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Twist-spun yarns made of carbon nanotubes have been shown to work as electrochemical actuators and force sensors. The
electrochemical response of these yarns at different bias potentials was studied using electrochemical impedance spectroscopy
共EIS兲 and compared with results from cyclic voltammetry. Based on the EIS results, the capacitance is estimated first by directly
fitting a resistance–capacitance circuit and then by fitting a circuit including a constant phase element 共CPE兲, estimating the
capacitance based on the CPE. The gravimetric capacitance in aqueous electrolyte is found to be about 12 F/g and relatively
independent of bias, while in an acetonitrile-based electrolyte it is a function of the bias potential, increasing to nearly 20 F/g
when the bias potential is larger. The capacitance per unit surface area of the multiwalled nanotubes bundles in the yarn is
estimated to be about 0.05 F/m2.
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Individual carbon nanotubes 共CNTs兲 have been shown to have
high modulus 共0.7 TPa兲 and high strength 共30 GPa兲 while also displaying high electrical 共10–30 kS/cm兲 and thermal 共2000 W/mK兲
conductivities.1 The low density of CNTs makes their gravimetric
properties even more useful, hence the interest of technologists in
developing applications. Commercial applications have been delayed by the absence of methods for controlling the arrangement of
typically over a trillion CNTs as they are being assembled into fibers
and textiles and accomplishing this assembly at industrially useful
rates.
A recently demonstrated assembly method is to create twist-spun
yarns of multiwalled nanotubes 共MWNTs兲 by drawing yarns from
aligned forests of nanotubes.2 A scanning electron micrograph of
such a yarn is shown in Fig. 1a. The MWNTs in these yarns are held
together by the combination of twist-based lateral forces and van der
Waals interactions between bundled nanotubes, whose effect is enhanced by long MWNT lengths and incorporation of individual
MWNTs in more than one bundle. We have previously shown that a
dimensional change takes place in the yarns when a voltage is applied to them in an electrolyte.3 Due to the high tensile strength
共1 GPa兲 and Young’s modulus 共20 GPa兲 of the yarns,4 the yarns can
operate under high loads to produce useful work output. Like many
other actuators, they can also operate in reverse to convert mechanical energy to electrical energy, thereby acting as mechanical force
sensors and electrical energy generators.5,6
Both actuation and sensing effects are most evident when the
yarn is used as an electrode in an electrochemical cell and is thus
electrochemically charged. This means that in order to fully characterize the yarn as an actuator and sensor, its electrochemical behavior needs to be studied. A number of works have used electrochemical impedance spectroscopy 共EIS兲 to characterize the
electrochemical behavior of CNTs. Yang and Wu7 compared the EIS
response of capped and uncapped CNTs created by arc discharge.
They used a nonaqueous electrolyte and reported a difference between the response of open- and closed-ended CNTs. Yang et al.8
attempted to fit a circuit model to the EIS data of a mixture of
MWNTs, carbon black, and polyvinylidene fluoride and to relate the
changes in the values of the circuit-model parameters to the variations of the diffusion constants with applied bias. Zhang et al.9 compared the EIS response of entangled CNTs with that of aligned CNT
arrays and found a lower series resistance and higher gravimetric
capacitance for the aligned CNT arrays. Liu et al.10 studied the
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effect of electrochemical oxidation on the EIS response of CNTs.
They used the EIS data to show that the oxidative purification treatments on CNTs open their ends, shorten their lengths, make defects
on the tube walls, and therefore enlarge their specific surface area.
Therefore, the electrical double-layer capacitance of the CNTs is
greatly increased. Barisci et al.11 used EIS to study and model sheets
of Buckypaper and also to fit a circuit model. They showed that both
the effective capacitance and electrode resistance were functions of
the oxidation state of the Buckypaper. All these studies show the
usefulness of using EIS in studying the electrochemical properties of
nanotube-based structures and the application of circuit models to
gain a better understanding of the electrochemical processes involved.
A close-up image of the yarn surface 共Fig. 1b兲 shows that there
are large gaps between the constituent MWNTs in the yarn and that
the yarn surface is rough on a nanoscopic scale. This means that
models for rough and porous electrode geometries may be needed to
account for the electrochemical behavior of the yarn. In this paper,
we employ EIS and cyclic voltammetry 共CV兲 to characterize the
yarn. In the sections that follow, we first present the theoretical
background needed to analyze the EIS data and to model the electrochemical behavior of the yarns and then present the experimental
results and discussion.
Theory
EIS can be used to study many electrochemical phenomena. Circuit models having a similar response to that of the electrochemical
cell under study are often employed to relate the EIS behavior to
physical phenomena. In many electrochemical applications, the values of the circuit parameters in such models are of prime importance
in understanding the system. For example, in energy-storage devices, the capacitance of the electrode surface is the main quantity of
interest, which can be estimated using EIS. EIS data is used to better
understand corrosion12 and to estimate the thickness of an electrochemically deposited layer.13 Because the actuation of the yarns
depends on the charge stored in them,3 EIS may be a useful tool to
study their behavior. Because of the porous structure of our yarns,
we concentrate our discussion on the information that can be obtained from EIS data for porous electrodes.
EIS of porous materials.— Porosity or roughness of the electrode surface is expected to change the frequency dependence of the
interfacial impedance. A simple approach to the problem of porous
and rough interfaces is based on the use of transmission line
analogies.14 Consider a cylindrical pore in a conducting electrode as
depicted in Fig. 2. If the series resistance of the electrolyte per unit
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Figure 3. 共Color online兲 The nested fractal structure of twist-spun MWNT
yarns.

pores of finite depth, nonuniform pores, and situations where the
interfacial capacitance is replaced by a complex admittance, corresponding to electrochemical reactions taking place down the depth
of the pore.15 It is also possible to include finite electrode resistance.
In practice, the frequency dependence of the electrochemical response is often neither purely capacitive nor proportional to 1/冑 j.
More generally, the impedance can take the form of
Z=

Figure 1. Scanning electron micrographs of 共a兲 a twist-spun CNT yarn and
共b兲 a close-up of the yarn surface, showing individual MWNTs and MWNT
bundles.

length is R0, and the interfacial capacitance per unit length is C0,
then the pore behaves as a transmission line and has an impedance
given by
Z=

冑

R0
jC0

关1兴

where j = 冑−1,  = 2f, and f is the frequency of the electrical
excitation.
A derivation of Eq. 1 can be found in the Appendix. This approach can be extended to more complex situations that include

Figure 2. 共Color online兲 A narrow pore in a porous conducting electrode.

1
Y 0共j兲 p

关2兴

where P is a real number, usually close to unity.15 Depending on the
structure of the porous electrode, the value of P may vary. Y 0 is a
constant combining the resistive and capacitive properties of the
electrode. If Y 0 is a real number, the impedance, Z, has a constant
phase angle. Therefore, it is known as a constant phase element
共CPE兲. Y 0 can be related to the thickness of the double layer, because it includes the effect of the size of the double-layer capacitance.
Some attempts have been made in relating the parameters of a
CPE model to the electrode properties and geometry. Le
Mehaute16,17 represented a rough or porous electrode–electrolyte interface as a fractal and proposed that the exponent P of the CPE is
related to the fractal dimension D. Sapoval and Chazalviel studied
cases where faradaic and diffusion processes coexist in fractal electrodes. They proposed a number of equivalent circuit networks for
particular fractal geometries and suggested a relationship between
the fractal dimension and the model network parameters.18 Scheider
showed how almost any arbitrary value of exponent P can be modeled by replacing some branches in the circuit in Fig. 2 with transmission lines themselves.19 He also presented an argument in an
attempt to relate the branched network configurations to the physical
realities of the electrode–electrolyte interface.
In the case of our yarns, individual MWNTs having diameters of
about 10 nm form into more or less cylindrical bundles that have
diameters ranging from 50 to 100 nm. Combinations of these
bundles form the twisted yarn, which is again cylindrical. It can
therefore be approximated that the yarn is formed of nested selfsimilar objects of variable dimensions and can qualify as a “fractal”
electrode 共Fig. 3兲. Thus, it is not unexpected if the impedance of the
yarn behaves like a CPE. However, proof of existence of a universal
relationship between the fractal dimension and the CPE parameters,
as well as its exact form and quantitative nature, are subjects open to
investigation.18,20
A parallel way of studying the impedance behavior of the yarn is
to consider diffusion and field effects, which can both contribute to
the charging process of an electrode–electrolyte interface. For planar
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electrodes, diffusion gradients are perpendicular to the electrode surface and opposed to the field direction. However, on a rough surface,
like that of our yarns, roughness can cause uneven charging of the
double layer. In such situations, considerable diffusion gradients tangential to the electrode surface may exist.19 The relative magnitude
of the charge moving due to the lateral diffusion gradients compared
to the charge moving in the direction of the electric field depends on
the radius of curvature and the roughness of the surface.
As discussed in Ref. 19, let us visualize diffusion over the surface of a MWNT bundle near the yarn surface. Figure 4 shows what
happens to bundles of MWNTs in the yarn when a potential is applied to the yarn. Red spheres represent ions of opposite charge to
the charge accumulated on the MWNT bundle surface, and 共smaller兲
blue spheres represent ions with the same charge type as on the
MWNTs. Imagine that a step in galvanostatic current is applied at
t = 0. Initially, no concentration gradients are present, and ions 共red
spheres in Fig. 4兲 flow along the electric field lines 共Fig. 4a兲 to the
exposed side of the MWNT bundle. As charge accumulates in the
double layer on the exposed side of the bundle, the folding down of
the equipotential lines and the lateral concentration gradient cause
tangential spreading of ions to the space around the bundle 共Fig. 4b兲.
The line of constant electric potential 共⌽兲 moves closer and folds
around the bundle peak. At the peak, the concentration gradient
vector N opposes the electric field, while at the side the concentration gradient has a tangential component which acts in the same
direction as the electric field. As time passes, larger parts of the
surface become accessible to charge, and the effective capacitance
increases.
To estimate the orders of magnitude involved in this process, it
can be supposed that an artificial boundary B may be drawn 共see
Fig. 4c兲 dividing the surface into the exposed side, A, and a valley
side, C. The exposed side, A, 共see Fig. 4c兲 is assumed to charge
uniformly as if it were a segment of a perfectly smooth parallel
plane electrode, while the valley side C is assumed to be completely
shielded from the bulk electrolyte. The double layer in the valley is
thus charged exclusively from the input at B by ions moving under
the lateral electrodiffusion potential gradient. This movement along
the surface C is described mathematically by the branched network
shown. This branched network forms a first-order series–series network, with another resistance–capacitance 共RC兲 ladder formed along
the length of the yarn due to the surface capacitance and the resistance along the length of the MWNT bundles and the resistance of
the electrolyte 共Fig. 4d兲. It is assumed that the ladder circuits along
the length of the MWNT bundles are connected together at the ends
of the yarn. Scheider19 showed that the frequency response of such
a first-order series–series branched RC ladder network corresponds
to a phase exponent of 0.75. He also showed that including a third
level of branching in the circuit model can lead a CPE exponent of
0.875. We shall use this theory to compare the frequency response of
the MWNT yarns with that of a CPE and to find a circuit model
employing a CPE for the MWNT yarn electrode.
Finding the equivalent capacitance of a CPE.— It is often desirable to have an estimate of the “capacitance” of an electrode
surface. Because the actuation of the MWNT yarns depends on the
charge stored in them, it is useful to find an estimate of their capacitance. One way of finding such a capacitance is to fit an RC circuit
model to the impedance of the cell. However, if such a fit is not
good, the value of the capacitance obtained this way may not be
useful. Several attempts have been made to find the capacitance of a
CPE.21 Hsu and Mansfeld13 proposed a method to estimate the capacitance of a CPE. Their method is based on the fact that in a
circuit consisting of a CPE in parallel with a resistor, the real part of
the impedance becomes independent of the exponent P at the frequency where the imaginary part of the impedance has a maximum
共m兲. At that frequency, all the energy loss in the cell can be assumed to be in the resistor, and the CPE can be set equivalent to a
capacitor. Based on Kramers–Kronig theorem, the resistance of the
parallel resistor can then be calculated22 using
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Figure 4. 共Color online兲 Visualization of a MWNT bundle within the yarn.
共a兲 Electric field lines E initially converge toward the exposed face of
MWNT bundle, while the gaps around the bundle are partially shielded. 共b兲
With accumulation of ions that follow the electric field lines to the outermost
point of the bundle, a concentration gradient is established. 共c兲 An artificial
boundary B is drawn to visualize the process by which accumulated charge
in the outer areas A spreads to the valley sides C under the force of the
tangential electrodiffusion gradient. 共d兲 The RC ladder circuit formed by the
resistance of the MWNTs and the ionic resistance of the electrolyte along
with the diffusion impedance into the yarn. Each ZDiffusion impedance block
represents an RC ladder circuit similar to the one in Fig. 2. The drawn
cylinder represents any of the bundles in c, and the capacitors labeled CSurface
are the same as the surface capacitances in c, this time drawn from a side
angle.

R = 2.3 ⫻

4


冕

⬁

Z⬙共兲d共log 兲

关3兴

m

where Z⬙ is the imaginary part of the measured impedance. If Z⬙
varies monotonically with frequency, it has no clear maximum
point, so Eq. 3 can only provide a lower limit for the resistance.
Because the above equation is independent of the CPE exponent P,
it also applies for a pure capacitor, which is a CPE with P = 1.
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Figure 5. Proposed circuit models for the electrochemical behavior of the
MWNT yarn electrode using 共a兲 a CPE and 共b兲 an ideal capacitor. The series
resistor R1 models the solution and contact resistance and the parallel resistor
R2 models the processes resulting in a loss of the stored charge.

Using the value of R from the above equation, the equivalent capacitance can be found as
C=

1
 mR

关4兴

We use this equation to determine the capacitance of the CPE
element representing the MWNT yarn and compare it with the capacitance value obtained from fitting a simple RC model to the same
impedance response.
Experimental Results and Discussion
A twist-spun yarn of carbon nanotubes with a diameter of about
10 m was used as the working electrode 共WE兲 in an electrochemical cell. In the case of aqueous electrolyte, the length of the yarn
immersed in the electrolyte was 15 mm, and in the case of acetonitrile, it was 5 mm. In both cases the yarn was held in place in the
electrolyte using a Teflon clamp. The other end of the yarn was held
outside the electrolyte where electronic contact was made to it. The
yarn was otherwise exposed to the solution all around. Images and
diagrams of the cell setup can be found in Ref. 3 and 23. The
counter electrode 共CE兲 was a piece of avCarb carbon fiber paper
whose surface area was substantially larger than that of the yarn.
The electrochemical impedance of the cell was measured in a 1 M
aqueous solution of sodium hexafluorophosphate 共NaPF6兲, as well
as in a 0.2 M solution of tetrabutylammonium hexafluorophosphate
共TBAPF6兲 in acetonitrile, at various bias potentials applied between
the WE and CE. In the case of the aqueous electrolyte, the reference
electrode 共RE兲 was Ag/AgCl in 3 M NaCl, and in the case of the
acetonitrile-based electrolyte, it was 0.1 M AgNO3 in acetonitrile,
hereby referred to as Ag/Ag+. The impedance of the cell was measured over a range of frequencies spanning from 10 mHz to 10 kHz
using a Solatron SI 1260 Impedance/Gain-Phase Analyzer equipped
with an SI 1287 Electrochemical Interface. The amplitude of the ac
signal was 20 mV in all cases. Data recording and fitting were performed using the ZView 3.0a software package with Calc-Modulus
data weighing, which means each data point’s weight is normalized
by its magnitude during the fitting process. Cyclic voltammograms
were also performed on both cells at a scan rate of 40 mV/s over the
ranges of −1 to + 1 V vs Ag/AgCl in 3 M NaCl in the aqueous
electrolyte and −1.4 to + 0.6 V vs Ag/Ag+ in the acetonitrile-based
electrolyte.
The impedance was found to have a real value at high frequencies. This is equivalent to a series resistance, which can be due to the
solution and contact resistances. It was also found that as potential
across the interface was increased to be substantially positive or
negative, some parasitic reactions started occurring at the interface,
which resulted in some charge being transmitted from the electrode
to the ions in the electrolyte, thus effectively shunting the capacitor.
It was therefore decided to model the cell impedance as a circuit
consisting of a resistor in series with the parallel combination of a
CPE and a resistor 共Fig. 5a兲. The resistor R1 represents the electrolyte and contact resistance, and R2 represents the charge-transfer
resistance across the interface, leading to partially discharging the
capacitor. For comparison, an alternative circuit model was also
used replacing the CPE with an ideal capacitor 共Fig. 5b兲. Variations

Figure 6. 共Color online兲 Cyclic voltammograms of the yarn in 共a兲 1 M
aqueous solution of NaPF6 and 共b兲 0.2 M solution of TBAPF6 in acetonitrile.

of these equivalent circuits were tested, but the best agreement with
the experimental data was only observed when the proposed model
was applied.
Experiments in aqueous NaPF6.— Figure 6a shows the CV results for the experiment in aqueous electrolyte. The results of the
EIS measurements in a 1 M aqueous solution of NaPF6 at various
potentials ranging from −0.75 to ⫹1 V vs RE are plotted in Fig. 7.
The circuit in Fig. 5a was fitted to the impedance response, and the
best-fit circuit parameter values are plotted as a function of the bias
potential in Fig. 8. The simulated frequency responses of the best-fit
circuits are shown as continuous lines along with the experimentally
measured cell responses 共dots兲 in Fig. 7. The error bars in Fig. 8b
and c refer to the average error between the fit and the experimental
data. The error in Fig. 8a is too small to be visible on the plot.
Figure 8c shows the dependence of the parallel resistor R2 on the
bias potential. At bias potentials close to 0 V, the value of the resistance R2 becomes large and has little effect on the overall fitting
error. This implies that this circuit parameter is unnecessary. The
values for R2 at those two points are therefore not shown in Fig. 8c.
Looking at the CV plot 共Fig. 6a兲, this behavior is expected, because
almost no parasitic reactions should occur at low electrode potentials and therefore R2 should act as open circuit at low potentials. As
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Figure 7. 共Color online兲 Nyquist plots of the yarn impedance in a 1 M
aqueous solution of NaPF6 at various bias potentials: 共a兲 −0.75, 共b兲 −0.5, 共c兲
0, 共d兲 +0.25, 共e兲 +0.5, 共f兲 +0.75, and 共g兲 1 V vs Ag/AgCl in 3 M NaCl RE.
The fit lines show the impedance response of the circuit model in Fig. 5a.

the potential is increased, the CV implies that parasitic reactions are
substantial at potentials beyond +0.8 and below −0.5 V vs RE. This
potential window of about 1.3 V is consistent with the electrolysis
potentials of water, and therefore it is likely that the parasitic reactions, which increase as the potential limits are approached, are the
result of decomposition of the water. The values of the parallel resistance R2 from Eq. 3 are also plotted as a function of the applied
bias potential 共squares兲. As can be seen in Fig. 7c and d, at potentials
close to zero, the impedance spectra are quite linear-looking, and
therefore the imaginary part of the impedance does not reach a visible maximum as it does at other potentials. Therefore, Eq. 3 can
only provide us with a lower limit on the resistance. This is consistent with the result of the direct fitting method, which predicted that
R2 was so large that the parallel resistor was found to be unnecessary. At other potentials, where the imaginary part of the impedance
first increases and then decreases as the frequency is increased, m
can be found and R2 can be calculated using Eq. 3. In Fig. 8c, the
resistance values found in this way virtually coincide with those
found using direct fitting. At higher potentials, R2 becomes much

Figure 8. 共Color online兲 Best-fit circuit parameter values for the cell containing the yarn in an aqueous NaPF6 solution: 共a兲 Y 0, 共b兲 P, and 共c兲 R2 based
on directly fitting the circuit in Fig. 5a and based on Eq. 3. 共d兲 The gravimetric capacitance based on Eq. 4 compared to the gravimetric capacitance
found by fitting the circuit in Fig. 5b.
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Figure 9. 共Color online兲 Nyquist plots of the impedance of the MWNT yarn
electrode in a 0.2 M solution of TBAPF6 in acetonitrile at various potentials.

smaller, and the fitting uncertainty decreases significantly compared
with the two aforementioned points, indicating that parasitic reactions start to happen at the WE. Figure 8b shows the dependence of
the phase exponent P on bias potential. It can be seen that P varies
only between 0.82 and 0.9. Figure 8d shows the gravimetric capacitance based on direct fitting of the circuit in Fig. 5b along with the
value computed using Eq. 4 at the potentials where that equation is
applicable.
Experiments in acetonitrile.— Similar measurements were performed in a 0.2 M solution of TBAPF6 at various potentials ranging
from −1.4 to ⫹0.6 V vs Ag/Ag+. The results of EIS measurements
are plotted in Fig. 9. The circuit in Fig. 5a was fit to the impedance
response, and the best-fit circuit parameter values are plotted as a
function of the bias potential in Fig. 10. The simulated frequency
responses of the best-fit circuits are shown along with the experimentally measured cell responses in Fig. 9. Figure 10b shows the
dependence of the phase exponent P on bias potential. It can be seen
that P varies only between 0.82 and 0.94. Figure 10d compares the
capacitance found based on Eq. 4 and the best-fit capacitance value
using the circuit in Fig. 5b. As can be seen in Fig. 10c, as was the

Figure 10. 共Color online兲 Best-fit circuit parameter values for the cell containing the yarn in a solution of 0.2 M TBAPF6 in acetonitrile: 共a兲 Y 0, 共b兲 P,
and 共c兲 R2 based on directly fitting the circuit in Fig. 5a and based on Eq. 3.
共d兲 The gravimetric capacitance based on Eq. 4 compared to the gravimetric
capacitance found by fitting the circuit in Fig. 5b.
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Discussion.— Comparison between the plots in Fig. 8 and 10
shows that the gravimetric capacitance value in acetonitrile and water at low potentials is in the same range. However, while the gravimetric capacitance in the aqueous electrolyte is relatively independent of the bias potential, the gravimetric capacitance in acetonitrile
seems to increase as the absolute value of the applied voltage is
increased. One possible explanation is that the number of pores
filled with electrolyte depends on potential because of the effect of
charging on surface tension. Another possibility is the partial desolvation of ions as they enter into the pores of the yarn.24-26 In the
process the ions get partially deprived of their solvation spheres at
higher potentials, resulting in a smaller distance between the charge
layer and the electrode surface and a higher capacitance. Small ions
can penetrate deeper into the pores of the yarn, increasing the effective surface area. This is consistent with the observation of increased
Y o at extreme potentials in acetonitrile 共Fig. 10a兲. This increase in
capacitance is not observed in the aqueous electrolyte. This may be
because water molecules are smaller and more polar compared to
acetonitrile, and therefore the solvation shell is not lost at potentials
under study. It is also possible that the contaminating water in the
acetonitrile electrolyte is partially contributing to the formation of
solavtion spheres, thus changing the capacitance of the Helmholtz
layer in the acetonitrile electrolyte, making its size comparable to
that of aqueous electrolyte. The estimated value of the capacitance
from Eq. 4 is almost always larger than the value estimated by fitting
the parallel-series RC circuit in Fig. 5b. Because the CPE provides a
better fit than the RC circuit 共whose fits are not shown here兲, the
“real” capacitance value found from Eq. 4 is expected to be a better
estimate of the capacitive behavior of the interface because it is
based on a better fit.
In both model fits, the parallel resistor R2 becomes irrelevant at
smaller potentials, where no electron transfer is expected to take
place across the electrode–electrolyte interface. The value of R2
drops significantly as the potential difference across the electrode is
increased and as charge starts to transfer through the interface. The
solution of TBAP in acetonitrile is known to be stable over a large
potential range of −2.9 to ⫹3.4 V vs saturated calomel electrode
共equivalent to about −3.26 to 3.04 V vs Ag/Ag+ 0.1 M兲.27 Considering the potentials at which parasitic reactions occur according to
the CV, it is likely that water 共as a contaminant in the case of acetonitrile solvant兲 is the prime suspect for the parasitic reactions. The
capacitive voltage range could be extended by employing anhydrous
solvents. The electrochemical behavior of the yarn outside its purely
capacitive range is still of great interest, because in electrochemomechanical actuators like this it is occasionally necessary to apply
large potentials to the actuator,28 and it is important to have electrochemical models that describe the behavior of the actuator at such
potentials.29
If the value of Y 0 is indeed related to the thickness of the double
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case with the aqueous electrolyte, when the bias potential is not
close to the extremes of the studied range, the fitting uncertainty for
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Figure 11. 共Color online兲 Surface capacitance 共F/m2兲 of the MWNT bundles
calculated based on the measured capacitances and the surface area of the
bundles as modeled in Fig. 4: 共a兲 in aqueous 1 M NaPF6 and 共b兲 in 0.2 M
TBAPF6 in acetoitrile.

layer, then it can be said that the double-layer thickness in the nonaqueous electrolyte changes more drastically compared to the aqueous electrolyte.
The phase exponent P has average values of about 0.88 in the
aqueous electrolyte and about 0.89 in the nonaqueous electrolyte.
The similarity of these two numbers supports our assumption that
the CPE behavior is rooted in the structure of the MWNT yarn
electrode. Based on the branched RC circuits discussed in Ref. 19,
such an exponent can be explained by the existence of third level of
branching. Indeed, if ions can diffuse between individual MWNTs in
a bundle, a model employing a third level of branching physically
justifies an exponent of 0.875, which is close to the estimated value.
The results for the gravimetric capacitance are consistent with
the results found for CNT paper electrodes in acetonitrile by Barisci
et al.11 We did not observe a linear tail in the Nyquist plots at low
frequencies as reported in Ref. 7 and 8, even though the lower
frequency limit in our measurements was the same 共0.01 Hz兲, except at 0 and 0.25 V in the aqueous electrolyte and at −0.65 and
−0.4 V in the acetonitrile-based electrolyte. This may imply that
electron-transfer effects dominate at the rest of the applied potentials
in our measurements, a suggestion that is consistent with the parasitic currents evident in the CVs. The Nyquist plots in Ref. 9 are
measured only at 1 V vs Pt in an ionic liquid, and it is therefore hard
to compare the dependence of the behavior of their CNTs on the
applied bias. Nevertheless, the larger phase angle of their electrodes
implies a more capacitive behavior than that of our yarns, which is
consistent with the CPE behavior in our yarns being determined by
the self-similar structure of the yarns rather than the porous structure
which is common in both materials.
Based on the magnitude of the current observed in the CV values, the capacitance in the acetonitrile electrolyte is about 17 F/g,
which is consistent with the values of capacitance reported in Fig.
10d. Similarly, the capacitance of the yarn in the aqueous electrolyte
is estimated using CV to be about 14 F/g, which is again quite close
to the range of capacitances in Fig. 8d.
The capacitance per surface area of the bundles was calculated
assuming that the yarn consists of parallel bundles of MWNTs with
diameters of about 50 nm and using the capacitance values found
above. The results for aqueous and acetonitrile-based electrolyte are
plotted in Fig. 11. The estimated surface capacitance values are consistent with the range expected for MWNT sheets based on surfacearea measurement 共using Brunauer–Emmett–Teller30兲.
Conclusions
The electrochemical response of a twist-spun yarn made of
MWNTs was studied in aqueous and nonaqueous electrolytes using
EIS and CV. The frequency dependence of the impedance of the
yarn is found to comply with that of a model containing a CPE with
a phase exponent close to 0.88, in parallel with a resistor modeling
charge transfer across the interface. This parallel combination of the
CPE and resistor is placed in series with another resistor, which can
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Therefore, the impedance of such an RC network can be calculated as

(a)
Z=

冑

R0
jC0
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(b)

Figure A-1. 共a兲 An infinite RC ladder network with the impedance Z and 共b兲
its circuit equivalent.

model the solution and contact resistance. An attempt has been made
to relate the exponent of the CPE to the physical structure of the
yarn, which has a self-similar structure at length scales from
10 nm to 10 m. Because the yarns show phase exponents of about
0.88, while similar MWNT structures with random orientations of
nanotubes exhibit exponents closer to 1, it is possible that the CPE
behavior of the yarns is related to nested transmission lines that are
related to the underlying physical structure and to their self-similar
共fractal兲 nature. The gravimetric capacitance of the yarn is estimated
based on the CPE parameters. The capacitance per surface area of
the MWNT bundles is estimated using the model, which is found to
be consistent with previous reports.
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Appendix
In order to find the input impedance of the infinite RC ladder circuit in Fig. A-1, we
observe that this circuit can be redrawn as in Fig. A-1b. Based on the latter figure, the
impedance can be easily determined as
Z=

R
2

冉 冑
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4
jCR

冊

关A-1兴

Now let us assume that R = R0⌬x and C = C0⌬x, where R0 and C0 are the resistance
and capacitance per unit length of the material and ⌬x is a small length along the pore
direction. Substituting Eq. A-1, we obtain
Z=
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