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1. Introduction 

The preparation, characterization and application of carbon nanotubes [1-5] and their 

composites including those with conducting polymers [6-26] have been in the foreground of 

research activity in electrochemistry in the last decades. This intense interest is 

understandable since several applications, especially in the fields of energy storage, batteries, 

fuel cells [19, 21] supercapacitors [4, 11, 13, 14, 16-18, 21, 22, 28] electroanalysis and 

biosensors [3, 12, 15] etc. have been accomplished. However, several fundamental properties 

of electrodes based on multi-walled carbon nanotubes (MWCNTs) and their composites with 

conducting polymers have not been studied in detail, yet. It was hoped that by using 

electrochemical quartz crystal nanobalance technique (EQCN) [27], the application of which 

has been somewhat neglected in the studies, except [5, 24, 25], may help to gain a deeper 

understanding of the electrochemical behavior of these systems, especially the potential 

dependent sorption phenomena. 

In my thesis, the nanogravimetric results obtained for Au │ MWCNT electrodes and 

their “activation” during potential cycling will be discussed. In addition, results based on the 

adsorption / sorption of aniline and 6-aminoindole on MWCNT and the oxidative 

electropolymerization of adsorbed aniline and 6-aminoindole at Au │ MWCNT electrodes 

will be presented. 

 

2. Literature background 

2.1. Electrical double layer and adsorption phenomena 

When discussing the chemistry of electrodes in aqueous environments, one must not neglect 

the effects of an electric double layer at the metal surface. In many electrochemical 

experiments, there is a disturbing effect due to the capacitive current which can obscure or 

even render unobservable electrochemical peaks in a cyclic voltammogram. As a result, we 

often seek to eliminate the effect of the double layer on our results. At other times, we try to 

enhance capacitive effect such as in the search for higher capacity and more efficient 

supercapacitors. 

The first theoretical model of the electric double layer was produced in 1879 (Helmholtz) and 

assumed a compact layer of ions in contact with a charged metal surface. Due to deficiencies 



2 
 

in the ability of this model to accurately predict physical phenomena, Gouy and Chapman 

suggested a diffuse double layer where ions formed a double layer in a Boltzmann 

distribution extending some given distance from the electrode surface. More detailed 

descriptions of these effects can be found in the references [29-32]. 

Despite the extensive research that has been done on the subject, the structure of these double 

layers is not always simple to determine due to the effect of disturbing species, hydrated ions 

and different adsorption phenomena. One can have multiple species of analyte, solvent and 

electrolyte particles all taking part with different interactions to the electrode surface. In the 

case of platinum metal, carbon monoxide can covalently bond to two platinum atoms 

blocking active sites for the reduction of hydrogen. In this case, we have a disturbing species 

that will eventually block the activity of our electrochemical surface. Therefore, it is essential 

to study and understand these species and their effects on electrode surfaces. 

2.2. Carbon nanotubes 

Carbon nanotubes have been the subject of particular interest and intense study by research 

groups in different fields of scienc from engineering to biology. Carbon nanotubes are part of 

the fullerene family of carbon compounds and possess a large length to diameter ratio of up 

to 132,000,000:1 [33]. The tubes can be imagined one atom thick sheets of graphene rolled 

into long tubes. While it is possible to directionally generate these tubes in an ordered way[4, 

8], they often stick to each other due to π-π interactions, forming bundles of nanotubes, 

especially in aqueous solutions. Carbon nanotubes can be synthesized using techniques 

including carbon arc discharge, pulsed-laser deposition or chemical vapor deposition. Using 

these techniques will form nanotubes with differing chemical and mechanical properties 

useful for a range of materials and for a variety of specific applications. 

Due to the advantageous chemical, electrochemical and mechanical properties of MWCNTs, 

investigations for various applications have been carried out in detail as was discussed in the 

introduction section. However, it bears repeating that there is still uncovered territory in the 

field of the electrochemistry of carbon nanotubes. It is one of the goals of this investigation 

that some of these questions will be covered and explained. 
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2.3. Conducting polymers 

The Nobel Prize in Chemistry 2000 was awarded to three researchers; Heeger, Macdiarmid 

and Shirakawa for their work on halogen oxidized poly(acetylene) in the 1970s. The novelty 

of their discovery was that it was in opposition to the classical interpretation of organic 

polymers as insulators. In fact, we use polymer insulators to great extent in our everyday 

lives as protective coatings for wires and other surfaces. Fortunately, spontaneous 

conductivity does not occur. However, it was discovered that through creating polymers with 

alternating single and double bonds within the macromolecular structure that one can produce 

intrinsically conductive polymers in the laboratory. 

The preparation, characterization and application of electrochemically active polymeric films 

have been in the foreground of research activity in electrochemistry since the first report in 

1978 [34]. This interest in research is understandable due to the possible uses of conducting 

polymers in the fields of energy storage, electrocatalysis, photoelectrochemistry, organic 

electrochemistry, bioelectrochemistry, electroanalysis, sensors, electrochromic displays, 

microsystem technologies, electronic devices, microwave screening and corrosion protection, 

etc. [26, 35]. 

2.3.1. Aniline and polyaniline 

Aniline is a relatively simple chemical compound consisting of a phenyl ring coupled to an 

amino group. It is can be produced synthetically from benzene after the addition of a nitro 

group and its reduction. Aniline has been used since the 19
th

 century when it was isolated 

from tar residues in the gas industry. In its most early uses, it was used as a dye in the textile 

industry [35]. However, as has often been the case with newly discovered toxic chemicals, it 

was not fully understood even as it was being mass produced and in 1862, the physician, Dr. 

Henry Letheby became interested in its pharmaco-kinetic properties after many of the factory 

workers fell ill. He actually reported the first formation of poly-aniline when he observed the 

formation of a bluish-green layer on the surface of an electrode upon oxidation. This color 

was eliminated upon the reduction of the layer [36]. The polymer description of the formed 

substance was not discovered, however, due to the fact that polymers and other 

macromolecules were not officially accepted by the scientific community until the 1920s. As 

was discussed in the introduction, in the last 150 years, polyaniline (PANI) has become the 

most widely studied and used conducting polymer [26, 35, 71, 72, 73]. 
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2.3.2. Indole and polyindole 

Indole is an aromatic heterocyclic organic compound with a bicyclic structure. The source of 

the term Indole comes from a portmanteau of indigo and oleom, or fuming sulfuric acid from 

which Indole can be isolated. The history of indole begins similarly to aniline with its first 

uses being in indole dyes. The first preparation of pure indole was performed in 1866 by 

Adolf von Baeyer when he reduced oxindole to indole using zinc powder [37]. Due to the 

structural similarity to alkaloids, research on indole intensified again in the 1930s and it 

remains an active research area to this day [38, 39] 

Chemical and electrochemical oxidative polymerization has been executed [43, 44] to form 

polyindole. A wide range of applications for these polymers has been suggested including 

corrosion protection [41], batteries [44, 45], biosensors [46], and electrochromic devices [47-

51]. The structure of polyindole has been a topic of intense discussion. Various papers have 

investigated the couplings of the indole monomers [52-55]. In addition, our lab has 

previously published a study [56] on poly(6-aminoindole) where the electro-deposition of 6-

aminoindole was investigated by EQCN. In this report, we hope to compare the performance 

of poly(6-aminoindole) layers with composites prepared with MWCNTs. 

 

3. Experimental Techniques 

3.1. Cyclic voltammetry 

Cyclic voltammetry or CV for short is the method of choice for many electrochemical 

measurements. These measurements were aided greatly by the invention of the three 

electrode potentiostat by Hickling in 1942 [57]. The technique can be used to determine the 

electrochemical properties of a variety of redox active compounds. The method consists most 

commonly of a three electrode system containing a working electrode, reference electrode 

and a grounded high surface area counter electrode. The principles of heterogeneous kinetics 

are the driving forces of the experiments with mass transport and electron transfer being 

possible limiting steps depending on multiple factors. It would be best to state that this 

section is not designed to be in any way comprehensive and for further references to the 

theories of linear sweep voltammetry it would be best to refer to the text book of Bard and 

Faulkner [30]. 
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The principles of linear sweep voltammetry were elucidated independently and at almost the 

same time in 1948 by Randles and Sevcik [58, 59]. The Randles-Sevcik equation describes 

the effect of the sweep rate on the peak current (Ip). 

       (1) 

where n is the number of electrons transferred during the reduction / oxidation reaction, F is 

the Faraday constant in C mol
−1

, A is the area of the electrode in cm
2
, c is the concentration in 

mol dm
−3

, v is the scan rate in V s
−1

, D is the diffusion coefficient in cm
2
 s

−1
, R is the 

universal gas constant in J K
−1

 mol
−1

, and T is the temperature in K. 

The capacitive current is based on the charging of an electronic conductor. During scanning 

in a linear sweep experiment, the electrode surface becomes either positively or negatively 

charged uch like the plates of a normal capacitor. The charging current can be measured and 

is dependent on the rate of the linear sweep. This response most often manifests itself at the 

beginning of the CV response and can be described by Eq. (2). 

I = v Cd           (2) 

Where v is the scan rate in V s
-1

, Cd is the capacitance in F and I is the capacitive current in 

A. This system can easily be approximated by using an R / C circuit where Cd is the 

capacitance of the electrode under investigation and Rs is the resistance of the cell in Ω. As 

the potential is applied at a constant sweep rate, we first see an increase in the current until it 

levels off to the current given from Eq. (2). These phenomena are described in detail on 

pp14-18 of [30]. 

The capacitance of a material can be determined from the area under a polarization curve 

(charge, q) divided by the scan rate according to Eq. (3). To find the specific capacitance (F 

g
−1

) of a material, the capacitance of the layer is simply divided by the dry mass. This mass 

can be determined by subtracting the frequency of the clean electrode from the electrode 

containing the layer. This is only applicable in the case of the same electrode e.g. it is not 

possible to compare the dry mass of two different electrodes directly. 

           (3) 
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The Cottrell equation (4) describes the current response (I) in time (t) of an electrochemical 

reaction at an electrode surface. 

          (4) 

This response is also affected by the bulk concentration and diffusion coefficient of species j, 

cj
0
 in mol m

-3
and Dj in m

2
 s

-1
 respectively. 

3.2. Electrochemical quartz crystal nanobalance (EQCN) 

The Quartz crystal nanobalance (QCN) is a sensitive instrument used for measuring fine mass 

changes on a surface. As the name suggests, using EQCN, it is possible to measure mass 

changes of a material in the nanogram range. The technique is made possible by a 

piezoelectrically active crystal attached to a frequency counter. Piezoelectricity is a special 

property of certain materials where mechanical strain can be created through the application 

of a potential difference or, as in our case, mechanical changes to the crystal can result in an 

electrical signal. There is some application flexibility by using different crystal cuts and α-

quartz is used in the majority of cases [27]. 

One can determine useful parameters from the oscillation frequency of the crystal. For 

instance, to calculate the mass change (∆m) of a film from a measured change in frequency 

(∆f) one can employ the Sauerbrey equation. Sauerbrey was a pioneer in the field of 

resonance frequencies of crystals. In Sauerbrey’s original paper in 1959 [60], they were able 

to reach a sensitivity of 10
−10 

g on a dry substrate. The Sauerbrey equation can be written as  

      (5) 

where f0 is the resonant frequency of the crystal in Hz, fc is the frequency of the oscillator 

formed by the crystal and some film at its surface, ∆m is the mass change in g, A is the 

piezoelectrically active crystal area in cm
2
, ρq is the density of the quartz (2.648 g cm

−3
), μq is 

the shear modulus of quartz and for an AT-cut crystal is equal to 2.947 × 10
11

 g cm
−1 

s
2
, and 

Cf is the integral mass sensitivity in Hz g
-1

. 

In order to make quantitative measurements, the quartz crystals must first be calibrated to 

determine the frequency response to a deposition and dissolution of a well characterized 

chemical system. Most commonly, the determination of QCN sensitivity is carried out using 
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silver dissolution / deposition onto an electrode surface. This is useful due to the direct 

relationship between the charge measured in the CV and the frequency response and the 

absence of other disturbing interactions. A plot of the frequency vs. the charge consumed is 

generated from the deposition / dissolution reaction. From the slope of the plot, it is possible 

to determine the sensitivity of the crystal using Eq. (5). 

It is easily achievable to combine EQCN with common electrochemical measurements such 

as galvanostatic, potentiostatic or cyclic voltammogramic measurements. By combining the 

techniques, it is possible to follow the charge consumed in the reaction and relate this to the 

moles of consumed reactant. This allows for the comparison of current responses and their 

corresponding frequency responses. This can be critical in mechanism elucidation from the 

molecular mass of the reacting species. By rearranging Eq. (5) it is possible to calculate the 

molecular mass of the reacting species by Eq. (6). 

           (6) 

where M is the molecular weight in g mol
−1

, n is the number of electrons transferred during 

the reaction, F is the Faraday constant and A is the surface area in cm
2
. In order for this 

equation to be valid, one must assume 100% charge efficiency as well as a uniform film 

generation over the whole surface of the electrode. Of course, in practice these two 

requirements are often not perfectly met. It is still possible to calculate the mass changes as 

long as one generates a film in a uniformly non-uniform way forming a random dispersion of 

material on the surface of the electrode. 

3.3. Scanning electron microscopy 

Scanning electron microscopy, or SEM for short, is a powerful tool for examining surface 

structures for a variety of nanostructured materials. The microscope scans the surface of a 

sample with a focused beam of electrons emitted from an electron source. Electron sources 

typically consist of a tungsten filament cathode due to its stability at extreme temperatures. 

The atoms on the surface of the sample will interact with the electron beam and electrons will 

be emitted back towards a detector. Most commonly, these secondary electrons are detected 

and from the angle and intensity of the reflected electrons it is possible to determine the depth 

of the surface and generate an image of its topographical features. 
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The early history of SEM measurements begins with Manfred von Ardenne in 1937. A 

special raster type scanning pattern was needed to obtain a magnified image and to reduce the 

chromatic aberration inherent to the microscope. This advancement made the imaging of 

surfaces by electrons possible. Further work was carried out by Zworykin and by groups at 

Cambridge in the 1950s and 1960s. A more detailed description of this history was presented 

by McMullan [61, 62]. 

Despite the power of SEM imaging, there are some inherent limitations to this technique. 

First of all, the sample must be electrically conductive and grounded. In our case, this poses 

no problem due to the conducting nature of the films under investigation, but for many 

samples that are either insulating or semi-conductive, further sample preparation is required. 

In the case of samples with limited conductivity, sample surfaces can be prepared by coating 

with an ultrathin layer of gold, platinum, chromium, or other appropriate conducting material 

by sputter coating or, alternatively, by high-vacuum evaporation. Without a conductive 

coating, non-conductive samples or samples with limited conductivity will often be altered or 

damaged by electron sputtering. In addition to the conductivity constraints, the sample 

chamber also must be under a high vacuum to prevent electrons from interacting with air. 

This vacuum creates a more efficient and suitable environment for the measurements and 

reduces noise in the system. 

 

4. Materials and methods 

4.1. Materials 

Analytical grade H2SO4 and Na2SO4
 
from Merck and NaNO3, NaCl, and KCl from Sigma-

Aldrich were used as received. Multi-walled carbon nanotubes (Baytubes
®
 C 150P, Bayer 

MaterialScience, Germany) were used. The main specifications of this product are as follows: 

C-purity: > 95 wt%, number of walls: 3-15, outer diameter: 13-16 nm, inner diameter: 4 nm, 

length: 1- > 10 μm, electrical conductivity: > 10
4
 s cm

−1
. Freshly distilled aniline (Merck) 

was used and all solutions were deaerated before the monomer was dissolved. 6-aminoindole 

(Sigma-Aldrich) was used as received and deaeration was performed similarly to aniline 

solutions. Doubly distilled water was used (Millipore water). During the electrochemical 

experiments, all solutions were purged with oxygen-free argon (purity: 5.0, Linde Gas 
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Hungary Co. Cltd.) and an inert gas blanket was maintained throughout the experiments. A 

saturated calomel reference electrode (SCE) was used. 

 

4.2. Preparations, experimental conditions and instrumentation 

4.2.1. Preparation of MWCNT layers 

To prepare our MWCNT films, a 1:100 w/w mixture of MWCNTs in isopropanol was mixed 

using a Realsonic 57 ultra-sonicating water bath for two hours. A small volume of the 

mixture was drawn up into a capillary tube and deposited by gently tapping the end of the 

capillary onto the surface of the gold quartz crystal electrode. Using this technique, a uniform 

thin film was applied to the electrode surface. The isopropanol was allowed to dry overnight 

leaving a clean film of MWCNT. 

4.2.2. Preparation of MWCNT-Aniline layers 

We generated MWCNT-aniline films on the surface of gold electrodes in three ways. The 

first being the direct application of dissolved aniline in a solution of Ar purged 0.5 mol dm
−3

 

H2SO4 at different concentrations. This was performed by placing the MWCNT covered gold 

crystal in a Teflon holder into the solution and waiting for a given time ca. 1 hr. This was 

followed by an oxidation in new Ar purged 0.5 mol dm
−3

 H2SO4 (thin films) or in the original 

aniline containing solution (thick films). 

Additionally, we created a co-polymer by first sonicating the MWCNTs in pure aniline for 

two hours and then this was dropped onto the surface of the gold crystal electrode. This layer 

was allowed to sit in air overnight. The following day, the electrode was washed and the layer 

oxidized either buy CV or potentiostatic techniques. It should be noted that this procedure did 

not necessarily result in the generation of a co-polymer but that this term will be used simply 

as a descriptor of the film. 

4.2.3. Electrochemical quartz crystal nanobalance measurements 

A three-electrode cell was used. A gold wire was used as a counter electrode. The reference 

electrode was a sodium chloride saturated calomel electrode (SCE) separated with a double 

frit from the main compartment.  
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Five megahertz AT-cut crystals of one inch diameter coated with gold with titanium 

underlayer (Stanford Research Systems, SRS, U.S.A.) were used in the EQCN 

measurements. The electrochemically and the piezoelectrically active areas were equal to 

1.37 cm
2
 and 0.4 cm

2
, respectively. The integral sensitivity of the crystals (Cf) was found to 

be 56.6×10
6
 Hz g

−1
 cm

2
,
 
i.e., 1 Hz corresponds to 17.7 ng cm

−2
.  

The crystals were mounted in the holder made from Kynar and connected to a SRS QCM 200 

unit. An Electroflex 450 potentiostat (Szeged, Hungary) and a Universal Frequency Counter 

PM6685 (Fluke) connected with an IBM personal computer were used for the control of the 

measurements and for the acquisition of the data. 

 

Fig. 1. Photograph of EQCN holder, controller and crystals used in mass determination 

experiments from Stanford Research Systems model QCM200 

Although the requirements (uniform and homogeneous surface layer) for the application of 

Sauerbrey equation are not perfectly met, on the basis of measured frequency values, a rough 

estimation can be made. This should not be an issue in the reported measurements and the 

relative values of Δf obtained for the incorporation of different ions and solvent molecules 

should be approximately correct. 

 

 

 

4.2.4. SEM studies 
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The deposited layers were investigated by Focused Ion Beam Scanning Electron Microscope 

(FIB-SEM) type FEI Quanta 3D, The Netherlands. 

  

Fig. 2. Photograph of the Versa 3D FEI dual-beam FIB-SEM instrumental setup (a) and 

the measuring head (b) at the ELTE laboratory led by Dr. Havancsák Károly 

 

5. Results and discussion 

5.1. EQCN response of MWCNT films 

5.1.1. EQCN and CV response of a gold electrode 

We first measured a clean gold electrode using the EQCN to obtain a baseline for further 

experiments and to ensure the cleanliness of our system. At high potentials (ca. 1.6 V), the 

typical formation of a gold-oxide layer can be observed from the current waves as well as the 

frequency decrease (Fig. 3). At 0.8 V, the gold-oxide is reduced and an increase in frequency 

can be observed. Overall, the process results in a very small (less than 10 Hz) increase in the 

frequency of the crystal suggesting a removal of small amounts of contaminants present 

before the cycling on the surface of the gold electrode. 
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Fig. 3. Simultaneously obtained current and frequency response of an Au electrode crystal in 

the potential range from −0.5V to 1.7 V in Ar purged 0.5 mol dm
−3

 H2SO4 with a scan rate of 

50 mV s
−1 

5.1.2. Formation of a MWCNT film 

 

Fig. 4. Frequency changes during drying of an MWCNT-isopropanol sonicated suspension 

on a gold electrode quartz crystal. Application begins at ca. 100 s and ends at ca. 150 s 
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As seen in Fig. 4, placing a drop of the MWCNT isopropanol suspension on a gold surface 

results in an immediate decrease of the frequency due to viscous damping proportional to the 

density and viscosity of the liquid. The ca. 1,000 Hz is close to the expected value in this case 

[27]. During evaporation of the solvent, practically no change could be detected until the 

solution became concentrated when an oscillating behavior was observed. It can be assigned 

to competitive processes: evaporation of the liquid which causes a frequency increase and the 

deposition (attachment) of the MWCNTs to the surface which manifests itself in a frequency 

decrease. After the complete evaporation of isopropanol, a stable frequency value was 

measured. The total frequency change was ca. 1,200 Hz. By using Eq. (5), it corresponds to a 

mass change of 21.2 μg. The preconditions of the use of the Sauerbrey equation (uniform 

surface film) were not met in this case; however, the calculation should give a rather good 

approximation. It can be shown that if the surface layer covers the whole surface in a 

uniformly non-uniform manner, a reasonable value for the surface mass can be obtained. At 

least the values determined during further deposition and related to this mass change might be 

correct. Fig. 5 shows that MWCNTs covers the gold surface uniformly. 

 

Fig. 5. Photo of a gold covered quartz crystal after the deposition of MWCNT and drying in 

air at ambient pressure 
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5.1.3. CV response of MWCNT films 

In Fig. 6, we observed the mass and current response to voltammetric cycling of a gold 

surface covered with a MWCNT layer. The frequency response is the typically large (ca. 200 

Hz) decrease seen in the first cycles after applying the MWCNT film. We see very little 

increase in capacitive current comparing a gold electrode to a MWCNT coated gold 

electrode. However, at positive potential limits higher than 0.8 V, the frequency change upon 

cycling is dramatic in the case of the nanotube layer. This is in contrast to the relatively stable 

and reversible frequency response of the gold electrode at the same potentials. This decrease 

is related to the swelling of the MWCNT film and independent of the reactions of the Au 

layer. 

  

Fig. 6. (a) Simultaneously obtained current and frequency measurements of a clean gold 

electrode (blue, 1) (−0.3 V to 1.5 V) and Au-MWCNT film (red, 2) (−0.2 V to 0.9 V)          

50 mV s
−1

, 0.5 M H2SO4, Ar purged electrolyte. Measurements were made at 50 mV s
−1

 in 

0.5 M H2SO4 after an Ar purge 
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Fig. 7. Simultaneously obtained frequency and current response of pure gold (1, blue) from 

−0.3 V to 1.2 V and MWCNT (2, red) from −0.3 V to 0.9 V made at 50 mV s
−1

 in Ar purged 

0.5 M H2SO4 

It can be seen from Fig. 7 that capacitive current is not greatly increased by addition of 

MWCNT to gold alone. We will discuss this phenomenon further in section 5.1.4 but simply 

forming a layer of MWCNTs on the surface of a gold electrode is not adequate to obtain a 

strong capacitive response from the film. 

5.1.4. MWCNT film conditioning 

Carbon nanotubes are usually activated before their electrochemical investigation or 

application, e.g., in supercapacitors. The activation has been usually carried out by adding a 

strong oxidant to the suspension of CNT in acid media. Then agitation and elevated 

temperature have been applied for a long period of time [1, 4, 28]. The activation, which 

results in an increased specific capacitance, has been explained by the formation of hydroxy, 

oxo, and carboxy groups on the carbon nanotubes which make the nanotubes more 

hydrophilic. A similar effect has been reported by using an electrochemical treatment [4]. 

The phenomena occurring in the course of the electrochemical activation is one of the goals 

of this paper. It was indeed observed that when the positive potential limit was extended over 

0.8 V; during cycling, the capacitive current slowly increased, and eventually a much higher 

capacitance could be achieved. What was really surprising was that an enormous mass 
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increase occurred above 0.8 V, even when the cyclic voltammograms did not change 

substantially; i.e., the increase of capacitance was still small (Fig. 6). In Fig. 7, the first cyclic 

voltammogram and the respective EQCN curve are displayed. It is evident that the effect 

observed is due to the MWCNT layer alone, and the sorption of anions on gold or even the 

gold oxide formation [70] play no role since the frequency change caused by these processes 

is orders of magnitude smaller. 

 

Fig. 8. Sequence of three subsequent cyclic voltammograms and the simultaneously 

detected EQCN responses during cycling of an Au│MWCNT electrode from −0.1 V to 0.8 V 

in Ar purged 0.5 mol dm
−3

 H2SO4 electrolyte at a scan rate of 50 mV s
−1

 

Performing multiple cycles of an Au-MWCNT film resulted in an activation of the MWCNT 

layer. The response observed in Fig. 8 is typical for a MWCNT film when compared to 

reports of chemical and electrochemical oxidative activation in other laboratories. We 

observed an increase in the capacitive current when compared to a gold electrode alone. This 

increase in capacitive current is a non-reversible change in the film. Even after the drying of 

the film, the same increase in the capacitive current is present when compared to the gold 

alone. The frequency response of the film, unlike the current response, becomes reversible 

after a high number of cycles and can be attributed to incorporation of water into the film. 

After drying the film in ambient pressure and temperature, the frequency of the film recovers 

back to within a few hundred hertz of the original dry frequency. This suggests that the bulk 
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of the frequency change is not due to a permanent oxidation of the film or incorporation of 

electrolyte but instead due to solvent swelling. 

  

Fig. 9. Multi-cycle behavior of conditioned Au-MWCNT films and pure gold. The CV 

response (a) and frequency response (b) of a MWCNT film (red, 2) over 25 cycles from    

−0.2 V to 0.9 V and the response of a gold electrode (blue, 1) from −0.3 V to 1.2 V at          

50 mV s
−1

 in Ar purged 0.5 mol dm
−3

 H2SO4 solution 

5.1.5. Electrolyte effect on MWCNT cycling 

 

Fig. 10. Simultaneously obtained current (a) and frequency responses (b) of an Au electrode 

in Ar purged 0.5 mol dm
−3

 H2SO4, Na2SO4, NaNO3, NaCl and KCl solutions at 20 mV s
−1

. 

The positive potential limit was 0.5 V and the starting potential was between −0.4 and −0.2 V 

depending on the electrolyte 

Removal of harmful electrolytes and heavy metals from waste water is a necessary process in 

industry before waste eluents can be reintroduced to the environment and increasingly, 

electrochemical methods are employed to achieve these goals [65-67]. To investigate the 
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uptake of electrolytes by MWCNTs, we recorded their frequency response over a narrow 

potential range (ca. −0.3 V to 0.5 V). Using the EQCN, it was possible to follow fine mass 

changes of the layer. The frequency response can be seen in Fig. 10. The effect was 

investigated under acidic as well as neutral conditions. We see a frequency maximum ca. 0.1 

V in various electrolytes corresponding to a mass minimum of the film. This minimum is in 

fact the potential of zero charge (pzc) of the layer where the electrolyte concentration at the 

double layer is at a minimum. As a general trend, this mass increase / decrease became more 

pronounced with the addition of MWCNT films as compared to a clean gold surface. This 

could be due to the increased thickness of the effective double layer in the MWCNT film as 

compared to a gold electrode alone. However, because in the case of these ions, the real mass 

change caused by the specific adsorption is minor, other effects related to the nonspecific, 

electrostatic adsorption may dominate; mostly the change of the population of ions near the 

metal surface causing change in the viscosity and density of the solution layer [68]. Similar 

results have also been found for nanoporous carbon electrodes [69]. 

 

Fig. 11. Simultaneously obtained current and frequency response of an Au│MWCNT 

electrode in Ar purged 0.5 mol dm
−3

 NaNO3 solution from 0.5 V to −0.6 V and −0.8 V at    

50 mV s
−1

 

In Fig. 11, we see an example of the potential of zero charge determination on an Au-

MWCNT film. As the potential is swept to more negative values, we see a frequency 

maximum between −0.06 V and 0.08 V by linear regression of the forward and reverse scans 
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respectively. These values are reproducible and were measured with several different 

electrolyte solutions. In addition, decreasing the negative potential limit resulted in the 

formation of hydrogen at the electrode surface and a non-reversible frequency response. This 

could be due to the reduction of oxo groups on MWCNTs that were generated during the 

activation process of the film. In Fig. 12, we compared the effect of different anions on the 

frequency response of the film. It can be seen that the sodium sulfate solution (red) has a 

slightly more positive pzc at the peak of the frequency curve. This is due to the differential 

mass of the hydrated ions and their effect on the viscosity of the solution close to the 

electrode surface. 

To investigate the movement of solvated electrolyte molecules in the solution, we measured 

the scan rate dependence of the flow of anions and cations in and out of a MWCNT layer on 

a gold electrode. The results of these measurements are seen in Fig. 13. We observed the 

current and frequency response of the film at these different scan rates in the same 

electrolyte. The frequency changed with the same general pattern in all cases with a peak at 

around 0.1 V in Na2SO4 solutions. At faster scan rates, it is possible to see that the response 

has larger steps due to the movement of electrolyte in the double layer. We found that a scan 

rate of 20 mV s
−1

 was optimal for our experiments resulting in a smooth frequency curve. 

Scan rates higher than this resulted in inconsistent and difficult to interpret responses and 

noise became a disturbing factor due to instrumental constraints at lower scan rates. The 

capacitive current rose linearly with scan which was typical to other reports. This effect can 

be observed at around 0 V where the response of the film is purely capacitive without any 

disturbing peaks. Peak current also changed according to scan rate as can be seen in Fig. 13 

ca. 0.4 V which is again typical for these scan rate experiments. 
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Fig. 12. Simultaneously obtained current and frequency response of an Au│MWCNT 

electrode in Ar purged 0.5 mol dm
−3

 NaNO3 (black, 1) or Na2SO4 (blue, 2) solution from    

0.5 V to −0.35 V at 50 mV s
−1

 

 

Fig. 13. Simultaneously obtained current and frequency response of an Au-MWCNT film 

cycled from −0.5 V to 0.7 V at scan rates of 10 mV s
−1

 (red, 3), 20 mV s
−1

 (green, 1) and           

50 mV s
−1

 (blue, 2) in Ar purged 0.5 mol dm
−3

 Na2SO4 
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We determined the effect of supporting electrolyte concentration on the frequency response 

of our Au-MWCNT films in Na2SO4 and H2SO4 solutions. It can be observed from Fig. 14 

that with increasing concentration of supporting electrolyte, a better defined peak frequency 

can be observed at ca. 0.1 V. At lower concentrations, a flat plateau can be seen from ca. -

0.15 V to -0.30 V. This effect is due to the increase of the increasing concentration of sodium 

cations in the solution. This can be compared to the frequency response of the film when no 

sodium cations are present in the solution as seen in the case of sulfuric acid. Here the only 

difference is the cation species being sodium for Na2SO4 and the hydronium cation ion in the 

case of sulfuric acid. During the anodic portion of the scan, the electrode becomes negatively 

charged attracting positive ions. The mass effect of hydrated sodium ions is greater than the 

mass effect of hydronium ions on the double layer. 

 

Fig. 14. Frequency response of an Au-MWCNT film when changing the supporting 

electrolyte concentration in a range of 0.125 to 0.5 mol dm
−3

 Ar purged Na2SO4. Sulfuric acid 

is shown as a comparison. A scan rate of 20 mV s
−1

 was used 



22 
 

 

 

Fig. 15. The comparison of a gold electrode (blue, 1) and an Au│MWCNT electrode (red, 2) 

in various media. All measurements were taken at 20 mVs
−1

 all solutions were 0.5 mol dm
−3

 

in Ar purged (a) H2SO4, (b) Na2SO4, (c) NaNO3, (d) NaCl or (e) KCl electrolyte solution. 

Potential ranges were ca. −0.3 V to 0.5 V 

We measured the current and frequency response of a gold electrode and our Au-MWCNT 

film in various electrolyte solutions at the same concentration of each solution. The results of 

these measurements can be seen in Fig. 15. In each case, there is a larger mass increase / 

decrease of the film in MWCNT as compared to gold alone. This effect is due to the 
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incorporation of either fully hydrated or partially hydrated ions into the layer. The ions can be 

incorporated into the electric double layer as well which would change the viscosity close to 

the electrode surface or directly into the film itself changing the mass of the attached 

MWCNTS. In addition, we see a slight increase in the capacitive current of the Au-MWCNT 

film as compared to the bare gold electrode. This increased capacitance was also observed in 

Figs. 6 and 7. 

5.2. PANI covered MWCNT –Au electrodes 

5.2.1. Adsorption of aniline on MWCNT 

In previous studies, aniline nanotube composite layers have been prepared and characterized 

using various measurement techniques [8-12]. Thin composite films were investigated. 

However, it should be noted that these films were prepared by chemical polymerization with 

ammonium persulfate (APS) [8, 10]. Electrochemical preparations of the PANI films were 

carried out by using higher concentrated thick films of PANI-MWCNT polymerized directly 

from solution in [9]. In this investigation, we have performed for the first time a coupled 

cyclic voltammetric quartz crystal nanobalance study of both thick and thin electrochemically 

polymerized films. In Fig 16, we immersed a MWCNT layer into a solution of aniline 

resulting in the adsorption of small amounts of aniline to the film. This effect has a potential 

dependence and increasing the potential will increase the rate at which aniline adsorbs on the 

MWCNT film. The static potentials were chosen to be well below the polymerization 

potential of aniline on gold. In Fig. 17, we observed the concentration dependence of aniline 

adsorption at a fixed potential below the polymerization potential. The addition of higher 

aniline solution concentration during the adsorption also increased the rate of adsorption as 

would be expected. We added the aniline in three steps increasing the concentration from 5 

mmol dm
−3

 to 10 mmol dm
−3

 and finally 15 mmol dm
−3

. After the additions at 100 and 800 

seconds, the slope of the frequency curve shows a marked increase indicating a faster rate of 

adsorption of aniline on the Au-MWCNT film. 
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Fig. 16. The effect of the potential changes on the EQCN frequency response of an              

Au │ MWCT electrode in contact with a solution of 5  10
−3

 mol dm
−3 

aniline dissolved in 

Ar purged 0.5 mol dm
−3

 H2SO4 solution. The potential was stepped from the open circuit 

voltage to 0.1 V, 0.2 V, 0.3 V, 0.4 V and finally back to 0.2 V 

 

Fig. 17. Frequency response of an Au│MWCNT film in Ar purged aniline solution with    

0.5 mol dm
−3

 H2SO4. From an initial concentration of 5 mmol dm
−3

, the aniline concentration 

was increased to 10 mmol dm
−3

 at 100 s and 15 mmol dm
−3

 at 800 s 
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5.2.2. CV response of adsorbed aniline on MWCNTs 

We prepared an aniline-MWCNT “co-polymer” film according to section 4.2.2 and this film 

was cycled while simultaneous frequency and current responses were measured. In Fig. 18, 

increasing positive potential limits were used. The frequency response is typical for a 

MWCNT film with a frequency decrease due to swelling being observed. In Fig. 19, the 

positive potential limit was set to the polymerization potential of aniline. There was a large 

increase in the capacitive current of the “co-polymer” vs. MWCNT or gold alone. This effect 

seems to be dependent on the amount of aniline present in the film. It should be noted that 

there are two waves, one on the forward sweep and one at the reverse sweep that appear in 

the cyclic voltammogram of our PANI-MWCNT-Au electrode. These appear at 0.5 V and 

0.45 V respectively and are typical for the initial cycles of a polyaniline film. They are most 

likely due to the oligomerization of the aniline as a step prior to the full polymerization of the 

film. 

 

Fig. 18. Simultaneously obtained frequency and current response of aniline adsorbed on    

Au-MWCNT film at 50 mV s
−1

.From an initial potential of −0.2 V the film was cycled to a 

positive potential limit of 0.4 V to 0.6 V over the course of four cycles 
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Fig. 19. Current response to cycling of aniline “co-polymer” (black, 1) from −0.2 V to 0.9 V, 

MWCNT (red, 2) from −0.2 V to 0.9 V and pure gold (blue, 3) from −0.3 V to 1.2 V. Carried 

out in Ar purged 0.5 mol dm
−3

 H2SO4 with a scan rate of 50 mV s
−1 

 

Fig. 20. Simultaneously obtained current and frequency response of sonicated aniline 

MWCNT films (a) Pre (blue, 1) and post (red, 2) (after reaching ca. 0.8 V) PANI-

polymerization cycles. (b) Pre- (blue, 1) and post-(red, 2) polymerization of aniline/MWCNT 

film. All cycles were performed in Ar purged 0.5 mol dm
−3

 H2SO4 solution at 50 mV s
−1 

In Fig. 20, we observed the difference between the pre-polymerized film (i.e. cycles of the 

film before reaching the polymerization potential of ca. 0.8 V) and one cycle from after 

polymerizing aniline on Au-MWCNT. The post polymerization CV (Fig. 20 b, curve 2) 

shows the same oligomeric waves seen in the previous Fig. 19 and these waves are certainly 



27 
 

not as prominent in the pre-polymerized film. In addition to the formation of waves, we see a 

slight increase in the capacitive current between the two cycles. The most striking feature is 

the change in the frequency response of the film. Pre-polymerization, we see the typical 

swelling response of the carbon nanotubes resulting in a large frequency decrease. This was 

seen previously in the multi-cycle Fig. 8 where a large decrease in the frequency occurs in the 

range of 0.6 V to 0.8 V on clean Au-MWCNT films. After polymerization, we can see that 

this effect is blocked by the resistance to swelling within the film. There are two possible 

explanations for this behavior. The MWCNT network on the surface of the gold is only 

loosely bound with no cross linking between the nanotubes themselves. The aniline could 

cause a cross-linking between the individual MWCNTs preventing swelling. They also 

contain pores that can accept cations, anions or water molecules affecting the mass of the 

layer. The polymerization of aniline could also cause a clogging of these pores restricting the 

swelling. Additionally, it is possible that a combination of the two is the cause of this 

response. 

 

Fig. 21. The (a) cyclic voltammograms and the simultaneously obtained EQCN frequency 

responses obtained for an Au│MWCT electrode from −0.2 V to 0.8 V (blue, 1) and an 

Au│MWCT electrode after the adsorption of aniline (red, 2) (b) shows both frequency 

responses (see Fig. 17) from −0.2 V to 0.7 V in Ar purged 0.5 mol dm
−3

 H2SO4 solution at a 

scan rate of 20 mV s
−1

 

In Fig. 21, the current and mass response of an Au-MWCNT film was compared to an Au-

MWCNT-PANI film upon cycling. The typical mass response of the MWCNT film was 

observed by the frequency decrease of the film beginning at about 0.7 V. This response is 

suppressed by the aniline composite and a reversible frequency response can be observed. 

This change in response can be attributed to reduced swelling of the film as previously 
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discussed. In Fig. 22, we saw a difference in the cyclic voltammogram before polymerization 

and afterwards. The green CV was taken before the positive potential limit was set to 

polymerization potentials and it shows the response of the adsorbed aniline mostly in a 

featureless CV consisting of a purely capacitive response. The blue CV shows much the same 

response on the forward scan, but on the reverse scan, we see the formation of two waves; 

one at ca. 0.5 V and the other at ca. 0.2 V. Finally, the red scan shows new features of the 

oligomerized-aniline on the surface of the Au-MWCNT film and the reverse scan mirrors the 

polymerization step confirming that a chemical change has taken place on the film. 

 

Fig. 22. Current response of an aniline adsorbed Au-MWCNT film before polymerization 

(green, 3) from −0.2 V to 0.6 V, during the polymerization step itself (blue, 1) from −0.2 V to 

0.8 V and the cycle taken after polymerization (red, 2) from −0.2 V to 0.7 V. Cycles 

performed in Ar purged 0.5 mol dm
−3

 H2SO4 at 50 mV s
−1 

In Fig. 23, we have compared the cycle of a PANI-MWCNT-Au film against the MWCNTs 

alone. In the case of the MWCNT film, we observe the typically large frequency decrease of 

the film upon electrochemical activation that was discussed in section 5.1.4. However, in the 

case of the MWCNT-adsorbed aniline film, we do not observe such a dramatic mass increase 

even at the higher potentials reached in Fig. 23. After the oxidation of aniline, the extensive 

swelling of the MWCNT layer cannot be observed. 
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Fig. 23. Simultaneously obtained EQCN frequency during cycling of an (red, 2) 

Au│MWCT-polyaniline electrode in an Ar purged 0.5 mol dm
−3

 H2SO4 solution between 

−0.2 and 0.9 V. The curves obtained for the (blue, 1) Au│MWCT from −0.2 V to 0.8 V are 

also displayed with a scan rate of 20 mV s
−1 

In Fig. 24, we have an example of a thin film of aniline on the surface of MWCNTs. In this 

case, we have placed the oxidized thin film in a solution of fresh sulfuric acid. We observe a 

reversible frequency response to cycling as is expected. A minor pair of waves appear at the 

usual potential of the leucoemeraldine  emeraldine transition of PANI, i.e., between 0 V 

and 0.1 V. A dominant pair of waves can also be seen in the potential range of 0.47 V and  

0.5 V. The response of the polyaniline film varied widely with the ammount of aniline 

monomer applied to the MWCNT film. This is seemingly due to the differential response of 

polyaniline and aniline oligomers to potential cycling. 
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Fig. 24. The cyclic voltammograms and the simultaneously obtained EQCN frequency 

responses during cycling from −0.2 to 0.8 V of an Au│MWCT-polyaniline electrode in 

0.5 mol dm
−3

 H2SO4 solution with a scan rate of 50 mV s
−1

 

5.2.3. PANI-MWCNT composites 

 

Fig. 25. Simultaneous current and frequency response of an Au-MWCNT film in aniline 

solution of 15 mmol dm
−3

 and Ar purged 0.5 mol dm
−3

 H2SO4 at chronoamperometric 

measuring conditions. The initial potential was stepped from 0.45 V, 0.50 V, 0.55 V, 0.60 V 

and finally to 0.65 V where the polymerization was continued for 700 seconds. There is a 

close-up (a) of the overall film generation (b) 
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In Fig. 25, we measured the deposition of aniline on an Au-MWCNT electrode using a 

chronoamperometric technique coupled with EQCN in a sulfuric acid solution. These 

conditions were typical of previous reports of aniline polymerization [36, 70-73]. We 

polymerized at 0.65 V for 700 seconds depositing a total of 1,400 Hz or approximately 24 μg 

to the surface of the Au-MWCNT electrode. There was no observed aniline formation on the 

surface of the gold even after a thick film deposition (ca. 1,000 Hz) by polymerization. This 

could be due a low overpotential for aniline oligomer formation on MWCNTs as compared to 

the relatively high overpotential needed for the oligomerization of aniline on a gold surface. 

This was readily observed by eye in the lab and can be seen in the photograph of one of the 

formed layers (Fig. 26) as well as a closer look by SEM (Fig. 29 a). 

 

Fig. 26. Photograph of a PANI-MWCNT film on a gold covered quartz crystal 

Fig. 27 shows the response of our film on the first cycle after chronoamperometric generation 

of aniline on Au-MWCNT film. It is a typical electrochemical response to cycling for a PANI 

film as previously observed by various groups. In this case, we have left the electrode in the 

solution containing dissolved aniline. Therefore, once polymerization begins at ca. 0.55 V, 

the frequency change is a permanent mass change to the film unlike the reversible response 

between 0.2 V and 0.55 V which is a reversible change in the film mass. The wave at 0.15 V 

is the electrochemically reversible oxidation of the film and on the reverse scan, the wave at 

−0.05 V is the electrochemically reversible reduction of the PANI film. As was previously 

mentioned, these waves are typical and comparable to what has been observed by other 

groups. 
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Fig. 27. Simultaneously obtained current and frequency responses of a PANI-MWCNT-Au 

film cycled from −0.20 V to 0.65 V in 15 mmol dm
−3

 aniline dissolved in                            

0.5 mol dm
−3

 H2SO4 at 20 mV s
−1

 

 

Fig. 28. The cyclic voltammograms and the simultaneously obtained EQCN frequency 

responses of an Au│MWCNT-polyaniline electrode in 5 mmol dm
−3 

aniline dissolved in 

0.5 mol dm
−3

 H2SO4 solution (curves 2 and 3 from -0.2V to 0.45 V and −0.2 V to 0.7 V, 

respectively) and Au│MWCNT (1) in 0.5 mol dm
−3

 H2SO4 with a scan rate of 20 mV s
−1
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In Fig. 28, we were able to reproduce the characteristic CV response of a PANI film. Curves 

marked 1 are of a clean MWCNT layer used as a comparison. In the curves marked number 

3, we reach the polmerization potential of aniline. In three successive cycles, we observe a 

thickening of the PANI film on the surface of MWCNTs. The current response reflects this 

oxidation with a peak current reaching ca. 0.8 mA. The curves marked 2 are cycled in a 

shorter range and the frequency response for the film is completely reversible. In this case 

have the typical pair of peaks at ca. -0.05 V and 0.15 V for the reverse sweep and forward 

sweep, respectively. 

5.2.4. SEM investigations 

 

 

Fig. 29. SEM images of a (a) clean gold surface at 100,000 × magnification, (b) MWCNTs 

on a gold surface at 10,000 × magnification, a (c) PANI film at 2,500 × magnification  and a 

(d) PANI-MWCNT film at 100 × magnification 
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In Fig. 29 a, an amorphous gold surface can clearly be seen. This electrode had been first 

covered with MWCNTs and cycled. This was followed by aqueous PANI film generation of 

ca. 1,400 Hz by potentiostatic methods. The clean surface of the gold indicates that aniline 

oligomer formation occurs at lower overpotentials on the MWCNTs than on the surface of 

the gold. This caused the polymerization of aniline to take place exclusively on the surface of 

the nanotubes attached to the electrode surface. The gold surface remained clean as was 

observed both by eye in the laboratory Fig. 6 and upon closer inspection by scanning electron 

microscope Figs. 29 a, b and d at different magnifications. Fig. 29 c is an SEM image 

showing the morphology of a normal PANI film. 

 

 

Fig. 30. SEM images of (a) MWCNTs at 250,007 × magnification, (b) MWCNTs with 

adsorbed aniline at 200,000 × magnification, (c) a MWCNT-PANI film at 200,000 × 

magnification and a (d) poly(6-aminoindole) film at 100,000 × magnification 
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The images in Fig. 30 show the variation between Au-MWCNT and Au-PANI-MWCNT 

films under a scanning electron microscope. The thicknesses of selected nanotubes were 

measured using the analysis software of the SEM. The thicknesses of MWCNTs alone were 

variable due to the nature of the acquired nanotubes having multiple walls. Nonetheless, it 

can be seen that the thickness of the nanotubes in Fig. 30 a (from 6.6 nm to 15.8 nm) 

increased slightly after the adsorption of aniline in Fig. 30 b (from 9.6 nm to 15.0 nm). After 

the formation of PANI on the surface of the MWCNTs, we observe a dramatic thickening of 

the nanotubes in Fig. 30 c (measured 11.7 nm and 17.8 nm). Additionally, we have presented 

in Fig. 30 d, an SEM image of a poly(6-aminoindole) covered gold electrode. We will discuss 

the characterization and behavior of poly(6-aminoindole) films in section 5.3. 

5.3. Poly(6-aminoindole) MWCNT covered electrodes 

5.3.1. Adsorption of 6-aminoindole 

 

Fig. 31. Frequency response of 6-aminoindole adsorption on MWCNT-Au electrode in Ar 

purged 0.5 mol dm
−3

 H2SO4 containing 15 mmol dm
−3

 6-aminoindole monomer at 0 V 

In Fig. 31, we have the frequency response of a MWCNT film to the adsorption of 6-

aminoindole from acidic solution. The potential of the electrode was held at a constant value 

(0 V) below the polymerization potential of the 6-aminoindole monomer to prevent 

disturbing effects of polymerization on the adsorption measurement. As compared to the 

adsorption of aniline seen in section 5.2.1, we see a much more rapid and intense adsorption 
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phenomena of the 6-aminoindole on MWCNT. However, it is not possible to say whether this 

is a selective adsorption to the surface to the MWCNTs or non-selective adsorption to both 

the MWCNTs and the gold surface as well due to the formation of poly(6-aminoindole) on 

the surface of the gold as well as can be seen in Fig. 35. 

5.3.2. Polymerization of 6-aminoindole 

 

Fig. 32. Simultaneously obtained current and frequency responses to potentiostatic               

6-aminoindole film generation on an Au-MWCNT electrode in contact with                        

0.5 mol dm
−3

 H2SO4. The potential was gradually stepped up with values of 0.34 V, 0.36 V, 

0.38 V and finally 0.39 V 

We performed chronoamperometric experiments to deposit 6-aminoindole on the surface of 

an Au-MWCNT electrode. The results of these experiments can be seen in Fig. 32; where the 

simultaneous current and frequency responses were measured at various polymerization 

potentials between 0.34 V and 0.39 V. It can be seen from the figure that the potential was 

increased stepwise until polymerization of the 6-aminoindole monomers began. The rate of 

deposition increased along with the potential as seen by the increasing slope of the frequency 

response. This rate was monitored and the polymerization was stopped before the film 

became too thick for a total of ca. 600 Hz deposition on the electrode. 
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Fig. 33. Simultaneously obtained current and frequency responses to potential steps of a 

MWCNT-Au electrode in contact with Ar purged 0.5 mol dm
−3

 H2SO4 containing                 

15 mmol dm
−3

 6-aminoindole monomer. A potential program of 0.39 V to 0 V to 0.3 V to          

0 V to 0.4 V and back to 0 V was applied 

 

Fig. 34. Simultaneously obtained current and frequency responses of an Au-MWCNT 

electrode in Ar purged 0.5 mol dm
−3

 H2SO4 containing 15 mmol dm
−3

 6-aminoindole 

monomer. Potential steps from 0.35 V to 0 V (a) and 0 V to 0.35 V (b) were performed 

We performed potential steps to measure Cottrell curves for the poly(6-aminoindole)-

MWCNT-Au film generated in Fig. 32 and the results of these potential steps can be seen in 

Fig. 33. The adsorption of 6-aminoindole is still seen by the negative slope of the frequency 

curve even when below the polymerization potential. Upon increasing the potential to begin 
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the polymerization, we obtain a time dependent current response of the unstirred 6-

aminoindole solution. As the 6-aminoindole concentration at the surface of the electrode is 

depleted, we see a decrease in the current. In Fig. 34, we show an enlargement of the results 

obtained in Fig. 33. The response here is again completely diffusion controlled due to the 

lack of stirring of the solution. During the 0 V to 0.35 V step, the current response diminishes 

as the concentration of 6-aminoindole at the electrode surface is reduced and poly(6-

aminoindole) is formed. The frequency response shows a slight increase just after the 

application of potential suggesting that there is electrolyte leaving the film due to charging of 

the electrode surface and repulsion of charged species. It is also possible that there are some 

viscosity effects caused by the formation of polymer on the surface and changes in the 

electric double layer that result in the observed frequency effect. 

 

Fig. 35. A photograph of an Au-MWCNT-poly(6-aminoindole) film after generation and 

cycling 

The gold surface in Fig. 35 exhibits a slightly reddish color not typical of a clean gold 

electrode surface indicating that the formation of poly(6-aminoindole) takes place not only on 

the MWCNTs but also on the gold surface itself. This can be contrasted to clean MWCNT in 

Fig. 5 and even to our PANI-MWCNT-Au film in Fig. 26 where the gold surface is a bright 

yellow color. In the case of the PANI electrode, it was determined via FIB-SEM 

measurement that the surface of the electrode was clean and free of polymerized aniline while 

the surface of the nanotubes were coated with a layer of PANI. The lower overpotential 

needed for 6-aminoindole oligomerization is the most likely cause of the effect. As was 

discussed previously, the overpotential of aniline oligomer formation on the gold surface is 
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higher than for the carbon nanotube surface. In the case of 6-aminoindole, this overpotential 

difference is smaller or non-existent resulting in the deposition on both the gold surface as 

well as the MWCNT film equally. 

5.3.3. CV response of poly(6-aminoindole) MWCNT films 

 

Fig. 36. The simultaneously obtained current and frequency responses of a                    

poly(6-aminoindole)-MWCNT-Au film. The electrode was cycled using either (a) a single 

cycle from 0.0 V to 0.6 V at 10 mV s
−1 

 or (b) 25 cycles from 0.0 V to 0.6 V at 50 mV s
−1

 

both measurements were performed in Ar purged 0.5 mol dm
−3

 H2SO4 

We simultaneously measured the frequency and current response of our poly(6-aminoindole)-

MWCNT-Au film and observed the mass change seen in Fig. 36. There is an 

electrochemically non-reversible current response in the film with two oxidative waves. After 

the first wave at ca. 0.3 V, the deposition of 6-aminoindole begins on the surface of the 

electrode. The current response is seen in the large increase of the current response starting at 

ca. 0.5 V. There is a consistent frequency decrease similar to what is observed in the 

MWCNT films without any poly(6-aminoindole present). The effect is again most likely due 

to swelling of the film with water. This film swelling had a total frequency change of 340 Hz 

was obtained corresponding to a mass change of 6 μg over 25 cycles.  
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Fig. 37. Cyclic voltammograms and the simultaneously detected EQCN responses during 

the electrooxidation of 6-aminoindole film on Au in contact with Ar purged 0.5 mol dm
−3

 

H2SO4. Positive potential limits were as follows: 0.55 V (2), 0.65 V (3), and 1.4 V (4-6) 

(three subsequent cycles) at a scan rate of 10 mV s
−1

 

 

Fig. 38. Molecular mass determination for a simultaneously obtained current and frequency 

response of a poly(6-aminoindole)-MWCNT-Au electrode in an Ar purged 0.5 mol dm
−3

 

H2SO4 solution at 5 mV s
−1

 from −0.1 V to 0.35 V 
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We performed the overoxidation of a poly(6-aminoindole)-MWCNT-Au electrode and 

recorded the simultaneous current and frequency responses and these data can be seen in Fig. 

37. We observed the shift of the oxidative peak to higher and higher potentials upon 

oxidation of the film. The conductive properties of the film were destroyed by high potential 

cycling (above ca. 0.8 V) as can be seen in the final scan from 0.0 V to 1.2 V. This scan 

closely resembles what would be expected from a clean MWCNT-Au film suggesting that the 

poly(6-aminoindole) has been deactivated and causing the absence of redox waves. These 

findings are in accordance to previous results [56] on the overoxidation of a poly(6-

aminoindole) film. We also measured the mass change of a poly(6-aminoindole)-MWCNT-

Au electrode and calculated the molecular weight of the involved species from these plots. 

These data can be seen in Fig 38. We see that on the forward sweep, there is a mass increase 

corresponding to a species with molecular weight 54.6 g mol
−1

. On the reverse sweep, we see 

a mass decrease corresponding to a species with a molecular weight of 19.2 g mol
−1

. The 

overall process is an increase in the film mass due to swelling with water molecules. 

 

6. Conclusions 

It has been shown that MWCNT immobilized on the gold electrode of an EQCN can be 

activated by potential cycling applying a switching potential higher than 0.6 V. The extensive 

potential cycling results in an increasing capacitance and a rather high mass increase which is 

comparable with the original mass of the MWCNT layer. This mass increase can be assigned 

to the sorption of water molecules. It is mostly due to the formation of functional groups – 

similar to the chemical activation by oxidation in acid media – which makes the layer 

hydrophilic. The increased capacitance is due to the increase of the real surface area. It 

manifests itself also in the increase of the non-specific adsorption of the respective ions 

around the pzc at lower potentials. 

Aniline is adsorbed on MWCNTs, and the adsorbed aniline can be oxidized to oligomeric 

species and polyaniline. The adsorption of aniline substantially decreases the solvent swelling 

effect. When the usual electropolymerization of aniline is executed by applying dissolved 

aniline in acid solution, polyaniline grows on the MWCNTs covered by aniline oligomers and 

polyaniline. By using a lower positive potential limit, i.e., a somewhat lower one than that 

necessary to initiate the electropolymerization on gold, the deposition of PANI occurs 

entirely on the nanotubes and not on the uncovered parts of the gold electrode. It is due to the 



42 
 

autocatalytic nature of the aniline electropolymerization since the deposition of the polymer 

is preferable at places when a thin layer of polyaniline is already present. In a similar way,   

6-aminoindole is also adsorbed on MWCNTs at potentials below the oxidation of indole. 

However, when the positive potential limit is increased, the polymerization of indole 

proceeds not only on the MWCNTs but also on the surface of the gold as well. This indicates 

that there is not the same catalyzing effect of the MWCNTs on indole polymerization. 

A rather high increase of the capacitance can be achieved by deposition of polyaniline. It can 

be attributed not only to the pseudocapacitive contribution of the deposited PANI, but a 

synergic effect can also be observed because the conductive polymer chains connecting the 

nanotubes causes enhanced conductivity of the layer. In the case of both the activated 

nanotubes and the MWCNT-PANI composites, reversible mass changes can be observed 

during cycling which are related to the motion of the charge-compensating anions. The 

originally 3-8 F g
−1

 specific capacitance of the MWCNTs can be increased to 40-100 F g
−1 

by 

electrochemical activation, by depositing polyaniline on the nanotubes 300-500 F g
−1

 can 

easily be reached and 500-1,000 F g
−1

 are possible with the addition of polyindole even at 

high charging-discharging rates. 
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7. Summary 

Electrochemical Nanogravimetric studies of Multi-walled Carbon Nanotubes and their 

Composites with Conducting Polymers 
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Department of Physical Chemistry, Institute of Chemistry, Eötvös Loránd University, 

Budapest 

Place of defense: Department of Physical Chemistry 

Supervisor: Professor Dr. György Inzelt 

         Department of Physical Chemistry 

This thesis is the culmination of my diploma work at ELTE. I researched properties 

conducting polymers including polyaniline (PANI) and poly(aminoindole) and their 

composites with carbon nanotubes. Results were achieved using cyclic voltammetry (CV) 

coupled to electrochemical quartz crystal nanobalance (EQCN) as well as scanning electron 

microscopy (SEM). I demonstrated that multi-walled carbon nanotubes (MWCNTs) 

immobilized on the gold electrode of an EQCN can be activated by potential cycling applying 

a switching potential higher than 0.6 V. Extensive potential cycling results in an increasing 

capacitance and a rather high mass increase which is comparable with the original mass of 

the MWCNT layer. Aniline is adsorbed on MWCNTs, and the adsorbed aniline can be 

oxidized to oligomeric species and polyaniline. The adsorption of aniline substantially 

decreases the solvent swelling effect. By using a lower positive potential limit, i.e., a 

somewhat lower one than that necessary to initiate the electropolymerization on gold, the 

deposition of PANI occurs entirely on the nanotubes and not on the uncovered parts of the 

gold electrode. It is due to the autocatalytic nature of the aniline electropolymerization since 

the deposition of the polymer is preferable at places when a thin layer of polyaniline is 

already present. In a similar way, 6-amino-indole is also adsorbed on MWCNTs at potentials 

below the oxidation of indole. However, when the positive potential limit is increased, the 

polymerization of indole proceeds not only on the MWCNTs but also on the surface of the 

gold as well. A rather high increase of the capacitance can be achieved by deposition of 

polyaniline. It can be attributed not only to the pseudocapacitive contribution of the deposited 

PANI, but a synergic effect can also be observed because the conductive polymer chains 

connecting the nanotubes cause enhanced conductivity of the layer.  
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