid that has a large concentration of undissociated acid
molecules promotes this reaction and the use of dilute acid
should diminish the reactivity. Similarly, it is expected that use
of less reactive, dilute acid in the place of concentrated acid
should prevent the spontaneous reaction of sulfuric acid with
SWNTs.
The effect of H2SO4 dilution on the evolution of the tangential
mode frequency ω in SWNTs with (Q/m0) is shown in Figure
6 for three dilutions: 16, 13, and 9 M. At these concentrations,
we observed at current-independent value for the charge-

In conclusion, we have studied the anodic oxidation of SWNT
bundles in sulfuric acid. Unlike previous similar electrochemical
studies in H2SO4 GICs, an important spontaneous charge-transfer
reaction competes with the electrochemical doping at lower
currents. Similar to H2SO4 GICs, we were able to identify
“overcharging” and irreversible “overoxidation” regimes in the
electrochemical doping of the nanotube bundles. By analogy
to graphite-H2SO4, we presume that the anion dopant is HSO4-.
Our data indicate that both neutral H2SO4 and HSO4- reside in
the interstitial channels between the tubes. The tangential
Raman-active modes are found sensitive to charge transfer and
we find a frequency upshift of 320 cm-1 per hole per C-atom
introduced into the carbon π-band. This value may allow Raman
scattering to provide a useful estimate for charge transfer in
general acceptor-type SWNT compounds.
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