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I
n contrast to conducting polymers, the
electrosynthesis of nonconducting
polymers is self-limited and inevitably

ceases when the polymer film on the elec-

trode grows thick enough to become too

resistive for electron transfer between the

electrode and the monomer molecules and

radicals in the solution. As a consequence,

the thickness of nonconducting polymer

films was claimed to be only 10�100 nm,1

depending on the real resistivity, which is

much thinner than typical conducting poly-

mer films (e.g., 0.5 mm),2 and continuous

electrosynthesis is challenging. Although

these thin nonconducting polymer films

could be utilized in highly sensitive and se-

lective sensors,1,3�6 some reports indicated

that the film thickness was too small to en-

trap an adequate amount of, for example,

biomolecules.7

In the context of this work, the aforemen-

tioned “nonconducting” polymers are those

with high resistivity and can be synthesized

by electropolymerization in the presence of

an electrolyte, such as acids, bases, or salts.

Recently, anionic carbon nanotubes (CNTs)

resulting from acid treatment have been suc-
cessfully used as the counteranion/dopant
for electrosynthesis of conducting polymers,
for example, polypyrrole and polyaniline.8�12

However, no attempt has yet been made to
use the anionic CNTs as the supporting elec-
trolyte for the electrosynthesis of noncon-
ducting polymers. Here we explore a novel
concept of using an aqueous suspension of
acid-treated CNTs to mitigate the above-
mentioned self-limiting problem in the elec-
tropolymerization process by weakening the
insulating barrier on the electrode surface. In
this work, two nonconducting polymers were
investigated, namely poly(o-aminophenol)
(PoAP) and poly(m-phenylenediamine)
(PmPD).4,13�20 Since the synthesis process
and the product morphology of these two
polymers are quite similar, the discussion be-
low will focus on results related with PoAP.
The mechanism behind this approach and
the promising applications of the synthesized
PoAP�CNT composite will be discussed and
investigated. The findings may provide a new
research direction for the making and appli-
cations of CNTs and nonconducting polymer
composites.

RESULTS AND DISCUSSION
Electro-co-deposition. Electro-co-deposition

of PoAP and CNTs was first carried out by
potentiodynamic polymerization of 10 mL
of solution of oAP (monomer, 10 mmol L�1)
in an aqueous suspension of acid-treated
multiwalled CNTs (0.2 wt %) without any
other electrolyte. For comparison, pure
PoAP films were electropolymerized under
the same condition but in 0.5 mol L�1 KCl
aqueous solution. Figure 1a presents the cy-
clic voltammograms (CVs) of polymeriza-
tion of oAP in KCl solution.

It was found that the currents recorded
through the forward potential scan were
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ABSTRACT The self-limiting electrodeposition of nonconducting polymers, such as poly(o-aminophenol)

(PoAP), has been continued by the addition of acid treated carbon nanotubes (CNTs) into the aqueous monomer

solution without any other supporting electrolyte. Electron microscopy revealed fairly thick (>8 �m) and highly

porous nanocomposite films on electrodes, consisting of CNTs which were well interconnected and individually

coated with a thin layer (e.g., 30 nm) of the nonconducting polymer. The mechanism behind this approach is

explainable by the newly arrived CNTs and those entrapped in the nonconducting polymer matrix providing extra

reaction and growth sites, and extended electron pathways, leading to sustained electro-co-deposition of the

nonconducting polymer and CNTs into the nanoporous composite films. Promising applications of the PoAP�CNT

composite were explored, such as CO2 sensing in water, and energy storage in an unprecedented metal-free

supercapattery.
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larger than those at the same potentials during the

backward potential scan. These current attenuations to-

gether with the light brown coating on the working

electrode (Pt disk electrode, 1.6 mm in diameter, the

same electrode below) imply that a nonconducting

polymer film was formed on the electrode surface.

In addition, Figure 1a shows a high anodic current

peak at around 0.35 V vs Ag/AgCl during the first poten-

tial cycle, which can be attributed to the oxidation of

the monomer. However, in the CNT suspension with the

same monomer concentration, the currents were much

larger, and there was no peak on the first cycle CV as

shown in Figure 1b. From the second cycle, the currents

decreased sharply in Figure 1a, but to a much smaller

degree in Figure 1b. These differences can be rational-

ized by considering that there were differences in the

electrolyte composition, particularly the counterions

(Cl� vs anionic CNTs), and also competition between

the electrode potential increase and the resistance in-

crease in the case of PoAP. On the first cycle CV in Fig-

ure 1a, the current initially rose with the electrode po-

tential increase, and then dropped after the peak, which

was likely related to the depletion of the reactant near

the electrode surface (diffusion-controlled process).

However, the trend of the current decline after the peak

was quite different from that due to solely diffusion

control, suggesting an additional effect. It could be the

newly formed nonconducting film becoming too resis-

tive to allow further formation of the nonconducting

polymer (self-limiting). This in turn retarded the growth

of the polymer film (further resistance increase), result-

ing in the current declining to a fairly low current pla-

teau (at around 0.85 V, Figure 1a). During the succes-

sive potential cycles, the anodic current peak

disappeared because the electrode surface had been

covered with a sufficiently resistive film. Interestingly,

the anodic current peak was completely absent during

electro-co-deposition of PoAP and CNTs in the aqueous

suspension of CNTs (Figure 1b), which can be attrib-

uted to the high specific surface area and good elec-

tronic conductivity of the CNTs. The high specific sur-

face area of CNTs can enlarge the real electrode surface

area (increasing current) which is capable of canceling

the diffusion-controlled effect (decreasing current). Ad-
ditionally, under the same electropolymerization
charge, the quantity of synthesized nonconducting
polymer on the original electrode surface should be
equal to that on CNTs. Because of the high specific sur-
face area of the CNTs, the coating thickness of noncon-
ducting polymer on individual nanotube surfaces can
be significantly reduced, diminishing the electron trans-
fer barrier (the resistance) on the electrode and lead-
ing to the continuously increasing current. These were
evidenced by the differences between the CVs in Figure
1 panels a and b: (a) the continuously increasing cur-
rent without any peak in the first potential cycle of Fig-
ure 1b and (b) the significantly higher currents in the
following potential cycles in Figure 1b compared to
those in Figure 1a.

For further investigation, potentiostatic polymeriza-
tion was carried out in the same solutions. On the ba-
sis of the observed anodic current peaks in Figure 1a, a
constant potential of 0.35 V vs Ag/AgCl was chosen to
ensure the occurrence of electropolymerization while
avoiding overoxidation.12 During potentiostatic polym-
erization, the current�time curve, as shown in Figure
2, kept decreasing over time, which indicates the forma-
tion of a nonconducting polymer film on the elec-
trode. Initially, the electro-co-deposition current in the
aqueous suspension of CNTs was lower than that in the
KCl solution. This can be ascribed to the inferior mobil-
ity of the anionic CNTs which served as macro-charge-

Figure 1. Potentiodynamic polymerization of 10 mmol L�1 oAP in (a) 0.5 mol L�1 KCl aqueous solution and (b) 0.2 wt % CNT
aqueous suspension. Numerals indicate the number of potential cycles. Arrows show the direction of potential scan. Scan
rate: 20 mV s�1.

Figure 2. Potentiostatic polymerization of 10 mmol L�1 oAP
in (a) 0.5 mol L�1 KCl aqueous solution (dashed line) and (b)
0.2 wt % CNT aqueous suspension (solid line). Electrode po-
tential: 0.35 V. Reference electrode: Ag/AgCl (3.0 mol L�1 KCl
aqueous solution).
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carriers during the electropolymerization process and

hence resulted in a lower conductivity of the CNT sus-

pension compared to that of the KCl solution.12 Never-

theless, coupled with the extended progression of the

self-limiting electropolymerization, the merits of using

this novel CNT electrolyte is clearly evident by the cross

point of the two current�time curves located at ap-

proximately the 18th second. Beyond this point, the

current for electro-co-deposition of PoAP�CNT started

to remain at a higher value than that for electrodeposi-

tion of PoAP with final current values at 600 s of 2.13

�A for PoAP�CNT and 0.43 �A for PoAP. This higher

current during potentiostatic polymerization implies

that the presence of CNTs in nonconducting polymer

matrixes considerably enhances the electronic conduc-

tivity of the coating.

Electron Microscopy. Further evidence supporting the

proposed mechanism was exhibited by scanning elec-

tron microscopy (SEM). Under SEM, a uniform and con-

tinuous PoAP�CNT composite film was observed on

the surface of the electrode (Figure 3a). High-resolution

SEM indicated that the PoAP�CNT composite films

Figure 3. SEM images of (a) PoAP�CNT composite film, (b) porous structure of PoAP�CNT composite film; (c) TEM image of PoAP-
coated CNT; (d) BSE�SEM image of a cross-section of a PoAP�CNT covered electrode; (e) porous structure of PmPD�CNT compos-
ite film; (f) TEM image of PmPD-coated CNT. All samples were prepared as described in Figure 1.
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were extremely porous, forming a three-dimensional

(3D) network consisting of interconnected fibrils with

similar diameters (Figure 3b). The diameter of the acid-

treated CNTs is in the range of 10�50 nm, while that of

the fibrils in the composite is in the range of 20�60

nm, indicating that the PoAP formed an ultrathin coat-

ing layer on the surface of individual CNTs. Obviously,

the 3D network of coated CNTs and the micro- and na-

nopores between them as seen in Figure 3b can pro-

vide sufficient pathways for electron conduction and

also for the movement of monomers within the film

and therefore temper the self-limiting barrier effect to

continuous deposition of the nonconducting polymer.

The SEM observations stimulated curiosity as to

how the PoAP coatings were formed on the surface of

individual CNTs. Thus, high-resolution transmission

electron microscopy (HRTEM) was used to investigate

the PoAP�CNT composites. Under HRTEM (Figure 3c),

the coated nanotubes exhibit both the central cavity

and an amorphous coating. Between them are the gra-

phitic fringes of the nanotube. As the disturbance di-

mension on the outer surface of CNTs examined after

acid treatment was less than 1 nm,10 the amorphous

thin coating (1.5�6.0 nm in thickness) can only be at-

tributed to PoAP. This is different from the conducting

polymer coating where the covering thickness on indi-

vidual nanotubes could reach beyond 100 nm.10 This

uneven and ultrathin coating layer outside the nano-

tube strongly confirms the previously proposed mech-

anism derived from the CVs.

The thickness of PoAP�CNT composite was addi-

tionally revealed by back scattered electron imaging

(BSE)-SEM. In Figure 3d, the observed thickness of the

PoAP�CNT film is in the range of 2.3�3.6 �m. On the

contrary, the presence of the pure PoAP film (possibly

less than 100 nm in thickness) was just vaguely visible

on the electrode surface, but it was challenging to

quantify the film’s thickness as the scanning electron

microscope was at its resolution limit under the BSE

conditions. Since the film thickness of PoAP is self-

controlled or self-limited during the electropolymeriza-

tion, the thickness of the PoAP film formed here should

not be more than a few tens of nanometers. Indeed, ac-

cording to the literature, the electrodeposited pure

PoAP film was estimated to be in the range of 57�65

nm.13 The significant increase in thickness of the com-

posite film can be attributed to the entrapped CNTs in

the nonconducting PoAP which can provide extra elec-

tron pathways and new reaction (deposition) sites

among the insulating matrix for further electropolymer-

ization, leading to a much thicker composite film. The

SEM and TEM images of the PmPD�CNT composite

films synthesized under the same condition are shown

in Figure 3e,f, further confirming the feasibility and uni-

versality of this novel approach.

It is interesting to see if the concentration of the

monomer may affect the process and product of

electro-co-deposition. As shown in Figure 4a, under

the same conditions except for a higher monomer con-

centration (oAP, 50 mmol L�1), the thickness of the de-

posited PoAP�CNT film is in the range of 7.4�8.2 �m,

which is about 3 times thicker than the 2.3�3.6 �m

composite film presented in Figure 3d.

Figure 4. (a) BSE-SEM image of the cross-section of a PoAP�CNT covered electrode; (b) SEM image of porous structure of PoAP�CNT
composite film. All samples presented were electro-co-deposited from solutions containing 50 mmol L�1 monomer and 0.2 wt %
CNTs by sweeping the potential 10 times in the range of 0�1.0 V. Scan rate: 20 mV s�1.

Figure 5. Schematic diagrams of the electrode covered with (a)
a pure nonconducting polymer layer and (b) a nonconducting
polymer�CNT composite layer on which the interconnected
CNTs represent the electrode sites where further electropoly-
merization occurs.
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However, as expected, Figure 4b reveals a very simi-

lar 3D network and the consequent porous structure

in this thicker composite film, although the PoAP-

coated CNTs are notably thicker (50�100 nm) than

those (20�60 nm) exhibited in Figure 3b,e. Thus, to

grow thicker coatings on individual CNTs, it would be

preferable to use high monomer concentrations to ob-

tain thicker composite layers on the electrode, and

polymer layers on nanotubes. Based on the aforemen-

tioned findings and discussion, Figure 5 depicts the role

of CNTs in the self-limiting electropolymerization

process.

Potential Applications. As shown in Figure 3 and 4, the

thin PoAP (or PmDP) layers on individual CNTs can help

entrap ionic or molecular species that are interactive

with the nonconducting polymer. Since the entrapped

species are in close proximity to the CNT networks that

connect to the transducer surface, a faster response

time is anticipated. Moreover, due to the much thicker

composite film, the total amount of entrapped species

should dramatically increase.

The fabrication of an amperometric glucose biosen-

sor based on PoAP�CNT through electro-deposition in

solutions containing additional supporting electrolytes

was reported previously.14 On the basis of SEM findings,

the anions of the supporting electrolyte, such as

CH3COO� and Cl� that participated in the electro-

polymerization process, may cause polymer agglomera-

tion and the formation of a less porous structure com-

pared to those seen in Figures 3b,e and 4b.14 On the

other hand, most previous studies on PoAP or

PoAP�CNT are focused on using them as a matrix or

immobilizer to entrap functional molecules for sensor

applications,13�18 but little is reported on exploitation

of the electrochemical properties of PoAP or

PoAP�CNT. It is known that the solution pH can influ-

ence the electrochemical activity of PoAP which is

electro-active in acidic solutions but become inactive

when the pH approaches 7.19

In this work, the electrochemical responses of the

electro-deposited PoAP and PoAP�CNT composite

films were first measured in HCl solutions at pH values

of 1.0, 3.0, and 5.0. Figure 6a presents the CVs recorded

at pH � 1.0 on the PoAP and PoAP�CNT-modified Pt

electrodes. The reduction and oxidation current peaks

can be observed here, indicating the occurrence of ion

doping and dedoping,19 which will be further discussed

later. Moreover, it can be seen clearly that the

PoAP�CNT-modified electrode exported much larger

current peaks than the pure PoAP-modified electrode,

showing a greater electro-activity toward protons. This

phenomenon can be explained by the composite hav-

ing significantly increased porosity and hence larger

polymer/electrolyte interfacial area, and also enhanced

electronic and ionic conductivities through the inter-

connected CNTs and the pores between them.10�12

When the solution pH was raised to 3.0 or 5.0, as shown

in Figure 6b, both the oxidation and reduction peak cur-

rents decreased, accompanied by negative shifts of

the current peak potentials. This can be explained by

the degree of protonation of the imino groups in PoAP

decreasing with lowering the solution acidity, and

hence the redox activity.19,20 The electro-activity of

PoAP in response to protonation as reported in the lit-

erature21 is summarized in Scheme 1

The high sensitivity of the PoAP�CNT composite to

pH variation stimulated a thought of using it for sens-

ing CO2 whose dissolution in water lowers the pH. In the

preliminary tests, the PoAP and PoAP�CNT modified

Pt electrodes were prepared by potentiodynamic depo-

Figure 6. Cyclic voltammograms of (a) PoAP (red line) and PoAP�CNT (blue line) modified Pt electrodes in HCl solution at
pH �1.0, and (b) PoAP�CNT-modified Pt electrode at different pH values of 1.0, 3.0, and 5.0 in HCl solution. Scan rate: 10
mV s�1. The modified electrodes were prepared in 50 mmol L�1 monomer (oAP) solutions containing 0.5 mol L�1 KCl or 0.2
wt % CNTs by sweeping the potential 10 times between 0 and 1.0 V. Scan rate: 20 mV s�1.

Scheme 1. Pathway for the redox chemistry of PoAP in the HCl solution.21 Indications of charged and discharged states are
with reference to using the polymer as the negative electrode material in a supercapattery as discussed in the text and illus-
trated in Figure 8.
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sition in 50 mmol L�1 monomer solutions to gain larger
polymer/electrolyte interfacial area. After electro-
deposition, the electrode was rinsed in water and then
transferred to the 3 mol L�1 KCl aqueous solution which
was predeaerated by argon. Then, the open circuit po-
tential (OCP) of the modified Pt electrode was recorded
before and after bubbling the CO2 gas (flow rate � 6
mL min�1) into the solution. In the CO2 bubbling experi-
ment, it was found that the pH of the neutral solution
usually reached, and then stabilized at, about 4 within
10 min.

In the experiments it was observed that, before CO2

bubbling, the OCP of either of the two electrodes al-
ways varied with the immersion time, but the variations
were inconsistent between experiments. The two OCP-
time plots in Figure 7 were selected to show the oppo-
site OCP shifts of the two electrodes, although varia-
tions in the same direction were also observed. In
general, the shift of the OCP with time indicates interac-
tions, particularly ion exchanges, between the PoAP or
PoAP�CNT film and the 3 mol L�1 KCl solution. For ex-
ample, the electrodeposition of either PoAP or
PoAP�CNT was carried out in solutions containing less
or no KCl. Also, the obtained deposits were manually
rinsed in water before OCP recording. This operation
was to remove the remaining solution phase species in
the deposits, such as monomers and loose CNTs or the
supporting electrolyte, that is, KCl. However, after this
manual work, the state of the PoAP or PoAP�CNT de-
posit could vary between different experiments, which
may account for the observed inconsistency of the OCP
variation.

CO2 bubbling was started after the OCP became
relatively stable, and the OCP values of the two elec-
trodes always increased positively and fairly quickly
reached a plateau. Interestingly, as can be seen in Fig-
ure 7, the OCP of the PoAP�CNT film increased by a
larger value (40 mV) than that of the PoAP (20 mV). This
could be attributed to the PoAP and the anionic CNTs
in the composite both being capable of responding to
the pH change in the solution resulting from CO2 bub-
bling. While further research is ongoing in this labora-
tory, this preliminary finding promises an application of
the PoAP�CNT film for CO2 sensing.

There are many redox active polymers, but very
few are reducible, particularly in aqueous
solutions.10�12,22�25 For example, polyaniline (PANi) is
a well-studied conducting polymer capable of undergo-
ing fairly reversible multistep oxidation in acidic me-
dia.12 Particularly, it was reported that the theoretical
specific capacitance of PANi could be as high as 750
F/g.22 It is also possible to prepare PANi�CNT compos-
ites by chemical22,23 or electrochemical12,24 methods
to gain enhanced performance in terms of discharging
and charging speed and cycling stability. Unfortunately,
PANi shows only satisfactory capacitive behavior in a
quite narrow range of positive potentials (0.1�0.7 V)12

which is unfavorable for using PANi as both positive
and negative electrodes in the so-called symmetrical
electrochemical capacitors (supercapacitors). The CVs
presented in Figure 6 suggest PoAP�CNT to be a suit-
able complement to PANi�CNT in terms of potential
range. It should be noted that PANi�CNT stores charge
through its pseudocapacitance (featured by rectangu-
lar CVs), while PoAP�CNT does so in the usual Faradic
manner (showing peak shaped CVs). Thus, the use of
PoAP�CNT and PANi�CNT as the negative and posi-
tive electrode materials, respectively, in the same cell
would lead to a hybrid energy storage device that truly
is a supercapattery. (The term “capattery” was previ-
ously used for supercapacitors, but received academic
objections.25,26) It is worth pointing out that PANi be-
comes nonconducting in the neutral or discharged (re-
duced) state. Thus, the presence of CNTs in PANi can
help overcome this problem by maintaining
conductivity.10�12,24 This role of CNTs is particularly im-
portant for PoAP which is non- or poorly conducting in
both fully charged (reduced) and discharged (oxidized)
states. On the other hand, like PANi, the redox chemis-
try of PoAP involves both protons and anions (Cl� in the
HCl solution), as explained in Scheme 1. This common
feature between PANi and PoAP, together with the con-
tribution of CNTs to conductivity, makes them an ideal
pair to work in a supercapattery with acidic electrolytes.

For verification, the PoAP�CNT and PANi�CNT
composites were each electro-deposited on the Pt disk
electrode (1.6 mm in diameter) for recording CVs, or on
relatively larger graphite disk electrodes (6.0 mm in di-
ameter) for construction of laboratory supercapacitors
and supercapatteries. The PANi�CNT composite was
prepared, as previously repored,12,24 by potentiostatic
deposition at 0.9 V in a solution of 1.0 mol L�1 HCl, 0.25
mol L�1 aniline, and 0.2 wt % CNTs. In the electro-
deposition of both composites, the charge was con-
trolled to be the same for comparison.

Figure 8a superimposes the CVs of both PoAP�CNT
and PANi�CNT in 1.0 mol L�1 HCl. It can be seen that
the potential ranges for the two composites to remain
electro-active are fairly different, with PoAP�CNT in the

Figure 7. Variation of OCP of (a) PoAP (dashed line) and (b)
PoAP�CNT (solid line) modified Pt electrodes in 3 mol L�1

KCl before (<600 s) and after (�600 s) CO2 bubbling (6 mL
min�1).
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�0.20 to 0.50 V range and PANi�CNT in the 0.10�0.7

V range. Also, the total charge enclosed in the CV of

PANi�CNT is larger than that of PoAP�CNT, although

the former was tested in a narrower potential range.

These CVs confirm PANi�CNT to be indeed a high ca-

pacity charge storage material at positive potentials,

while PoAP�CNT is suitable as a negative electrode ma-

terial for pairing with PANi�CNT.

For electrochemical energy storage, the electronic

and ionic conductivities of the electrode materials need

to be sufficiently high. The PANi�CNT composite was

reported before to be highly conductive,12,24 but no

such information is available in the literature for the

PoAP�CNT composite. Figure 8b compares the Nyquist

impedance plot of the PoAP�CNT film on the Pt disk

electrode at 0.1 V in the HCl solution (pH � 1). For com-

parison, the Nyquist impedance plot of the PoAP film

prepared under the same conditions are also presented.

In an early study, the low frequency impedance data

were used to derive the conductivity of electro-

deposited PoAP films at different potentials.27 It was re-

ported that the conductivity of PoAP depended

strongly on the potential with a maximum of 4.55 �

0.2 � 10�7 S cm�1 at the equilibrium potential which

is ca. 0.15 V vs Ag/AgCl according to Figure 6. At other

potentials, the conductivity dropped significantly. As

shown in Figure 8b, the PoAP�CNT film had much

lower impedance than the PoAP film. For example, at

0.1 Hz, the real component of the impedance was 24.9

k� for the PoAP film and 1.73 k� for the PoAP�CNT

film, suggesting an increase of ca.15-fold in conductiv-

ity. This difference reflects very well the contribution of

the highly conducting CNTs to electron transport

through the electro-deposited composite film.

It is worth pointing out that the ac impedance of

PoAP�CNT was also dependent on the potential, as

shown in Figure 8c. However, in comparison with

PoAP,27 the variation was much less dramatic and the

changes were more on the imaginary component. Par-

ticularly, at all applied potentials, the Nyquist plots of

PoAP�CNT were dominated by the capacitive feature

(a tilted vertical line) and showed no sign of a charge

transfer barrier (i.e., a semicircle at high frequencies).

These findings reflect again the roles of the intercon-

nected CNTs in provision of effective pathways for elec-

trons along the CNTs and for ions through the pores be-

tween the CNTs (cf. Figures 3b and 4b). Thus, the ac

impedance study provides further justification for pair-

ing PoAP�CNT with PANi�CNT in the proposed

supercapattery.

Figure 8. (a) CVs of PANi�CNT (red solid line) and PoAP�CNT (blue dashed line) modified Pt disk electrodes (1.6 mm diam-
eter) in 1.0 mol L�1 HCl solution. Scan rate: 50 mV s�1. Deposition charge on each electrode was 1.2 mC. (b,c) Nyquist imped-
ance plots of (b) PoAP�CNT (filled diamonds) and PoAP (empty squares) at 0.1 V in HCl solution (pH � 1) and (c) PoAP�CNT
at different potentials. Deposition charge: 1.1 mC. (d) CVs of the symmetrical supercapacitor of PANi�CNT (�) | HCl (1.0
mol L�1) | PANi�CNT (�) (red solid line), and the supercapattery of PANi�CNT (�) | HCl (1.0 mol L�1) | PoAP�CNT (�) (blue
dashed line), scan rate 200 mV s�1. Deposition charge on each electrode was 64 mC. (e) Photo of the tube cell used for re-
cording the CVs in panel d: (1) silicone rubber tube with a hole for electrolyte addition, (2) epoxy resin sheath, (3) graphite
rod, (4) copper wire.
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The composites deposited on the 6 mm graphite
disks were combined into a tube-type laboratory cell,
using PANi�CNT and PoAP�CNT as the positive and
negative electrode materials, respectively. Figure 8d
presents the CVs from the tube cell whose photograph
is given in Figure 8e. It can be clearly seen that the
PANi�CNT (�) | HCl (1.0 mol L�1) | PoAP�CNT (�) cell,
or supercapattery, exhibits both peaks (0.2�0.4 V) and
capacitive currents (0.5�1.2 V). The working voltage of
the supercapattery could reach 1.2 V, which compares
favorably with the voltage range of 0.6 V exhibited by a
similarly built symmetrical supercapacitor of PANi�CNT
(�)| HCl (1.0 mol L�1) | PANi�CNT (	). This improve-
ment in cell voltage can be attributed to the electro-
chemical activity of PoAP�CNT at negative potentials.
Note that the cell shown in Figure 8e is completely free
of metal (except for the external wiring).

SUMMARY
We have explored a novel approach to electro-co-

deposition of CNTs and nonconducting polymers,
namely PoAP and PmDP, into fairly thick, porous, and
conducting composite films. In this process, the self-
limiting growth of the nonconducting polymer is miti-
gated by using an aqueous suspension of acid-treated
CNTs as the only supporting electrolyte. The mecha-
nism behind this approach is that the CNTs serve as the
anionic charge carriers in the liquid phase during
electro-co-deposition and the backbone of the porous
structure within the composite films. More importantly,
during electro-co-deposition, the dispersed CNTs in

the nonconducting polymer provide electron path-
ways and new reaction sites for continuous electropoly-
merization which would otherwise have ceased after
the full coverage of the electrode surface by the non-
conducting polymer.

In the electro-co-deposited composite films, the
CNTs are individually coated by a thin layer of the non-
conducting polymer and interconnected into a highly
porous 3D network. These features are beneficial to
both electronic and ionic conductions through the
CNTs and the pores between them, respectively, and
also to the interactions between the polymer and a sub-
strate in solution. These properties promise applica-
tions as preliminarily demonstrated by using the
PoAP�CNT composite as the electro-sensing
material for detection of pH changes in water that may
result from CO2 dissolution, or as the negative elec-
trode material in an unprecedented laboratory superca-
pattery of PANi�CNT (�) | HCl (1.0 mol L�1) |
PoAP�CNT (�) that works in a much wider voltage
range than the similarly constructed symmetrical super-
capacitor of PANi�CNT (�) | HCl (1.0 mol L�1) |
PANi�CNT (	).

Overall, in our view, this paper has consolidated the
feasibility of electro-co-deposition for making compos-
ites of nonconducting polymers and CNTs. The reported
preliminary findings on potential applications of these
composites in chemical sensing and charge storage
highlight a new direction of research toward more re-
dox active and nanostructured functional materials, in-
cluding those of biological significance.5,6,13�18

EXPERIMENTAL SECTION
For electrochemical measurements in the three-electrode

cell, a platinum (Pt) disk (1.6 mm in diameter) was used as the
working electrode. The counter-electrode was a 6.0 mm diam-
eter graphite rod. An Ag/AgCl half-cell containing an aqueous
solution of 3.0 mol L�1 KCl was applied as the reference electrode
in all electrochemical experiments. The 6.0 mm diameter graph-
ite rod was also used to make a disk electrode by sheathing the
side wall of the rod with a 5�6 mm thick layer of epoxy resin. Af-
ter electro-co-deposition, the end of the graphite rod with the
deposit was cut off and mounted on an SEM sample holder for
morphological analysis. For film thickness observation, the
graphite rod with the deposited film was first immersed in resin.
After hardening for 24 h, the sample was ground on sand pa-
per and then polished using alumina paste to expose the cross-
section of the deposited film. For TEM examinations, polymer
composites were first dispread in acetone by ultrasonication, and
then loaded on the holey carbon-film-coated copper grid. Deion-
ized water was used for preparing solutions and rinsing elec-
trodes. Reagents of o-aminophenol (99�%, Fluka),
m-phenylenediamine (98�%, Fluka), aniline (99.5�%, Aldrich),
KCl (99%, Sigma), and HCl (37% in water, Acros) were used as
supplied.

Multiwalled CNTs (Shenzhen Nanotech Port Co., Ltd.) were
boiled in a mixture of concentrated sulfuric and nitric acids (3:1
v/v) for about 30 min. After cooling to room temperature, the
suspension was bath sonicated for 10 min, and then filtered and
washed in water to pH 6�7. The obtained acid-treated CNTs
were further diluted to form a suspension containing 0.2 wt %
CNTs.

The electro-co-deposition process was carried out in 10 mL
aqueous solution of the monomer (10 or 50 mmol L�1) and acid-
treated CNTs. For comparison, pure polymer was electrodepos-
ited from an aqueous solution containing a given monomer (10
or 50 mmol L�1) and KCl (0.5 mol L�1). Potentiodynamic polym-
erization was carried out by cycling the potential in the range of
0.0�1.0 V at a scan rate of 20 mV s�1 against the Ag/AgCl refer-
ence electrode. Potentiostatic polymerization was typically car-
ried out at a given potential for a designated deposition time or
charge.

The electro-deposited films on the Pt disk electrode were stud-
ied by cyclic voltammetry and ac impedance (0.1 Hz
100 kHz) in
a three-electrode cell (10 mL) containing aqueous HCl solutions at
different pH with or without added KCl to maintain the electrolyte
strength. Open circuit potential measurements of the electro-
deposited films were also carried out in the 3 mol L�1 KCl solu-
tion, with or without CO2 bubbling at a flow rate of 6 mL min�1.

A tube-type two-electrode cell was built using two graphite
disk electrodes that were predeposited with the desired
polymer�CNT composites. The two electrodes were forced into
each end of a silicone rubber tube with an inner diameter of 10
mm. A small hole was cut in the tube wall between the two elec-
trodes to allow electrolyte (1.0 mol L�1 HCl) injection using a pipet.
The distance between the surfaces of the two electrodes was 10
mm. Thus, the amount of electrolyte was calculated as ca. 0.8 mL.

The PGSTAT30 Autolab Potentiostat (EcoChemie, Inc.) was
used for all electrochemical controls. The microstructures and
morphologies of the samples were investigated on a Philips XL30
FEG (SEM), Quanta 600 ESEM (BSE-SEM), and HRTEM JEOL-2100F
(TEM).
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