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In this study I report the electrochemical oxidation of phenol at a poly diphenylamine (PDPA)- multi-

walled carbon nanotube (MWCNT) composite film modified glassy carbon electrode (GCE). PDPA 

was polymerized on the MWCNT modified GCE by cyclic voltammetry (CV) in 0.1 M H2SO4. The 

surface morphology of PDPA-MWCNT was studied using scanning electron microscope (SEM). The 

interfacial electron transfer phenomenon at the modified electrode was studied using electrochemical 

impedance spectroscopy (EIS). The PDPA-MWCNT composite film showed good electrocatalytic 

behavior towards the oxidation of phenol in pH 7. Phenol showed a well defined anodic peak at 0.65 V 

(vs. Ag/AgCl electrode). The MWCNT in PDPA-MWCNT film enhanced the anodic peak current by 

8.48 and 2.36 times than that of MWCNT/GCE and PDPA/GCE electrode.  The peak current increased 

linearly with phenol concentration. The amperometric determination of phenol at the composite film 

modified electrode showed linear range from 9.8 to 80 µM. This result shows that the proposed 

composite electrode may be developed for potential application in real sample analysis.   

 

 

Keywords: poly diphenylamine, multi-walled carbon nanotube, phenol, cyclic voltammetry, 

amperometry 

 

1. INTRODUCTION 

Carbon materials have attracted a great deal of interests for both scientific fundamentals and 

potential applications in various new optoelectronic devices [1], such as graphite [2], carbon black [3], 

mesoporous carbon [4], carbon nanotube (CNT) [5–8], and graphene [9–12]. Among a wide variety of 

nanomaterials, CNTs have sparkled tremendous interests for sensor application due to their unique 

properties [13–17]. CNTs have been proved to be suitable material as electrodes or electrocatalyst 
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supports due to their many advantages such as high electronic conductivity for the promotion of 

electron transfer reactions and better electrochemical and chemical stabilities in aqueous and non-

aqueous solutions [18]. Recently, electro-polymerization a conducting polymer film on the CNTs to 

attach them on the electrode surface are another interesting method [8, 19–21], but similar to casting 

with binder, the polymer film usually tends to grow into a bulk material, in which the CNTs are 

embedded in the polymer and do not contribute to the sequential protein attachment [22]. Composite 

materials based on the combination of CNT and conducting polymers have shown properties of the 

individual components with a synergistic effect [23–25]. 

Conducting polymers have become an important research focus during the past 30 years 

because of their unique optical, electronic, and mechanical properties with many potential applications 

[26–30]. Polymer film-coated electrodes can be differentiated from other modification methods 

because of their adsorption and covalent bonding, in that they usually involve multilayers, as opposed 

to the monolayers that are frequently encountered with the latter methods. Conductive/electroactive 

polymers, such as polypyrrole, polyaniline (PANI), polythiophene, etc. [31–36], are prepared through 

an electropolymerization procedure and used as modifiers for the construction of chemically modified 

electrodes [37–39]. Among various conducting polymers, poly (diphenylamine) (PDPA) is found to 

show many properties that are not comparable with other N-substituted PANI’s, which include 

electrochemistry, conductivity, and electrochromic behavior [40–46]. These differences in properties 

between PANI and PDPA originate from the distinct changes in the backbone structures which are 

generated during polymerization. The mechanism for the polymerization of diphenylamine (DPA) has 

been reported to be different from other N-substituted anilines and aniline [46]. 

The present study is concerned with PDPA-MWCNT film effect on electrode behavior and the 

anticipation of electrostatic interaction between PDPA and the pretreated MWCNT with carboxylation 

hybrid film. The surface morphology of PDPA, MWCNT and PDPA-MWCNT film modified GCE has 

been examined by using SEM. The interfacial electron transfer phenomenon at the modified electrode 

was studied using electrochemical impedance spectroscopy (EIS). The cyclic voltammetric and 

amperometric techniques were used to study the mechanism of phenol oxidation. 

 

 

 

2. EXPERIMENTAL 

2.1 Apparatus 

The cyclic voltammetric experiments were conducted on CHI 410A electrochemical 

workstation.  A conventional three electrode system was used for cyclic voltammetry (CV) with GCE 

modified with MWCNT, PDPA and PDPA-MWCNT as working electrodes, a thin Pt wire as counter 

electrode and Ag/AgCl (sat. KCl) as reference electrode. EIS measurements were performed using 

IM6ex ZAHNER (Kroanch, Germany). SEM was performed using a Hitachi S-3000 H Scanning 

Electron Microscope. The amperometric experiments were performed using CHI 750 potentiostat with 

analytical rotator AFMSRX (PINE Instruments, USA).  
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2.2 Reagents and materials 

MWCNTs with O.D. 10 – 15 nm, I.D. 2–6 nm, length 0.1–10 μm was obtained from Sigma–

Aldrich. Diphenylamine (99 +%, A.C.S. reagent) was obtained from Aldrich, USA. 0.1 M phosphate 

buffer solution (PBS) was prepared from 0.1 M Na2PO4 and NaH2PO4 in doubly distilled deionized 

water to get a pH of 7. Inert atmosphere was set by passing N2 over the solution during experiment.  

 

2.3 Preparation of PDPA-MWCNT composite modified electrode 

As purchased MWCNT was hydrophobic in nature and could not produce a stable and 

homogeneous dispersion in aqueous media. MWCNT was pretreated and functionalized by following 

the procedures reported earlier [47, 48]. 150 mg of MWCNT was heated at 350ºC for 2 h and cooled to 

room temperature. Then it was ultrasonicated for 4 h in concentrated HCl to remove impurities like 

amorphous carbon and metal catalysts. It was filtered and washed thoroughly with deionized water 

until the pH of the washing was 7. The filtered MWCNT was dried at 100ºC. Carboxylation of the 

MWCNT was done by sonicating the pretreated MWCNT in a mixture of sulfuric acid and nitric acid 

in 3:1 ratio for 6 h. It was then washed several times with deionized water until the washing was 

neutral.  

GCE was polished using 0.05 μm alumina slurry and Buehler polishing cloth. To fabricate the 

PDPA-MWCNT modified electrodes, 1 mg of the functionalized MWCNT was dispersed into 1mL of 

doubly distilled deionized water by ultrasonication for 30 minutes. A well dispersed homogeneous 

solution of MWCNT was obtained. 4 μL of MWCNT dispersion was drop casted onto the well 

polished GCE and dried. Electropolymerization of DPA was done on MWCNT-GCE by continuous 

cycling in a three electrode system by cyclic voltammetry.  

 

 

 

3. RESULTS AND DISCUSSIONS 

3.1 Electropolymerization of DPA 

Fig. 1 shows the cyclic voltammogram of the electropolymerization of DPA on MWCNT-

GCE. CV was recorded by continuous potential cycling for 20 cycles in the range of  –0.1 to 1.0 V vs. 

Ag/AgClsat at a scan rate of 0.1 V s
–1

 in 5 M H2SO4 containing 1 x 10
–3

 M monomer concentration. The 

continuous growth of PDPA exhibits two redox processes. The first oxidation peak appears at 0.59 V 

and the second one appears at 0.76 V during the anodic scan. The oxidation peak at 0.59 V is due to 

the removal of one electron from the amino group to form a positively charged N, N´-

diphenylbenzidine type ion radical (DPA
+
•) [49]. Then, a removal proton from two such monomer 

radicals dimerizes to form a dimer of DPA. The coupling takes place at the para position, as shown in 

scheme 1[50]. Further oxidation leads to the growth of PDPA chain. During negative scan, the 

polymer is reduced by the protonation of the nitrogen atom in the backbone of the polymer. The 

reduction peaks appear at 0.42 V and 0.63 V during the cathodic scan. The anodic and cathodic peak 
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currents increase with the number of cycles indicating the deposition of the conducting material on the 

electrode surface.  

 
 

Figure 1. Electropolymerization of DPA on MWCNT/GCE for 20 cycles in 0.1 M H2SO4 containing 

monomer concentration 1x 10
-3

 M in the potential range of –0.1 to 1.0 V. Scan rate: 0.1V s
–1

.  
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Scheme 1. Formation of N, N´-diphenylbenzidine type ion radical (DPA
+
•) and dimer. 

 

3.2 Surface morphological study of films by SEM 

Fig. 2 shows the SEM images of various films deposited on ITO with same experimental 

conditions as mentioned above for GCE. It is clear that the three films have different m morphologies. 

MWCNT is distributed over the ITO during the drop casting process (fig. 2 (a)). FiG.2 (b) shows the 
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PDPA polymer distributed over the ITO surface. However, it is can be seen that the PDPA is not a 

uniform film. Lot of cavity like structure can been.  

 

 
 

Figure 2. SEM images of (a) MWCNT, (b) PDPA, and (c) PDPA-MWCNT films. 

 

It is reported earlier that continuous film of PDPA cannot be prepared by cyclic voltammetry 

[51]. This could be due to the solubility of the oligomers from the electrode surface. SEM image of 

PDPA-MWCNT composite film on ITO surface is shown in fig. 2 (c). The nature of interaction 

between MWCNT and PDPA is electrostatic. The oxidized form of PDPA is positive charged [52]. 

This helps PDPA globules adhere to the MWCNT forming a stable porous film.   

 

3.3 Different scan rate studies of PDPA-MWCNT in pH7  

The different scan rate studies were conducted for PDPA-MWCNT/GCE using CV in 0.1 M 

PBS pH 7 in the potential range of -1.0 to 1.0 V. Purified N2 gas was purged into the buffer solution 
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for 10 minutes before recording the CV responses. The CV responses of PDPA-MWCNT/GCE at 

different scan rates are shown in fig.3. Both Ipc and Ipa increase linearly with the scan rate. The linear 

dependence of Ipc and Ipa with the scan rate is given in the inset of fig.3.  

 
 

Figure 3. CVs recorded at PDPA-MWCNT/GCE in N2 saturated 0.1 M PBS pH 7 at different scan 

rates from inner to outer are (a) 100, (b) 200, (c) 400, (d) 600, (e) 800, (f) 1000, (g) 1200, (h) 

1400, (i) 1600 and (j) 1800 mV s
-1

 in the potential range of -1.0 to 1.0 V. The inset shows the 

linear dependence of Ipc and Ipa on scan rates.  

 

This result shows that PDPA-MWCNT composite has electroactive sites and shows the redox 

peaks in pH 7. The film exhibits good linear relationship between Ipc and Ipa in such a wide range of 

scan rate from (a) 100, (b) 200, (c) 400, (d) 600, (e) 800, (f) 1000, (g) 1200, (h) 1400, (i) 1600 and (j) 

1800 mV s
-1

. This indicates the good stability of the film in pH 7. The inset in fig. 3 shows the plot of 

the PDPA-MWCNT signal of the anodic and cathodic peak current vs. scan rate. The corresponding 

linear regression equations were Ipa (A) = 0.281v (V/s) + 31.74, R
2
 = 0.9963, and Ipc (A) = 0.164v 

(V/s) – 34.04, R
2
 = 0.995. It indicates that the electrochemical reaction of PDPA-MWCNT is a 

surface-controlled process.  

 

3.4 Electrochemical behavior of phenol at various electrodes 

The electrochemical oxidation of phenol at different electrodes has been recorded by cyclic 

voltammetry in the potential range of -0.2 to 0.9 V at a scan rate of 0.1 V s
–1

. The oxidation and 

reduction peaks of PDPA-MWCNT/GCE are separated as +200 and +5 mV. In Fig. 4(A), curve (a) 

indicates the CV signals of PDPA-MWCNT/GCE, (b) MWCNT/GCE, (c) PDPA/GCE, and (a’) bare 

GCE pH 7 PBS. When comparing magnitude of current in pH 7 PBS, the (a) PDPA-MWCNT/GCE 

was higher than (b) PDPA/GCE, (c) MWCNT/GCE and (a’) bare GCE in 0.1 M pH 7 PBS. The E
0’
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was 125 mV for (a) PDPA-MWCNT/GCE and 425 mV for (c) PDPA GCE in 0.1 M pH 7 PBS. In the 

same buffer solution, there was no obvious response at curve (b) MWCNT/GCE and (a’) bare GCE. 

Figure 4(B) shows the determination of phenol at different film by CV. It has been observed that at (a’) 

bare GCE does not show any response for phenol.  

 
 

Figure 4. CVs of  (a) PDPA-MWCNT/GCE, (b) MWCNT/GCE, (c) PDPA/GCE and (a’) bare GCE in 

(A) pH 7 PBS and (B) pH 7 PBS containing 1.78 mM phenol at a scan rate of 0.1 V s
–1

.  

 

Phenol shows an oxidation peak at 814 mV and 750 mV at (b) MWCNT/GCE and (c) 

PDPA/GCE. At (a) PDPA-MWCNT/GCE, phenol shows the oxidation peak at around 650 mV. The 

shifts towards negative potential are 164 mV in comparison to (b) MWCNT/GCE and (c) PDPA/GCE. 

On comparison with the (b) MWCNT/GCE and (c) PDPA/GCE, the peak current is increased by 8.48 

and 2.36 times. The increase in peak current and the shift in the oxidation peak potential show the 

good electrocatalytic behavior of PDPA-MWCNT/GCE electrode in comparison with the only (b) 

MWCNT/GCE, (c) PDPA/GCE and (a’) bare GCE.  

 

3.5 EIS studies of different films  

Conducting polymers, electrolytes, surfactants, nanomaterials or semiconducting materials 

coated on the electrode surface change the double layer capacitance and interfacial electron transfer 
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resistance of the corresponding electrode. Impedance spectroscopy can reveal the interfacial changes 

due to the surface modification of electrodes [53]. Where Rs is the electrolyte resistance, Ret is charge 

transfer resistance, Cdl double layer capacitance and Zw is Warburg impedance. The semicircle 

appeared in the Nyquist plot indicates the parallel combination of Ret and Cdl resulting from electrode 

impedance. The semicircles obtained at lower frequency represent a diffusion limited electron transfer 

process and those at higher frequency represent a charge transfer limited process, which were 

performed at the open circuit potential.  

 
 

Figure 5. EIS of (a) PDPA-MWCNT (b) MWCNT, (c) PDPA modified GCE, and (a’) bare GCE in 5 

mM Fe(CN)6
3-

/Fe(CN)6
4-

 in pH 7 PBS. Applied AC voltage: open circuit potential, frequency: 

0.1 Hz to 100 KHz. 

 

The electrochemical impedance properties of (a) PDPA-MWCNT (b) MWCNT, (c) PDPA 

modified GCE, and (a’) bare GCE are recorded in 5 mM Fe(CN)6
3-

/Fe(CN)6
4-

 in pH 7 PBS and 

represented as Nyquist plot (Zim vs. Zre) in fig.5. The inset of fig.5 shows the Randles equivalence 

circuit model used to fit the experimental data. From fig.5, (a’) bare GCE and (c) PDPA/GCE exhibit a 

semicircle with  625 and 897 (Z’/) at lower frequency region showing significant resistance towards 

the electron transfer process at the electrode surface. Whereas, MWCNT and PDPA-MWCNT 

modified GCE exhibit a very small semicircle region with 35 and 47 (Z’/), which indicated very low 

impedance of the films. The low impedance of these two films are due to the high conducting nature of 

MWCNT and electrostatic interaction of negatively charged functionalized MWCNT and the 

positively charged PDPA.  

 

3.6 Electrocatalytic oxidation of phenol at PDPA-MWCNT/GCE by CV and amperometric 

The electrocatalytic property of the PDPA-MWCNT/GCE towards the oxidation of phenol was 

studied using CV. Fig.6 shows the CV obtained for electrocatalytic oxidation of phenol at PDPA-

MWCNT/GCE in various concentrations (a to o). The anodic peak current linearly increases with 

increase in concentration of phenol from 3.96 µM to 177.8 mM. The linear depends on the Ipa versus 

concentration of phenol is given in inset of fig.6. The Ipa increases linearly with phenol concentration 
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with a slope of 0.202 µA µM
-1

 and the linear regression coefficient R
2 

= 0.9905. The good linear 

response shows the promising electrocatalytic application of the proposed film in real sample analysis.  

 
 

Figure 6. Cyclic voltammograms obtained for various concentrations of phenol were (a) 0, (b) 3.96, 

(c) 7.84, (d) 15.38, (e) 22.64, (f) 29.63, (g) 36.36, (h) 49.12, (i) 66.66, (j) 92.30, (k) 114.3, (l) 

133.3, (m) 150.0, (n) 164.7, and (o) 177.8 µM at PDPA-MWCNT/GCE in N2 saturated 0.1 M 

pH 7 PBS. The scan rate was 0.1 V s
–1

 in the potential range of -0.2 to 0.9 V. Inset shows the 

plot of anodic peak current (Ipa) vs. concentration of phenol.  

 

 
 

Figure 7. Amperometric i-t curve of phenol (9.8-  at PDPA-MWCNT/GCE modified rotating 

disc GCE in the applied potential of 0.65 V in N2 saturated 0.1 M PBS solution pH 7. Rotation 

rate: 1200 RPM. The inset shows the plot of linear dependence of amperometric response on 

the on the concentration of phenol.  
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Table 1. Comparison of the determination of phenol by various electrochemical modified electrodes. 

Linear concentration range (LCR). Limit of Determination (LOD). 

 
Modified electrode Method Ep(V) Electrolyte LCR (μM) LOD 

(μM) 

Sensitivity(A M 
-1

 cm
-2

) Ref. 

Tyr-AuNPs/GCE SWV --- pH 7.0 PBS 0.1–1.1  0.07  6.92 [54] 

Tyr-Au/CPE Amperometric -0.15  pH 7.0 PBS 0.4–480 0.006 12.3 [55] 

silica sol–gel/Nafion/GCE Amperometric -0.2 pH 7.0 PBS 5.0–100 1.0 0.66 [56] 

MWNT-Nafion-Tyr/GCE Amperometric -0.01 pH 7.0 PBS 1.0–19 0.13 4.29 [57] 

CHT/laponite/PPO/GCE Amperometric -0.05 pH 6.5 PBS 0.011– 40 0.01 0.28 [58] 

Tyr–Aucoll–graphite–

Teflon 

Amperometric −0.10 pH 7.4 PBS 0.025–4 0.02 7.64 [59] 

Tyr-TiO2 sol-gel/CE Amperometric 0 pH 7.0 PBS 0.44–11 0.13 5 [60] 

PDPA-MWCNT/GCE Amperometric 0.65 pH 7.0 PBS 3.96–177.8 0.5 8.71 This 

work 

 

RDE is a hydrodynamic electrochemical technique which involves the convective mass 

transport of reactants and products at the electrode surface, when the electrode is rotated at a specific 

speed [55]. The amperometric response of phenol at PDPA-MWCNT modified rotating disc GCE with 

a surface area of 0.07 cm
2
 is shown in fig.7. The experiment was conducted at pH 7 PBS at an applied 

potential of 0.65 V with a rotation rate of 1200 RPM. Phenol solution in pH7 PBS was added at regular 

intervals of time. Electrocatalytic oxidation of phenol occurs at RDE in a totally mass transfer 

controlled condition, the limiting current increases linearly with the rotation rate. For every addition of 

phenol, a quick response (3 seconds) was observed and the oxidation current increases linearly. The 

inset shows the dependence of current on the concentration of phenol. The PDPA-MWCNT/GCE 

shows a good linear range of detection of phenol from 9.8 to 80 µM with a slope of 0.61 
–1

. 

The correlation coefficient (R
2
) was found to be 0.9866 and the sensitivity is 8.714 A M

–1 
cm

–2
. The 

linear range and sensitivity observed with PDPA-MWCNT/GCE is in general comparable with most of 

the modified electrode reported in the literature [54–60] (Table 1). The higher linear concentration 

range (LCR) of PDPA-MWCNT modified electrode, may be the result of the PDPA film bound to the 

MWCNT film on electrode surface. Similarly, the PDPA-MWCNT/GCE modified electrode for the 

detection of phenol also has a higher sensitivity. 

 

 

 

4. CONCLUSIONS 

Fabrication of PDPA-MWCNT composite film modified GCE and its application for phenol 

determination reduction. DPA was successfully electropolymerized onto MWCNT modified GCE by 

cyclic voltammetry in 5 M H2SO4. The surface morphology of PDPA and PDPA-MWCNT films were 

characterized by SEM. The study shows PDPA is formed as non-continuous and porous type film on 

the electrode surface and not as a continuous smooth film. The MWCNT in the PDPA-MWCNT 

composite enhanced the anodic peak current of phenol 8.48 and 2.36 times than that of MWCNT/GCE 

and PDPA/GCE electrode. The amperometric determination studies showed that the composite film 

has quick response (3 seconds) and a good linear range of from 9.8 to 80 µM.  
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