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Abstract  
This paper describes for the first time the electrochemical properties of redox-active self-

assembled films of single-walled carbon nanotubes (SWCNTs) coordinated to 

cobalt(II)tetra-aminophthalocyanine (CoTAPc) by sequential self-assembly onto a 

preformed aminoethanethiol (AET) self-assembled monolayer (SAM) on a gold 

electrode. Both redox-active SAMs (Au-AET-SWCNT and Au-AET-SWCNT-CoTAPc) 

exhibited reversible electrochemistry in aqueous (phosphate buffer) solution. X-ray 

photoelectron spectroscopy (XPS) confirmed the appearance on the gold surface of the 

various elements found on the SAMs. Atomic force microscopy (AFM) images prove, 

corroborating the estimated electrochemical surface concentrations, that these SAMs lie 

normal to the gold surface. Electrochemical impedance spectroscopy (EIS) analyses in 

the presence of [Fe(CN)6]3−/4− as a redox probe revealed that the Au-AET-SWCNT-

CoTAPc showed much lower ( 10 times) electron-transfer resistance (Ret) and much 

higher ( 10 times) apparent electron-transfer rate constant (kapp) compared to the Au-

AET-SWCNT SAM. Interestingly, a preliminary electrocatalytic investigation showed 

that both SAMs exhibit comparable electrocatalytic responses towards the detection of 
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dopamine in pH 7.4 phosphate buffer solutions (PBS). The electrochemical studies 

(cyclic voltammetry (CV) and EIS) prove that SWCNT greatly improves the electronic 

communication between CoTAPc and the Au electrode surface.  
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1. Introduction  
The transition metallophthalocyanine (MPc) complexes have shown themselves as 

versatile macrocyclic organometallic complexes with applications in several 

technologically relevant areas [1], [2] and [3], notably in the design and fabrication of 

electrochemical sensors where their use has escalated over the last two decades because 

of their excellent physico-chemical, electronic and electrocatalytic properties [4], [5] and 

[6]. Like the MPc complexes, carbon nanotubes (CNTs), single-walled carbon nanotubes 

(SWCNTs) or multi-walled (MWCNTs), exhibit unique physico-chemical and electronic 

properties ideal for constructing efficient electrochemical sensors [7], [8], [9], [10] and 

[11]. Thus, rational integration of these two remarkable π-electron species may 
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revolutionize their applications in a plethora of areas, especially in electrocatalysis and 

nanofabrication of molecular electronic and sensing devices. Without doubt, most of the 

potential applications of MPc and CNTs in electronic, photoconductive and 

heterogeneous electrocatalysis and sensing devices will require their use as thin films. 

Self-assembly represents a more efficient technique for fabricating electrodes based on 

CNT [8], [12] and [13] or MPc [14], [15], [16], [17], [18], [19] and [20] thin films 

compared to such other thin film formation methodologies such as drop-dry and spin 

coating.  

Self-assembly may simply be described as a spontaneous, coordinated chemical reaction 

of individual molecular building blocks (especially alkanethiols and thiol-derivatised 

organomolecules) to create stable, well-organized arrays of ultrathin superstructure films 

on coinage metals, notably gold [21], [22], [23], [24], [25] and [26]. The formation of 

self-assembled monolayers (SAMs) of organomolecules on gold surfaces has continued 

to attract considerable research interests due to their crucial importance in biology, 

chemistry and supramolecular nanotechnology. SAMs have been known to offer 

convenient model systems for probing the interfacial electron-transfer processes [24], 

[25], [26] and [27], and have been extensively studied in corrosion protection [24], [25], 

[26], [28] and [29], fabrication of electrochemical- and bio-sensors [15], [17], [18], [19], 

[20], [30], [31], [32] and [33] and molecular electronic devices [34] and [35].  

Few reports [36], [37], [38], [39] and [40] have described the integration of CNT with 

MPc complexes, especially for sensor development [38], [39] and [40], however, until 

now no research group has addressed the fabrication of CNT-MPc SAMs nor their 

electron transport (redox) properties. In this work, we describe the first example of a self-

assembled SWCNT tethered to cobalt(II)tetra-aminophthalocyanine (CoTAPc) complex 

(Scheme 1). There have been reports on the SAMs on CNT, especially with the SWCNT, 

integrated with molecules of biological [8], [9] and [10] and chemical [11] and [41] 

interests, but not with any MPc complex.  
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Scheme 1. Schematic representation of the self-assembly processes of the SWCNT and 

SWCNT-CoTAPc on a gold electrode.  
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When the molecular building blocks for SAMs are redox-active, as in this work, 

electrochemical techniques (notably cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS)) unlike other surface techniques provide more powerful 

insights into the surface coverage of the individual components, their adsorption 

strengths, chemical reactivities with redox probes and redox-active analytes, etc. [17], 

[18], [19], [20], [25], [42], [43], [44], [45] and [46]. Hence, in this work, we employed 

CV and EIS to demonstrate that the redox-active CoTAPc can be electrically connected 

to the gold electrode surface via SWCNTs, which act as efficient conductive electrical 

nanowires. Also, this study is part of our attempts to provide simpler strategies for 

making MPc-based SAMs using easy-to-make MPc complexes (such as the MTAPc) 

rather than the thiol-derivatized MPc complexes. Sulphur-containing MPc complexes 

rank among the least reported in the literature as their synthesis is time-consuming, costly 

and difficult and yet less stable than MTAPc complexes.  

 

2. Experimental  
2.1. Materials and reagents  

Aminoethanethiol (cysteamine) hydrochloride (AET) was obtained from Sigma. 

Dicyclohexylcarbodiimide (DCC) used as condensing agent and single-walled carbon 

nanotubes were obtained from Aldrich. Cobalt tetra-aminophthalocyanine complex was 

synthesized and characterized according to established procedures [47], [48] and [49]. 

Dopamine hydrochloride was obtained from Sigma. N,N-dimethylformamide (DMF) was 

obtained from Sigma–Aldrich, and was distilled and dried before use. Ultra pure water of 

resistivity 18.2 MΩ was obtained from a Milli-Q Water System (Millipore Corp., 

Bedford, MA, USA) and was used throughout for the preparation of solutions. Phosphate 

buffer solutions (PBS) at various pHs were prepared with appropriate amounts of 

K2HPO4 and KH2PO4, and the pH adjusted with 0.01 M H3PO4 or NaOH. All 

electrochemical experiments were performed with nitrogen-saturated PBS. All other 

reagents were of analytical grade and were used as received from the suppliers without 

further purification.  
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2.2. Apparatus and procedure  

All electrochemical experiments were carried out using an Autolab potentiostat PGSTAT 

302 (Eco Chemie, Utrecht, The Netherlands) driven by the General Purpose 

Electrochemical Systems data processing software (GPES, software version 4.9). Square 

wave parameters were: step potential 5 mV; equilibration time 5 s, amplitude 25 mV at a 

frequency of 15 Hz. The working electrode was bare gold (r = 0.8 mm, BAS) or the same 

gold electrode modified with the investigated SAMs. A Ag|AgCl wire and platinum wire 

were used as pseudo-reference and counter electrodes, respectively. Electrochemical 

impedance spectroscopy measurements were performed with an Autolab FRA software 

between 1.0 Hz and 10 kHz using a 5 mV rms sinusoidal modulation in a solution of 

1 mM of K4Fe(CN)6 and 1 mM K3Fe(CN)6 (1:1) mixture containing 0.1 M KCl, and at 

the E1/2 of the [Fe(CN)6]3−/4− (0.13 V versus Ag|AgCl). A non-linear least squares 

(NNLS) method based on the EQUIVCRT programme [50] was used for automatic 

fitting of the obtained EIS data. All experiments were performed at 25 ± 1 °C. Solutions 

were deaerated by bubbling nitrogen prior to the experiments and the electrochemical cell 

was kept under a nitrogen atmosphere throughout the experiments.  

 

2.3. Preparation of self-assembled SWCNT-CoTAPc film  

Scheme 1 shows the self-assembly strategy employed in the preparation of the various 

SAMs onto gold surfaces (Au-AET, Au-AET-SWCNT and Au-AET-SWCNT-CoTAPc). 

The purification and chemical shortening of the SWCNTs to uncapped nanotubes bearing 

acidic functions (SWCNT-COOH) were carried out following the established multi-step 

oxidative acidic digestion procedures [8], [51] and [52]. The gold electrode used for the 

SAM was first cleaned using the usual procedure [12] and [51]. SAMs were obtained by 

the usual adsorption method from dilute solution of adsorbates [53]. In summary, the bare 

Au electrode was first polished in an aqueous slurry of alumina (<10 μm) on a SiC-emery 

paper (type 2400 grit), and then to a mirror finish on a Buehler felt pad. The electrode 

was then subjected to ultrasonic vibration in absolute ethanol to remove residual alumina 

particles that might be trapped at the surface. Finally, the electrode was etched for about 

2 min in a hot ‘Piranha’ solution (1:3 (v/v) 30% H2O2 and concentrated H2SO4) and then 

rinsed with copious amounts of ultrapure Millipore water followed by ethanol. (Caution: 
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Piranha solution is known to react violently with organic materials and can explode when 

stored in closed containers, so it must be handled with caution.) This stage was necessary 

to remove organic contaminants. The cleanliness of the bare electrode surface was finally 

established by placing it in 0.5 M H2SO4 and scanning the potential between −0.5 and 

1.5 V (versus Ag|AgCl wire) at a scan rate of 0.05 V s−1 until a reproducible scan was 

obtained. After this check, the electrode was again rinsed with absolute ethanol and 

immediately placed into a nitrogen-saturated absolute ethanol solution of AET 

(50 mg/120 ml) for 8 h at ambient temperature. The Au-AET electrode was thoroughly 

rinsed in absolute ethanol solution before reacting with SWCNT. A 3 mg SWCNT-

COOH was first dispersed in 1 ml pure dry DMF with 0.5 mg DCC to convert the –

COOH groups at the ends of the SWCNT into active carbodiimide esters. The surface 

condensation of the Au-AET electrode was achieved by placing the electrode in the black 

solution of SWCNT/DCC/DMF for 48 h. Acid-treated SWCNT exhibited good solubility 

in DMF with no detectable precipitate even after several months, hence making this 

reaction possible without the need for stirring the deposition solution during long 

deposition periods. The condensation of the –COOH functional groups of the SWCNT-

COOH with the –NH2 groups of the AET SAM resulted in the formation of the amide 

bonds [8]. To minimize possible experimental errors from the use of different gold 

electrodes, one electrode was used for all experiments reported in this work. The 

roughness factor of this gold electrode was first determined, after thorough cleaning as 

described above, by the conventional methodology [25] and [26] using the Randles-

Sevčik equation: 

 

Ipa=(2.69×105)n3/2AD1/2Cν1/2 (1)

where n is the number of electrons involved (n = 1 in the [Fe(CN)6]3−/4− redox system), A 

is the geometric area of the electrode (0.02011 cm2), D is the diffusion coefficient of the 

[Fe(CN)6]3− = 7.6 × 10−6 cm2 s−1 [30], while C = 1.0 × 10−6 mol cm−3 is the used bulk 

concentration of the [Fe(CN)6]3−. From the slope of the plot of the anodic peak current 

(Ipa) versus the scan rate (v, ranging from 10 to 200 m V s−1), the experimentally 

determined surface area (A) of 0.02655 cm2 was obtained leading to a surface roughness 

factor of 1.32.  
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The CoTAPc was attached to the free ends of the SWCNT by placing the Au-AET-

SWCNT electrode in a DMF solution containing 1.0 × 10−3 M CoTAPc for 48 h. The 

surface of the Au-AET-SWCNT electrode is expected to contain some active 

carbodiimide esters that would be attacked by the amino functional groups of the 

CoTAPc to generate the SWCNT-CoTAPc via amide bonds with the release of 

dicyclohexylurea (DCU) in the deposition solution. Similarly, Au-CoTAPc was formed 

simply by placing the clean gold electrode in DMF solution containing 1.0 × 10−3 M 

CoTAPc for 48 h. Upon removal from the deposition solution, prior to electrochemical 

experiments, the electrode was thoroughly rinsed with ethanol and dried in a nitrogen 

atmosphere. The modified electrode was conditioned by placing in pH 4.4 phosphate 

buffer solution and continuously scanning the potential between −0.5 and 0.6 V (versus 

Ag|AgCl) for the Au-AET and Au-AET-SWCNT and −0.5 and 0.6 V (versus Ag|AgCl) 

for the Au-AET-SWCNT-CoTAPc at a scan rate of 50 m V s−1 until a reproducible scan 

was obtained. When not in use, the sensor was stored in nitrogen-saturated phosphate 

buffer solution (pH 4.4). Atomic force microscopy (AFM) images were recorded in the 

contact mode in air with a MultiMode Nanoscope IV Microscope (Digital Instruments) at 

a scan rate of 0.50 Hz. Gold-coated microscope glass slides used for immobilizing the 

SAMs for AFM studies were obtained as described before [54]. Briefly, glass substrates 

(Glass microscope slides, BDH Ltd.) were first cleaned in an aqueous methanol–

potassium hydroxide solution, thoroughly rinsed with copious amount of fresh Millipore 

water and then placed in a stream of refluxing propan-2-ol and dried in air. The cleaned, 

dried glass substrates were first coated with a 5 nm layer of chromium (99.999% purity, 

Johnson Matthey Ltd.) and finally by a 45 nm layer of gold (99.999% purity, Johnson 

Matthey Ltd.). Both chromium and gold layers were deposited by thermal evaporation 

under vacuum using an Edwards Auto 306 vacuum evaporator. The SAMs were obtained 

using the same procedure described in Scheme 1. Prior to use for SAM depositions, the 

gold-coated glass slides were placed in a Piranha solution for about 5 min, and 

thoroughly rinsed with Millipore water. The X-ray photoelectron spectra (XPS) were 

obtained using a Physical Electronics model 5400 spectrometer system with 

monochromatic Mg Kα radiation at 1253.6 eV. The take-off angle was fixed at 45°. The 

binding energies (BE) for the peak were referenced to the Au 4f7/2 at 84.0 eV. As for the 
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AFM studies, XPS experiments were performed with gold-coated glass slides as 

substrates for the SAMs.  

 

3. Results and discussion  
3.1. XPS and AFM characterisation of the self-assembled films  

Fig. 1 shows the comparative survey X-ray photoelectron spectra of the (i) bare; (ii) Au-

AET; (iii) Au-AET-SWCNT; and (iv) Au-AET-SWCNT-CoTAPc. The S (2p) peak at 

162.5 eV is assigned to the normal gold–sulphur bond [16], [55], [56], [57], [58] and 

[59].  
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Fig. 1. X-ray photoelectron spectra of (A) sulphur 2p; (B) nitrogen 1s; (C) carbon 1s and 

(D) oxygen 1s regions of the (i) bare Au; (ii) Au-AET; (iii) Au-AET-SWCNT and (iv) 

Au-AET-SWCNT-CoTAPc SAMs.  

The presence of the N atoms (in the BE region of 395–405 eV) in the SAMs are evident 

in Fig. 1(B). The cysteamine SAM exhibited two strong components for the N (1s) peak 

at 399.5 and 401 eV, which is in agreement with literature for cysteamine SAMs [56]. 

The N (1s) peak for the phthalocyanine is known to occur at either 398 or 400 eV [59], 

thus the appearance of the N (1s) peak for the CoTAPc at 399.5 eV confirms the 

attachment of the CoTAPc on the SWCNT. The sharpness and high intensity of this peak 
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possibly indicates the presence of free or unbound amino groups of the CoTAPc. It is 

well known [16] that oxygen and carbon are almost always found on putatively bare 

surfaces due to contaminants (e.g., “adventitious carbon”). Despite this disadvantage, 

however, the C (1s) and O (1s) peaks observed in the SAMs studied in this work provide 

some useful information on the carbon and oxygen moieties. As expected, in terms of 

peak intensity and BE width, SWCNT exhibits high concentrations of carbon and oxygen 

in the Fig. 1C (iii) and D (iii), respectively. Unlike the cysteamine SAM (Fig. 1C (ii)), the 

SWCNT (Fig. 1C (iii)) and CoTAPc (Fig. 1C (iv)) SAMs exhibit shoulders in the BE 

regions of 288 and 289 eV, in excellent agreement with literature values of 288.4 and 

289.1 eV for the HN–C O and HO–C O groups, respectively [57] and [58], indicative 

of covalent linkage of nitrogen during self-assembly. Unlike other SAMs, the Au-AET-

CNT-CoTAPc exhibited a clearly defined peak at the BE of 783.0 eV (not shown) 

attributable to Co(II) peak (Co, 2p3/2) [59].  

AFM studies were conducted to give insights into the surface morphologies of the formed 

AET-SWCNT and AET-SWCNT-CoTAPc SAMs. As exemplified in Fig. 2 for the AET-

SWCNT-CoTAPc films, each AFM image clearly proves that the SAM lie perpendicular 

to the gold surface. AFM image of AET-SWCNT (not shown) gave the same needle-like 

protrusions, in conformity with literature reports [8]. Such standing position is made 

possible by covalent bonding [60].  

 

 
Fig. 2. Typical AFM image of aligned AET-SWCNT-CoTAPc modified gold surface.  
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3.2. Electrochemical properties of the self-assembled films  

We began our electrochemical investigations with repetitive scanning of each of the 

modified gold electrodes in pH 4.4 phosphate buffer solution until a reproducible scan 

was obtained. This electrochemical pre-treatment serves to further remove any physically 

adsorbed species on the surface of the modified electrodes not removed by the rinsing 

process described in the experimental and, most importantly, to give an insight into the 

electrochemical stability of these electrodes which is crucial to their studies and 

application in aqueous solutions. Fig. 3 presents cyclic voltammetric evolutions during 50 

repetitive scanning of the Au-AET (A), Au-AET-SWCNT (B) and Au-AET-SWCNT-

CoTAPc (C) electrodes.  

 

 
Fig. 3. Cyclic voltammetric profiles of (A) Au-AET; (B) Au-AET-SWCNT and (C) Au-

AET-SWCNT-CoTAPc during 20 repetitive scanning in PBS (pH 4.4). Scan 

rate = 50 mV s−1.  

It is evident that these modified electrodes did not show any significant changes between 

the first and the subsequent scans, confirming their strong electrochemical stability in the 

aqueous solutions used in this experiment. Similar results were obtained in the pH 7.4 

PBS; however pH 4.4 was chosen for the electrode characterisations since it gave 

relatively better defined redox peaks for the Au-AET-SWCNT and Au-AET-SWCNT-

CoTAPc electrodes than pH 7.4. Electrochemical stability is a major attribute of SAM-

modified electrodes [21], [22], [23], [24], [25] and [26].  
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Fig. 4 compares the cyclic voltammograms of bare Au (a), Au-AET (b), Au-AET-

SWCNT (c) and Au-AET-SWCNT-CoTAPc in pH 4.4 PBS at a slightly wider window of 

−0.7 and +0.7 V (versus Ag|AgCl).  

 

 
Fig. 4. (A) Comparative cyclic voltammograms of (a) bare Au; (b) Au-AET; (c) Au-

AET-SWCNT and (d) Au-AET-SWCNT-CoTAPc in PBS (pH 4.4). (B) Comparative 

cyclic voltammograms of (a) bare Au; (b) Au-AET-SWCNT-CoTAPc and (c) Au-

CoTAPc. Scan rate = 50 mV s−1.  

The modification of the Au with any of the species resulted in increased capacitive 

charging current of the bare gold electrode. Such behaviour is characteristic of SAMs 

with hydrophilic end groups [25], [26] and [53]. Hydrophilic SAMs, unlike hydrophobic 

(such as the alkanethiols) are known to increase the capacitive currents. General 

observation in most carbon nanotube-based electrodes is the high capacitive current, thus 

the lower capacitive current of the Au-AET-SWCNT compared to the Au-AET may be 

attributed to the higher hydrophilicity of the latter compared to the former, and/or the 

enhanced suppression of the electrolyte ions from penetration into the compact film 

following the introduction of the SWCNT onto the AET surface.  
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The AET-SAM showed very weak redox process around 0.05 V, possibly due to the 

redox process of the amine moiety. Both AET-SWCNT and AET-SWCNT-CoTAPc 

SAMs showed some redox couples. SWCNT (Fig. 3B) exhibited reversible couples at (I) 

of anodic-to-cathodic peak currents (Ipa/Ipc) of approximately one, peak–peak separation 

(ΔEp) of approximately 0.10 V (versus Ag|AgCl)) and half-wave potential (E1/2) of 

−0.01 V (versus Ag|AgCl). Also, a weak couple (II) was observed for SWCNT at E1/2 of 

0.23 V (versus Ag|AgCl). Both redox peaks (I) and (II) are certainly attributable to the 

intrinsic redox process of the SWCNT [61], originating from the oxygen-containing 

moieties (e.g., carboxyl, hydroxyl, and quinone-like groups) on the defects and opened 

caps of the SWCNT [62] and [63]. It is important to note that our present results, as well 

as those of other works for SWCNT immobilised onto GCE [59] and MWCNT SAMs 

[13], contradict the notion that CNTs do not display reversible electrochemistry [11]. As 

proposed by Luo et al. [61], SWCNT-modified GCE displays four-electron transfer 

reversible redox processes. These four-electron redox processes may explain the 

appearance of the redox peaks (I) and (II) (Fig. 3B) for SWCNT thin film observed in 

this work. The AET-SWCNT-CoTAPc film (Fig. 3C), on the other hand, showed a pair 

of remarkably well-defined, reversible redox peak at position (II) of ΔEp and E1/2 of 

approximately 0.09 and 0.04 V (versus Ag|AgCl), respectively. Other couples or peaks 

observed for the AET-SWCNT-CoTAPc are a weak cathodic peak (I) (see Fig. 4A inset) 

of peak potential (Ep) of −0.44 V (versus Ag|AgCl), weak reversible couple (III) of ΔEp 

and E1/2 of approximately 0.11 and 0.21 V (versus Ag|AgCl), respectively; and an 

irreversible anodic peak (IV) at ca. 0.65 V (Figs. 4A and B). From the well-known 

electrochemical properties of cobalt (II) phthalocyanine complexes [64], [65], [66] and 

[67] including our previous works [38], [39] and [40], we can easily assign the redox 

processes II and IV of the SWCNT-CoTAPc to the ring processes Pc2−/Pc3− and 

Pc2−/Pc1−, respectively, while processes I and III are due to the central cobalt redox 

processes CoII/CoI and CoIII/CoII, respectively. Aside from the covalent bonding depicted 

in Scheme 1, the π–π interaction between the SWCNT and CoTAPc is also possible. The 

well-defined reversible electrochemistry of the redox process II is an interesting evidence 

of the interaction between the SWCNT redox process (I) and the phthalocyanine ring. 

Surface-confined, diffusionless species generally give symmetric waves without any peak 
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separation (i.e., 0 V). The peak separations between the anodic and cathodic peak 

positions of the AET-SWCNT (I) and AET-SWCNT-CoTAPc (II) slightly differ from 

the ideal 0 V expected for surface-confined, diffusionless species. In the present study, 

however, the peak separation greater than 0 V observed for the SWCNT (I) and SWCNT-

CoTAPc (II) films could point to the kinetic limitations or electrostatic interactions of the 

molecules in the films.  

CoTAPc has been reported to form SAM on gold electrode (Au-CoTAPc) [68] and [69], 

hence we carried out CV experiments with Au-CoTAPc (Fig. 4B) with a view to 

investigating the possible influence of the SWCNT on the electrochemistry of Au-AET-

SWCNT-CoTAPc SAM. As observed before [67] and clearly corroborated in Fig. 4B 

(curve c), CoTAPc without SWCNT showed ill-defined CV without any well resolved 

redox couple, indicative of poor electron-transfer reaction. It is reasonable to conclude 

from our work that SWCNT markedly improves the electronic communication between 

CoTAPc and the gold electrode.  

The effect of changing scan rates on the CVs of the AET-SWCNT (Fig. 5A) and AET-

SWCNT-CoTAPc (Fig. 5B) films gave linear relationships between peak currents versus 

scan rates, a clear indication of electrochemically stable surface-confined redox-active 

species. Also, the redox waves shifted to more positive potentials (for anodic) and more 

negative potentials (for the cathodic); the cathodic wave of the AET-SWCNT-CoTAPc in 

particular became severely distorted. At the experimental conditions employed in this 

study, the intrinsic redox couples of the SWCNT were observed at all the investigated 

scan rates, which also confirms the electrochemical stability of these couples. In general, 

the peak–peak separation (ΔE) for the Au-AET-SWCNT-CoTAPc was approximately 

twice that of the Au-AET-SWCNT, a clear indication of faster electron transfer for the 

latter than the former. This result is the direct consequence of the long distance for 

electrons to tunnel between the CoTAPc and the Au in comparison to the distance 

between the SWCNT and the Au. Also, we could attribute such weak electron-transfer 

processes to enhanced complications of the overlapped redox reactions between the 

SWCNT and CoTAPc.  
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Fig. 5. Effect of varying scan rates (25–1500 mV s−1, inner to outer) of (A) Au-AET-

SWCNT and (B) Au-AET-SWCNT-CoTAPc in PBS (pH 4.4).  

The surface concentrations (ΓSAM/mol cm−2) of the electrochemically conditioned AET-

SWCNT and AET-SWCNT-CoTAPc based films were estimated from the background-

corrected charges, Q, under the anodic peaks (I for Au-AET-SWCNT and II for Au-

AET-SWCNT-CoTAPc) using the conventional relationship involving the Faraday 

constant F (96485 °C mol−1) (Eq. (1)) [25] and [26]: 

 

 
(2)

Assuming n ≈ 4 for SWCNT redox wave [59] and n = 1 for the CoTAPc, the surface 

coverages were estimated as 1.1 × 10−10 mol cm−2 ( 6.6 × 1013 particles cm−2 ≈ 150 Å2 

per particle) for the Au-AET-SWCNT, and 6.8 × 10−10 mol cm−2 (

4.1 × 1014 molecules cm−2 or 24 Å2 per molecule) for the Au-AET-SWCNT-CoTAPc. 

The values are of similar magnitudes as those reported in the literature for 
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perpendicularly oriented SAMs of Au-AET-SWCNT [10] and CoTAPc [68] and [69] 

obtained at long deposition times ≥12 h as carried out in this work. If each CoTAPc 

molecule assumes flat orientation on the SWCNT surface yielding an area close to 

200 Å2 [67], [68], [69] and [70], the coverage should work out to be approximately 

1.0 × 10−10 mol cm−2. Thus, the high surface coverage for the CoTAPc is a clear 

indication of a perpendicular orientation for the CoTAPc. Interestingly, CoTAPc is also 

known to prefer perpendicular orientation when adsorbed on a gold surface as a SAM 

[68] and [69]. Also, the cross sectional area for a single SWCNT of diameter of 1.3 nm 

[10] should be 1.33 × 10−14 cm−2, meaning that each SWCNT particle occupies an area 

of 133 Å2, which is in close agreement with the surface coverage ( 150 Å2) obtained 

in this work. This result is consistent with the AFM results which showed that these 

SAMs lie normal to the gold surface.  

Further electrochemical properties of the modified electrodes were interrogated in 0.1 M 

KCl containing the [Fe(CN)6]3−/4− redox probe. Fig. 6 shows comparative CVs for the 

bare Au before and after modification with the SAMs of AET, CoTAPc, AET-SWCNT 

and AET-SWCNT-CoTAPc films.  

 

 
Fig. 6. Comparative cyclic voltammetric profiles of [Fe(CN)6]3−/4− using the different 

electrodes. Scan rate = 25 mV s−1.  

The peak separation of the AET-SWCNT film (225 mV versus Ag|AgCl) is twice those 

of the bare Au and other modifying films ( 112 mV versus Ag|AgCl). As also observed 

by others [71], AET SAM leads to enhanced electrochemical response of the 

[Fe(CN)6]3−/4− which is attributable to the electrostatic interaction between the positively 
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charged AET and the negatively charged [Fe(CN)6]3−/4− redox probe. As a contrast, the 

weak electron-transfer response seen at the SWCNT film is due to the repulsive 

interaction between the negatively charged SWCNT and the [Fe(CN)6]3−/4− probe. CNT-

chemically modified electrodes (CMEs) [62], including CNT-SAMs [13] exhibit similar 

weak redox response for the [Fe(CN)6]3−/4− redox probe compared to their bare glassy 

carbon or gold electrodes. As expected, modification with the positively charged Co2+ 

redox-active centre of the CoTAPc led to more reversibility and slight enhancement of 

the peak current. It should be noted that the difference in behaviour of the electrodes in 

aqueous solution (pH 4.4, Fig. 4) and in this redox probe (Fig. 6) is certainly the 

consequence of presence of redox-active species in different electrolyte conditions.  

3.3. Electrochemical impedance spectroscopic investigations  

Electrochemical impedance spectroscopy measurements were used to further interrogate 

the electrochemical kinetics at Au|SAM interfaces and to distinguish between the various 

mechanisms that govern charge transfer [72] and [73]. At the E1/2 ( 0.13 versus 

Ag|AgCl) of the [Fe(CN)6]3−/4− redox system, the Nyquist plots (Zimaginary versus Zreal) 

(Fig. 7A (a–e)) exhibited the characteristic semicircles at high frequencies and a straight 

line at low frequencies, corresponding to kinetic and diffusion processes, respectively.  
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Fig. 7. Typical Nyquist plots resulting from (a) bare Au; (b) Au-AET; (c) Au-CoTAPc; 

(d) Au-AET-SWCNT and (e) Au-AET-SWCNT-CoTAPc in 0.1 KCl containing 

equimolar mixture of K4Fe(CN)6 and K3Fe(CN)6. Inset (A) shows Nyquist plots at the 

high frequencies. (B) shows the proposed Randle's model. Applied potential = 0.13 V (vs. 

Ag|AgCl).  

To fit the EIS data at this potential, the spectra were modeled using the Randles’ 

equivalent circuit of mixed kinetic and diffusion control shown in Fig. 7B, where Rs is 

the resistance of the electrolyte, Q is the membrane capacitance, Ret is the electron-

transfer resistance (domain of kinetic control) and Zw is the Warburg impedance (domain 

of mass transport control) resulting from the diffusion of ions to the electrode interface 

from the bulk of the electrolyte. As evident in the Nyquist plots, the simulated plots based 

on the model agree well with the experimental results. Table 1 presents a summary of the 

estimated EIS parameters for the Randles’ model. The Zw values are about the same for 
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all the electrodes. Ideally, Rs and Zw should not be affected by modification of the 

electrode surface [74].  

Table 1.  

Summary of estimated EIS parameters obtained for the electrodes at applied potential of 

0.13 V (vs. Ag|AgCl)  

Electrodes  Rs (Ω) 
Ret 

(kΩ)  

Q 

(μF)  

Zw 

(Ω s−1/2)  

n  

 

kapp 

(cm s−1)  

Bare Au 264.80 5.01 3.74 1.07 × 10−4 0.90 2.00 × 10−3 

Au-CoTAPc 205.60 2.70 2.70 1.03 × 10−4 0.86 3.71 × 10−3 

Au-AET 221.01 3.96 2.70 1.07 × 10−4 0.86 2.53 × 10−3 

Au-AET-SWCNT 236.71 15.40 3.20 1.09 × 10−4 0.90 0.65 × 10−3 

Au-AET-SWCNT-

CoTAPc 
170.20 1.38 3.70 1.09 × 10−4 0.91 7.27 × 10−3 

All experiments were performed at least six times with each of five SAMs obtained at 

different days using the same gold electrode (errors ≤ 0.3%). 

The decrease in Rs (in the 11–36% range) observed on the modified Au is not fully 

understood at this time but demonstrates that the ohmic resistance of the solution was 

slightly affected by these films. The Q-value for the bare Au did decrease slightly on 

modification. The n-values are approximately 0.9, and being <1.0 suggests that the 

electrodes are not true capacitors. The apparent electron-transfer rate constant kapp was 

obtained from the conventional equation [42]: 

 

 
(3)

where C is the concentration of the [Fe(CN)6]3− (in mol cm−3, the concentration of 

[Fe(CN)6]3− and [Fe(CN)6]4− are equal), R, T and F have their usual meanings. As 

reflected in their Ret and kapp values, the Au-AET-SWCNT-CoTAPc electrode exhibited 

much faster electron-transfer processes towards [Fe(CN)6]3−/4− compared to other 
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electrodes investigated in this work. The data corroborate the CV results shown in Fig. 6 

and our explanation thereof. The Bode plots of phase angle versus log f (Fig. 8) showed 

well-defined symmetrical peaks at different maxima.  

 

 
Fig. 8. Typical Bode plots resulting from (a) bare Au; (b) Au-AET; (c) Au-CoTAPc; (d) 

Au-AET-SWCNT and (e) Au-AET-SWCNT-CoTAPc in 0.1 KCl containing an 

equimolar mixture of K4Fe(CN)6 and K3Fe(CN)6. Applied potential = 0.13 V (vs. 

Ag|AgCl).  

The bare Au gave a maximum value of 58° at 126 Hz corresponding to the relaxation 

process of the Au|solution interface. This relaxation process shifts to different phase 

angles (ca. 49–68° range) and at lower frequencies (100–398 Hz range) upon 

modification of the Au, confirming that the [Fe(CN)6]3−/4− redox reactions now take place 

at the surface of the modifying films rather than directly on the bare Au surface. The 

estimated slopes of the Bode plots (log |Z| versus log f) (Fig. 8), approximately in the 

−0.6 to −0.7 range, confirm that the Au-SAMs studied in the work are redox-active and 

are not true capacitors as the estimated slopes are far from the ideal minus one value 

expected for true capacitors and usually observed for electro-inactive SAMs of 

alkanethiols.  
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3.4. Potential electrocatalytic application  

Dopamine is a well-known neurotransmitter that has received wide analytical 

investigations with different modified electrodes. Rather than in-depth analytical 

investigations, we chose this biologically important probe simply to compare the 

electrocatalytic response profiles of the modified Au electrodes. As seen in Fig. 9, the 

anodic oxidation of dopamine in pH 7.4 PBS occurred at 0.30, 0.27, 0.22, 0.15 and 

0.17 V (versus Ag|AgCl) at the bare Au (a), Au-CoTAPc (b), Au-AET (c), Au-AET-

SWCNT (d) and Au-AET-SWCNT-CoTAPc (e) electrodes, respectively.  

 

 
Fig. 9. Comparative cyclic voltammetric profiles for 0.5 mM dopamine in PBS (pH 7.4) 

at different electrodes; (a) bare Au; (b) Au-CoTAPc; (c) Au-AET; (d) Au-AET-SWCNT 

and (e) Au-AET-SWCNT-CoTAPc. Scan rate = 50 mV s−1.  

The voltammetric evolutions are typical of a dielectronic–diprotonic redox process for 

dopamine at chemically modified electrodes [75]. Both Au-AET-SWCNT and Au-AET-

SWCNT electrodes exhibited a catalytic response (enhanced current at less positive 

potential) compared to Au-AET and bare Au for this analyte. These results may be 

rationalized as follows. Dopamine (DAH+) is protonated (pKa 8.9) [71] in the buffer 

solution employed in this study. Since the AET SAM is known [70] to be positively 

charged at ≤pH 7.6, then the relatively more positive anodic oxidation peak potential 

(Epa  0.22 V) compared to the SAMs of AET-SWNT (Epa  0.15 V) and AET-

SWCNT-CoTAPc (Epa  0.17 V) is due to electrostatic repulsion between the Au-AET 
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and DAH+. The improved response of the positively charged Au-AET over the bare Au 

for the DAH+ is somewhat surprising. We may attribute this result to possible penetration 

of the DAH+ into the AET film as a result of the pinholes created by the repulsive 

interactions between neighbouring positively charged AET species on the Au surface. If 

we compare the positions of the Au-CoTAPc (b) and Au-AET-SWCNT-CoTAPc (e) in 

Fig. 9, it is clear that the CoTAPc activity towards the anodic oxidation of DAH+ can be 

improved only in the presence of SWCNT. The electrocatalysis of DAH+ at the AET-

SWCNT-CoTAPc is not surprising as the ability for the redox-active CoPc complexes to 

electrocatalyze dopamine and its related complexes is well documented [6]. The slightly 

enhanced catalytic Epa (20 mV) obtained for the AET-SWNT in comparison to the AET-

SWCNT-CoTAPc SAM is possibly due to electrostatic attraction between the negatively 

charged Au-AET-SWCNT and DAH+. In general, the data obtained here clearly indicate 

that SWCNT greatly improves the electronic communication between the dopamine and 

the bare Au. Plot of anodic peak current (Ipa) against the square root of scan rate (v1/2) (for 

scan rates less than 300 mV s−1, figure not shown) resulted in a straight line, an indication 

of a diffusion controlled dopamine oxidation. Further studies on the electrocatalytic 

behaviour of these SAM-based electrodes towards the detection of other biomolecules as 

well as their mechanistic investigations are underway and will be reported elsewhere.  

 

3.5. Proposed electron-transfer mechanism  

As clearly evident from this report (notably the Ret values in Table 1, and comparative 

reponses of the CoTAPc and SWCNT-CoTAPc towards the detection of dopamine in 

Fig. 9), SWCNT enhances the electronic communication between CoTAPc and the Au 

electrode surface. The plausible overall charge transfer process at the Au-AET-SWCNT-

CoTAPc electrode is hypothesized as schematically represented in Scheme 2, wherein 

electron transfer consists of four steps (using anodic oxidation process as an example): 

(1) electron-tunneling from SWCNT to gold; (2) electron transport occurring within 

SWCNTs; (3) electron-tunneling from the CoTAPc ring and/or central cobalt; and (4) 

heterogeneous electron transfer between the central cobalt of the CoTAPc and a redox 

probe (such as the [Fe(CN)6]3−/[Fe(CN)6]4−) or an analyte (e.g., dopamine).  
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Scheme 2. Schematic representation of electron-transfer processes at Au-AET-SWCNT-

CoTAPc SAM electrode (using anodic process as an example). Direction of electron flow 

is depicted by the arrows. The broken semi-circular arrow (step 4) depicts reversibility of 

redox probe such as the [Fe(CN)6]3−/4−, while the full semi-circular arrow alone depicts 

irreversible anodic oxidation for such analyte as dopamine.  

As previously proposed for aminothiol SAMs (Au-aminoundecanethiol) [12], through-

space tunneling is most likely the possible electron-transfer mechanism for Au-AET. The 

‘cutting’ process of harsh acid-treatment adopted for SWCNT may generate local traps 

for charge transport, however, it is well documented that the high conductivity of the 
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immobilized SWCNTs is sufficient enough to make SWCNTs act as efficient conductive 

nanowires rather than charge traps [11] and [12]. Through-bond tunneling is the electron-

transfer mechanism that operates for Au-SAM-redox centers [25], [26] and [76]. Such 

through-bond process is easily established by reversible cyclic voltammetric plots, 

indicating that such redox centers can easily exchange electron with the underlying 

electrode surface vial tunneling [25], [26], [76], [77] and [78]. Thus, we can reasonably 

assume that efficient through-bond tunneling takes place between redox-active CoTAPc 

and gold at the Au-AET-SWCNT-CoTAPc electrode. Facile heterogeneous electron 

transfer has been known to occur between immobilized carbon nanotubes as well as 

transition metallophthalocyanine complexes. Thus, steps 1–4 can be well understood.  

 

4. Conclusion  
We have shown in this work the electrochemical properties of redox-active self-

assembled films of single-walled carbon nanotube coordinated to cobalt(II)tetra-

aminophthalocyanine by sequential self-assembly onto a preformed aminoethanethiol 

self-assembled monolayer on a gold electrode. Cyclic voltammetric and impedance 

spectroscopic characteristics of the redox-active SAMs revealed reversible 

electrochemistry in aqueous solutions with different electron-transfer rates. SWCNT 

greatly improves the electronic communication between CoTAPc and the Au electrode 

surface. A preliminary electrocatalytic investigation proved that both SAMs exhibit 

comparable electrocatalytic responses towards the detection of dopamine in pH 7.4 PBS. 

This proposed electrode fabrication technique is unique; it can be used for fundamental 

studies of the electron-transfer processes of surface-confined metalloporphyrin and 

metallophthalocyanine complexes and, importantly, it promises to provide an opportunity 

for controlled fabrication of stable organometallic sensing platforms. For example, 

further studies to explore other electrocatalytic properties (e.g., influence of surface 

charges to electron transfer) and sensing capabilities of this type of MPc-SAM to organic 

analytes will constitute some of the subjects of our future investigations.  
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