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Twist-spun carbon nanotube yarns actuate when extra charge is added to the yarn. This charge can be stored in a double-
layer capacitor formed when the yarn is submersed in an electrolyte. The dependence of the actuation stress and strain on
the stored charge must be studied if double layer charging models are to be fully verified over large potential ranges.
However, background currents are generated in the system when an electrical potential is applied, making it hard to
discern the charge stored in the actuator and the charge that passes through the cell due to faradaic processes. A model is
developed to separate the capacitive and faradaic portions of the actuator current. The model is then applied to the
analysis of the actuation data. The consistency of the results paves the way to understanding the real strain-charge
behavior of the actuator.
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1. INTRODUCTION

S$4700 5.0kV 5.3mm x5.00k SE(U) 8/14/06

Figure 1: Scanning electron micrograph of twist-spun MWNT yarns

Following on from seminal work demonstrating the electrochemically driven actuation of single walled carbon
nanotubes, yarns made through spinning multi-wall carbon nanotubes (MWNTs) [1] have been shown to act as artificial
muscles [2]. The CNT yarns used in our experiments are made at the NanoTech Institute of the University of Texas in
Dallas, [1]. An MWNT forest is grown on an iron catalyst-coated Si substrate by chemical vapor deposition of acetylene
at 680°C. The yarn is started by pulling MWNTSs from a side of the nanotube forest. Each nanotube picks up those
around it due to van der Waals forces. The spindle and the winding gear are driven by two independent variable-speed
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motors allowing for the precise control of twist level. The resulting CNT yarn is shown in Figure 1, similar to those used
in the experiments presented in the present article. The yarn imaged here has a diameter of 11.67 um with a twist angle
of about 30°.

We have previously reported the electrochemical actuation of these yarns, which are of particular interest because their
tensile strengths and Young’s moduli are high and rapidly improving [2], enabling increases in actuator work density
and efficiency [1]. They have also been operated as fuel-powered artificial muscles [3, 4]. During electrochemical or fuel
cell actuation the yarn is the working electrode (WE) in an electrochemical cell and the presence of an electrolyte is
necessary to allow for ion transport required for actuation. The ions that are inserted or removed act to charge or
discharge nanotubes within the yarn, and this charging is believed to result in actuation via electrostatic and quantum
chemical mechanisms [1]. The electrochemical behavior of the yarns is key to understanding mechanisms and
determining performance. In the sections that follow the current and actuation in response to input triangular waves in
potential are studied and a method to separate charging and kinetics limited currents demonstrated.

2. MODELING OF THE CAPACITIVE AND PARASITIC CURRENTS

One way of studying the electrochemical behavior of a material is Cyclic Voltammetry (CV). In a CV experiment the
current passing through an electrochemical cell, containing the material of interest as the working electrode, is measured
while the working electrode potential is swept cyclically over a range. CVs are powerful because substantial information
is collected in a short time. However it is often difficult to extract quantitative data from them because of the
simultaneous operation of many processes (e.g. mass transport, electron transfer kinetics, double layer charging, solution
resistance). We begin with the premise that CNT systems are relatively simple in their electrochemical characteristics,
being mostly described by double layer charging reactions and kinetics-limited parasitics (e.g. degradation of the
electrolyte). It is expected that the actuation of the yarn is the result of double-layer charging for example [5]. Therefore
a pure capacitor, representing the double-layer capacitance, can be considered as a first order approximation for the
equivalent circuit for the yarn. Series and parallel resistances and ultimately non-linear elements are added to flesh out
this model.

2.1. Double layer Capacitor and leakage resistance

If the potential applied to an ideal capacitor is swept in a cyclic linear fashion, the current versus potential plot is a
perfect rectangle spanning the potential range over which the experiment is conducted. However, in general the charge
stored in the double-layer may be drained through kinetics or diffusion-limited faradaic reactions, potentially modeled
using Butler-Volmer or diffusion-limited behaviors. In this work, it is assumed that the experiments are conducted in
clean environments such that currents due to Nernstian reactions are negligible. For now, let us assume that the potential
drop across the yarn electrode is sufficiently small such that the leakage due to the reactions can be modeled by a resistor
Rp, itself a function of the working electrode (WE) potential, V. If a resistor is included in parallel with the capacitor to
represent leakage, the original rectangular CV will be tilted into a parallelogram with a tilt angle that is a function of the
resistance of the leakage resistor. Figure 2a shows the calculated CV for a pure capacitor and a parallel R-C circuit.

The experimental CV of the CNT yarn actuator in its middle potential range Figure 2c) resembles the parallelogram in
Figure 2a, suggesting that it too may be viewed as a superposition of capacitive and leakage currents. We therefore
propose to break down the total measured cell current I r as:

=i +i,.
dv
dt

electrode potential versus the reference. The current I p 1s the leakage current flowing through the resistor and for now

The current ic is the capacitive part of the current and can be expressed as ; — , where V is the working
C

we assume it to be only a function of the working electrode potential, i.e. ip = f (V) , which is expected in a kinetics-

limited parasitic reaction but not for mass transport limited cases. Assuming this model the cell current ir can be

expressed as:
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Figure 2: (a) The cyclic voltammogram for the circuits drawn in (b) i. pure capacitor and ii. parallel
combination of a capacitor and a resistor and (c) cyclic voltammogram for the CNT yarn actuator in an
electrolyte made of 0.2 M tetrabutylammonium hexafluorophosphite in acetonitrile, viewed over a potential
for comparison

When the WE potential sweep is in the positive direction, 7 =4, where & is the CV scan rate. So
t
. . . . T
I, = +aC + f (V) During the potential sweep in the negative direction, —— =—& and so
dt

i, =—aC + f(V). Therefore: i, +i, =2 f (V) and i; —i, =20C . The capacitance and the leakage
current can be estimated as a function of the current by:

ot .«

.4 . —
1, —1 1. +1
C — T T , f (V) — T T )
2a 2
The current is thus divided between a capacitive part proportional to the scan-rate and a rate-independent current f'(}).

The accuracy of the model depends on this condition being satisfied and we shall test for it later.

2.2. Parallel and series RC model

In most cases, unless the electrodes are close to each other, the resistance of the solution and the contacts cannot be
neglected. Therefore we need to introduce a resistance in series with the above parallel RC to model these resistances.
When a series resistance is included to account for the solution and contact resistances, matters become more
complicated. The differential equations governing the system are now:
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dv (1) N v.(5) AN | |
dt R
w(t)=v.(t) + R.i(t) v

i(t)=C

Solving for i(?):

ORI O
R RC

N N

()

During the rising cycle of a CV, V(f ) = VL + at , where VL is the lower bound of the potential at which we start the

cycle and & is the scan rate. Substituting in the above equation we obtain
—t

V. +at—v (0)er  efc r

» Vv, + ar)e®dr

()=

R RC*
R R
where R =R |R, = —>2_ _ After calculating the integral:
‘ R +R,
—t
. V,+at R aCR*  e* RV, aCR’
L()=—"——-—V, +a)+——+——(v.(0)+ —=———)
RS RS RS RS RS RS

If £, >> RC, i.. the time passed is considerably longer than the system’s time constant (or the scan rate is very slow
-t

and we are away from the turning points of the CV), the terms including e "¢ become negligibly small and the above
result can be simplified to

Vo+at aR’C
R +R, R’

Similarly, during the down-sweep of a CV, (i.e. £ > 1), V(f ) = VH 4 (f -T ) , where VH is the upper bound

()=

of the potential during the CV and T is the point of time when the potential has reached VH and is beginning to

decrease.
—t

T—t
V,—a(-T)-v (0)e* e* o
R - RZCLO

N

i ()= V,—a(r - T))eRTCdT
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R R
where R=R|R, = —>2 _ After integration:
R +R,
T
V,-a-T)-v,(0)e * R
i R ~ 25 (V, ~alt=T)+aRC) -

N s

()=

LI 7 36 7
—Fe V, (e* =)=V, e +ale* +2aRC(l —e"))

S

ittt >T >> RC,ie. during the down-sweep and assuming that the time passed before switching the sweep

direction is considerably longer than the system’s time constant, the above result can be simplified to

V. —a(t-T R’
i (="x a( )_a 2C
RS+RP R,
So far we have found that:
Vet aR'C )=y RC
t =
()=t + = t<T ST R LR R
R.+R, R —J s T s
‘ ' P2 V aR’C
i(t)—V”_a(t_T)—aRC t>7  |L(E)=—7T-
7 R +R, R 7 R+R R

where V+ = VL +af, and V = VH — C((t_ -T ) and 7, ,I are the times during one cycle at which the

potential reaches V+ , V' respectively. Looking at the currents I . and I ata given potential, V+ =V =V andwe
can say that

i+i V. +V +aR2S_aR2S_ V
2 2(R +R)) R’ R’ R +R,

which is only a function of the potential at that point V. Therefore we call it f{V):

v

=>fV)=—— (1)
R +R,
If R, >> R, then = f(V)= L i.e. the slope of f' (V') versus Vis L and R can be determined b
P 52 R > p R P y
V4 p
measuring that slope. The capacitive current is given by:
v aR’*C V. arR’C
(S + )= ( - )

—-i| R +R, R R +R, R

e =T 2
vV 2aRC
R +R, R+R, R oRC
- 2 - R
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Figure 3: (a) The cyclic voltammogram for the CNT yarn actuator in an electrolyte made of 0.2 M
tetrabutylammonium hexafluorophosphite in acetonitrile viewed over a potential range of -0.5 to 1.8 V(b) the

capacitive part (c) the leakage background current and (d) the gravimetric capacitance as computed using the
capacitive current in (b)

Figure 3a shows the experimental CV for the actuation of CNT yarn with a diameter of 18 pm during a CV in a 0.2 M
solution of tetrabutylammonium hexafluorophosphate (TBAP) in acentonitrile under a constant 20 MPa of stress. The
counter electrode was a piece of carbon fibre paper (Ballard AvCarb P-50T). The same counter electrode has been used
for all experiments in this paper. The respective capacitive and leakage currents computed using the RS - R,, -C

model (equations 1 and 2) are plotted Figure 3b and c as a function of the working electrode potential. The capacitance
as a function of potential, calculated for this sample based on the above method is plotted in Figure 3d. R + RF is
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estimated from the slope of the line in Figure 3b to be about 48 kQ)s. RS is measured to be approximately 1.5kQ) by
studying the step response of the system. Thus the condition that R » > R, seems to have been satisfied. c atv=0yr
is estimated to be 55+1.5 F/g.

2.3. Kinetics-limited parasitic reactions and diode model

Beyond certain potentials in both positive and negative directions the magnitudes and contributions of these component
currents seem to change as a function of the applied WE potential. This can be seen from the irregular shape of the CV
in Figure 4a, which is exactly the same as those in Figure3 except viewed over a larger potential range.
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Figure 4: (a) The cyclic voltammogram for the CNT yarn actuator in an electrolyte made of 0.2 M
tetrabutylammonium hexafluorophosphite in acetonitrile, viewed over a potential range of -2.5t0 2.5V
versus reference (b) the capacitive part and (c) the leakage background current

As can be seen from Figure 4c, there is a significant and abrupt rise in the parasitic current below -1 V and above +1.5
V. This suggests that the reaction modeled by Rp might best be modeled using a non-linear relationship such as the
Butler-Volmer equation [6]. With this assumption the governing differential equations for the circuit in Figure 5a will be
dv
c

V() =ve(0)+i,R +RC

resulting in

@4__77 +i_0(e(1—,3)fﬂ _e—ﬂfn) — V(t) _EO
i RC C RC

Here Rs and C are defined as before, 7] is the overpotential across the electrode, ﬂ is the transfer coefficient, /=

Q).

F/RT (where F is Faraday's constant, R is the molar gas constant and T is the absolute temperature) and Eo is the
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standard potential of the reaction considered. The three terms to the left of equation (3) behave as a capacitance, a
nV

resistance and two diodes (I = iOeRT behavior) respectively in terms of equivalent circuit elements. The difference in

the signs of the two exponential terms indicates that the two diodes must be mounted in opposite directions to model the
reaction in the forward and the reverse directions. Therefore we propose to model the system with the circuit in Figure
5b. In general, there may be more than one reaction happening in either positive or negative potentials, therefore more
than one diode branch may exist in parallel in each direction to model different reactions. Figure 6a shows the model
with parameters calculated for the CV in Figure 4a. Circuit simulation results using Electronics Workbench 5.12 and the
experimental CV are in close agreement (Figure 6b). The CV fits nicely with one assuming a capacitance of 180 pF
(equivalent of 55 F/g, the capacitance at 0 V) parallel with a Butler-Volmer branch with standard potential of 1.9 V
versus reference and ) = 1.5 yA - R, is again found to be around 1.5kQ).
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Figure 5: (a) Equivalent circuit with potential-dependent Rp to model for parasitic reactions and (b)

equivalent circuit model for the CNT yarn electrode in the cell, accounting for capacitance, solution and
serises resistance, leakage and Butler-Volmer type reactions
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Figure 6: (a) The circuit model for the system studied in Figure 4 and (b) the comparison of the simulation
results from the model and the experimental CV

3. DISCUSSION

In order for the model to be accurate, it is important to prove that the parasitic current f(}J") does not depend on the

scan rate. The model was applied to the experimental data for the same sample at scan rates of 100 and 250 mV/s. The
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computed parasitic currents are plotted in Figure 7. As can be seen, even though the scan rate is 2.5 times larger, the
computed parasitic currents are virtually the same. This will be the case as long as currents from diffusion-limited
faradaic processes are negligible. Currents from diffusion-limited processes such as those due to contamination are
neither independent of rate nor proportional to it (e.g. they could be proportional to the square root of the rate). Therefore
the assumptions of our model will no longer be satisfied and the accuracy of the model deceases. In such cases part of
the current due to faradaic processes will erroneously appear in both computed capacitive and parasitic currents unless

the corresponding peaks in the original CV are detected and removed before computing ica and (V). It is also

p
evident from Figure7 that the slopes of the two kinetics-limited tails of the plot are different in the positive and negative
directions. This implies either the existence of multiple reactions in different directions or a kinetics-limited reaction that
flows more easily in one direction than the other. Preliminary analysis of the data from the fitting predicts that the
capacitance may depend on the scan rate of the CV. The change in capacitance in response to a 100-fold change in the
scan rate in an aqueous electrolyte is estimated at about 30 %, closer to those measured for porous carbon electrodes by
Oren and Soffer for in [7] than those measured for carbon single-walled nanotubes in [8].
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Figure 7: Comparison of the calculated f(V) parasitic current for the same CNT yarn sample as above at 100
mV/s (thin) and 250 mV/s (bold)

As an example for the application of the model, let us consider the strain response of the CNT yarn actuator to a cyclic
voltammogram. A general relationship is expected to exist between the actuation strain and the charge stored in the
actuator. If the actuator charge is taken as the integral of the total cell current, the charge contributing to parasitic
reactions will be included. Such parasitic reactions are especially problematic at very positive or very negative
potentials, where the currents due to those reactions increase almost exponentially. The model promises to allow the
separation of these components.

Figure 8 shows the strain in response to the potentials and currents shown in Figure 3. The strain (compensated for creep
by subtracting a line) and the total charge are plotted in (a) and (b) versus time. The origin of the charge axis is arbitrary
as we don't know the initial charge of the yarn. In Figure 8c the strain in (a) is plottetd versus the total charge in (b). The
resulting plot is confusing and it is hard to extract any information about the relationship between strain and charge out
of it. The model is now applied to the CV for this experiment (Figure 3a) by dividing the current into the rate-

independent f'(}) (Figure 3c) and the capacitive current l'mp (Figure 3b). The stored charge is calculated by

integrating the capacitive current.
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Figure 8: (a) Strain (compensated for creep) vs. time (b) total charge vs. time (vertical axis origin arbitrary)
and (c) strain in (a) vs. charge in (b) , during a CV of the CNT yarn in a 0.2 M solution of TBAP in
acentonitrile under a 20 MPa of load

Figure 9a shows the same strain as in Figure 8a. Figure 9b shows the stored charge versus time as found by integrating
the capacitive part of the current in Figure 3b. The strain and the stored charge are plotted versus each other in Figure 9c¢.
This plot is comparable with the results reported in [9] for carbon single-walled nanotubes. The dotted red line shows a
quadratic fit. The hysteretic effect may be due to the charge consumed in diffusion-limited reactions that had been
counted as part of the capacitive current and other anomalies in the CVs due to effects other than capacitance or butler-
volmer type reactions or to the nonlinear nature of the creep which has been assumed to be linear. Some reactions
running due to contaminations at the electrodes seem to contribute to the current in the shape of some Nernstian peaks

(e.g. the small peak in Figure 4a around -1 V). This means that if such peaks where accounted for before computing ica
p

and f(V), the stored charge profile in Figure 9b would probably exhibit an asymmetric behavior corresponding to the

asymmetric behavior of the strain profile in Figure 9a. Under such circumstances the strain-charge plot of Figure 9c is
expected to retrace itself without the hysteresis. The presence of impurities (redox mediators) in the electrolyte that act to
shuttle charge between electrodes can dissipate charge under open-circuit conditions. Also, faradaic processes occurring
at only one electrode can result in differences in the amount of capacitively-stored charge in the two electrodes. Further
study and modeling is needed in order to diagnose the nature of the anomalies in the CV to obtain the true relationship
between the strain and the stored charge.
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Figure 9: (a) Strain (compensated for creep) vs. time (b) stored charge vs. time (vertical axis origin arbitrary)
and (c) strain in (a) vs. charge in (b) , during a CV of the CNT yarn in a 0.2 M solution of TBAP in
acentonitrile under a 20 MPa of load. The parabola in (c) shows a quadratic fit.

4. CONCLUSIONS

A circuit model is presented to model the electrochemical behavior of a carbon nanotube yarn actuator. This model
simplifies the computation of the capacitance and leakage resistances of the yarn and paves the way for a better
understating of the strain-charge relationship in ionic artificial muscles especially yarns and actuators made of carbon
nanotubes.
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