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ABSTRACT: In this work, poly (o-Anisidine) (POA) was prepared by consecutive potential cycling 

in an acidic monomer solution at the surface of Carbon Paste Electrode (CPE). Nickel ions  

were dispersed into the polymer by immersing the electrode in NiSO4 solution. The prepared 

Ni/POA/CPE was characterized by scanning electron microscopy, energy dispersive X-ray spectroscopy, 

Atomic Force Microscopy (AFM) and electrochemical methods. The electrochemical oxidation of 

ethanol and ethylene glycol was investigated at the Ni/POA/CPE by cyclic voltammetry and 

chronoamperometry techniques. The results indicated that the Ni/POA/CPE in comparison  

with Ni/CPE exhibited excellent electrocatalytic activity towards oxidation. Then, using  

a chronoamperometry method, the catalytic rate constant, k, for ethanol and ethylene glycol 

oxidation were found to be 2.6×106 and 1.07×107 cm3/mol s, respectively. Furthermore, the effect of 

several parameters such as OA concentration, POA thickness, and NiSO4 concentration and 

accumulation times towards the ethanol oxidation as well as the long-term stability of the modified 

electrode has been investigated. 
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INTRODUCTION 

Direct Alcohol Fuel Cell (DAFC) is a new source of 

energy that has recently attracted much attention in  

the search for alternative energy resources. The alcohols 

that are used as fuel in DAFCs are methanol, ethanol, 

ethylene glycol and 2-propanol [1, 2]. The direct 

oxidation of methanol in fuel cells has been widely 

investigated. However, the question of the toxicity of  

 

 

 

methanol remains crucial. Ethanol offers an attractive 

alternative as a fuel because it can be produced in large 

quantities from agricultural products and it is the major 

renewable biofuel from the fermentation of biomass [3, 4]. 

In contrast to the much studied hydrogen-oxygen fuel cell, 

ethanol provides a volumetric energy density that 

approaches that of gasoline. As a liquid fuel, ethanol also  
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avoids issues of storage associated with proposed 

hydrogen systems. Ethylene glycol, due to its higher 

energy density, lower flammability, lower toxicity, and 

lower permeation through the membrane compared to 

methanol, has been considered for direct alcohol fuel cell 

applications [5-7]. 

In alkaline media, DAFCs show better polarization 

characteristics in the oxidation of methanol on platinum 

than in acidic media [8]. Furthermore, using alkaline 

electrolytes allows for a greater possibility for application 

of non-noble and less expensive metal catalysts.  

By the way, alcohol permeation rate are reduced by  

the reversing of the direction of ionic current due to 

hydroxide ion conduction against conventional proton 

conducting system [1, 9, 10]. These reasons motivate 

investigations on ethanol and ethylene glycol 

electrooxidation in order to improve the electrical 

performances when using it in a direct ethanol and 

ethylene glycol fuel cell, and to open the possibility of 

replacing methanol in a direct alcohol fuel cell [11-17]. 

Platinum-based catalysts have been used as the best 

catalysts [18]. However, they still suffer from multiple 

problems such as slow reaction kinetics, CO poisoning, high 

cost, limited reserve in nature, and poor durability [19-21]. 

For reducing the usage of the precious Pt metal and here 

after the cost of FCs, the progress of non-Pt electrocatalysts 

has thus generated an enormous interest [22]. 

Alternatively, nickel is a promising catalyst because  

it is cheaper than Pt and has a higher catalytic activity 

for small alcohols. Several investigations on 

electrooxidation of the alcohols on Ni have already been 

reported [23-26]. 

Conducting polymers offer great advances due to their 

very good conducting and mechanical properties and 

good adhesion to the electrode substrate. Therefore, it is 

of interest to extend such studies to other polymers which 

might be suitable as host materials for the catalyst 

micro particles, especially on low price substrate. On the 

other hand, the easy and fast preparation, low background 

current, wide potential window, porous and reproducible 

surface, and low cost of Carbon Paste Electrode (CPE) 

have been motivated the researchers to use the electrode 

substrate for deposition of the conducting polymers [27]. 

In the present study, poly (o-Anisidine) (POA)  

was prepared by electropolymerization of monomer 

solution at the CPE surface. Ni was then incorporated 

into the polymer by the accumulation of Ni(II) from 

NiSO4 solution at open circuit condition. Surprisingly, the 

literature survey indicates that there is no report as yet  

on electrocatalytic oxidation of ethanol and ethylene glycol. 

Therefore, POA modified CPE, which is a conductive 

organic matrix, was prepared and allowed a better 

dispersion of Ni ions as a catalyst for the alcohol 

electrooxidation. 

 

EXPERIMENTAL SECTION 

Materials 

The solvent used in this work was double distilled 

water. H2SO4 (98%, Merck) and NaOH(>99%, Merck) 

were used as the supporting electrolytes. The 

NiSO4·6H2O (98%,Fluka),OA monomer (>98%, Fluka) 

were used as received. Ethanol (Merck) and ethylene 

glycol (Merck) used in this work were analytical 

grade.K3Fe(CN)6 (>99%, Merck),K4Fe(CN)6 (>99%, Merck) 

and KCl (>99%, Merck) were used for the 

electrochemical impedance study. High viscosity paraffin 

oil (density: 0.86 g cm-3, Merck) was used as pasting 

liquid in the preparation of the CPE. Graphite powder 

(particle diameter: 0.1 mm, Merck) was used as  

the working electrode substrate. 

 

Instrumentation 

The surface morphology and elemental analysis were 

performed by Scanning Electron Microscopy (SEM, 

model KYKY-EM3200, China), Energy Dispersive 

Spectrometer (EDS, VEGA-Tescan, Razi Metallurgical 

Research Center, Tehran, Iran) and Atomic Force 

Microscopy (AFM, model no. 0101/A, Ara Research 

company, Iran) respectively. The electrochemical experiments 

such as Cyclic Voltammetry (CV), chronoamperometry 

and Electrochemical Impedance Spectroscopy (EIS) were 

carried out using potentiostat/galvanostat AUTOLAB 

PGSTAT 30 electrochemical analysis system and GPES 4.9 

software package (Eco Chemie, Netherlands) coupled 

with a personal computer. The utilized three-electrode 

system was composed of Ag|AgCl|KCl (3M) as reference 

electrode, a platinum wire as auxiliary electrode, 

unmodified carbon paste and modified carbon paste  

(3.9 mm in diameter) as working electrodes. All potentials 

reported in this work are referenced to the Ag|AgCl|KCl 

(3M). All experiments were conducted at ambient 

temperature. 
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Working electrode preparation 

Fabrication of the CPE was performed by mixing 

graphite powder and paraffin oil in a ratio of 70:30 (%w/w). 

Using a syringe, paraffin oil was added to the mixture  

and mixed well until a uniformly wetted paste  

was obtained. The resulting paste was then inserted  

into the bottom of a glass tube (internal radius: 3.9 mm). 

The electrical connection was implemented by a copper 

wire lead fitted into the glass tube. A fresh electrode 

surface was generated rapidly by extruding a small plug 

of the paste out of the tube and smoothing the resulting 

surface on white paper until a smooth shiny surface  

was observed. Then, CV was performed between 0.0 and 

1.0 V at 50 mV/s in 0.5 M H2SO4 solution, until stable 

CVs were obtained. The modification was performed in 

three steps:  

(a) Electrochemical polymerization of 2.0 mM OA 

monomer in 0.5 M H2SO4 solution by using consecutive 

potential cycling (10 cycles at υ = 50 mV/s) between 0.0 

and 1.2 V. 

(b) Incorporation of Ni2+ (as inexpensive metallic 

ions) to the POA/CPE by immersing the freshly electro-

polymerized CPE in a well-stirred aqueous 0.1M NiSO4 

solution for accumulation time of 1 min. 

(c) After Ni2+incorporation due to the complex 

formation between Ni2+ and amines sites in the polymer 

backbone, the electrode was rinsed with distilled water. 

At beginning of experiment, the Ni/POA/CPE was immersed 

in 0.1M NaOH solution and the potential was  

cycled between 0.1 to 0.8V at υ = 50 mV/s until 

reproducible CVs were attained (10 cycles). This 

technique allows the oxide/hydroxide film formation  

in parallel with inspecting the electrochemical reactivity 

of the surface. 

Table 1 summarizes several surface parameters such 

as geometric surface area, polymer mass, film thickness, 

the surface coverage of nickel hydroxide, anodic electron 

transfer coefficient and electron transfer rate constant 

for the Ni/POA/CPE.  

Mass of polymer is obtained by ηQdepM/Fn equation. 

Qdep is the sum of monomer charges, assuming  

100% polymerization efficiency mass of polymer calculated 

2.26 μg. In order to calculate the thickness of polymer, 

the mass of polymer is divided by density and geometric area. 

Ni surface coverage on the carbon paste electrode 

polymerized by o-anisidine is derived from the charge  
 

Table 1: Surface parameters of the Ni/POA/CPE. 

Surface parameter Value 

Geometric area, Ag , cm2 (πr2) 0.125 

POA mass, WPOA , μg (ηQdepM/Fn) 2.26 

POA thickness, dn , μm (ηQdepM/ρAgFn) 0.12 

Ni loading, WNi , mg/cm2 1.05 

Surface coverage, ΓPOA, mol/cm2 (4RTIp/n
2F2υAg) 9.8×10-8 

Surface coverage, ΓNi, mol/cm2 1.79×10-5 

*Anodic electron transfer coefficient, α 0.73 

**Apparent charge transfer rate constant, ks, s
-1 0.055 

*Epa = E0 + A ln [(1 − α)/m], Epc = E0 + B ln [α/m],  

A= RT/(1−α)nF,B=RT/αnF, m=(RT/F)(ks/nν) 
**log ks =α log (1 − α) + (1 − α) logα−log (RT/nFυ) − [α (1−α) 

nFΔEp]/2.3RT 

 

under the current–potential curve that is calculated  

by correction of the baseline (Γ *=Q/nFA).  

The transfer coefficient (α) and apparent charge 

transfer rate constant, ks is obtained  from  plot of peak 

potential with scan rate that results in extracting  

two straight lines with slopes equal to 2.3RT/nF and 

2.3RT/(1−α)nF  for the cathode and anodic peak 

according to ref 28. 

 

RESULTS AND DISCUSSION 

Electrochemical polymerization 

In this work, electropolymerization of the OA 

monomer was investigated at the surface of CPE.  

The consecutive CVs recorded during the polymerization 

were presented in Fig. 1. As it can be seen in this figure, 

on the 1st cycle, a peak related to the OA oxidation  

at 0.84 V appears and deposition a part of the oxidation 

products leads to create a POA film at the electrode 

surface. It is obvious that by continuous potential cycling, 

this peak shifts towards more positive directions and  

its height decrease due to loss of the surface activity.  

As the CVs continue, the peak current densities related  

to the oxidation and reduction of the polymer are gradually 

increased. After polymerization, the polymer modified 

electrode was washed with double distilled water and 

the potential was cycled between 0.0 and 1.2 V (10 cycles  

at  = 50 mV/s) in 0.5 M H2SO4 solution. The purpose is  

to remove the monomers and/or oligomers in the polymer 

film. The stability of prepared films shows decreasing 
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Fig. 1: (A) Electropolymerization of the 2.0 mM OA monomer in 0.5 M H2SO4 solution at the surface of CPE at υ = 50 mV/s. (B) 

CVs of the POA/CPE in 0.5 M H2SO4 solution: 1st cycle (a); 10th cycle (b) at υ = 50 mV/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Niquist  plots of the faradaic impedance measurements 

of a 1.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] + 0.1 M KCl solution 

performed on (a) CPE, (b) POA/CPE and (c) Ni/POA/CPE  

at open circuit potential. 

 

in current at initial 10 cycles and the current almost 

remains constant afterward (Fig. 1B).The ΔEp (= 29 mV) for 

the redox peak is close to 59/n mV, which identifies that 

the number of involved electrons is 2 (n ≈ 2.03).  

The ratio of anodic to cathodic peak current density (jpa/jpc) 

is almost equal to unity. 

 

EIS studies 

EIS is an effective tool for studying the interface 

properties of polymer-modified electrodes. The typical 

impedance spectrum (presented in the form of the 

Nyquist plot) includes a semicircle portion at higher 

frequencies corresponding to the limited electron-transfer 

process and a linear part at lower frequency range 

representing the diffusion-limited process [31]. The 

semicircle diameter in the impedance spectrum equals  

the electron-transfer resistance, Ret. This resistance controls 

the electron-transfer kinetics of the redox probe at  

the electrode interface. Therefore, Ret can be used to describe 

the interface properties of the electrode. The Nyquist 

diagrams of the CPE (curve a), POA/CPE (curve b) and 

Ni/POA/CPE (curve c) in the presence of 1.0 mM K3 

[Fe(CN)6]/K4[Fe(CN)6] (1:1) + 0.1 M KCl solution  

were shown in Fig. 2. As shown in this figure, the value of Ret 

for the POA/CPE is much smaller than that the CPE 

indicating a faster electron-transfer process on polymeric 

modified electrode. This may be attributed to the higher 

real surface area and/or positively charged polymeric 

skeletons immobilized on the electrode surface which 

shows an attraction force to ferro/fercyanidean ions.  

On the other hand, Ret at the Ni/POA/CPE shows the 

smallest value among the other electrodes due to the 

presence of nickel species. 

 
Surface morphology and elemental analysis 

In order to surface characterization, the micrographs 

of the POA/CPE (a) and Ni/POA/CPE (b) have been 

investigated by SEM and the corresponding results were 

shown in Fig. 3. As shown in trace (a), POA film shows 

an almost rough surface with holes or cavities. 
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Element Wt% At% 

C  37.15 43.81 

N  35.26 35.68 

O  21.51 19.04 

Ni 6.05 1.46 

Total 100.00 100.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: SEM images of the (a) POA/CPE and (b) Ni/POA/CPE. (c) EDS spectrum of the Ni/POA/CPE. 

 

This structure enhances the electrolyte constituent access 

to the interior of the polymeric film. Figure 3b exhibits 

the POA film formed in the presence of Ni which has 

amorphous like surface with poly disperse morphology. 

Furthermore, the existence of the Ni particles incorporated 

into the composite matrix was confirmed by EDS (trace c). 

From the EDS results, Ni is the major element.  

Carbon is derived from the CPE and POA film. Nitrogen 

is from POA. Oxygen is from POA and/or working 

electrolyte solution. 

Characterization surface of Ni/POA/CPE by AFM 

Roughness surface parameter Ni/POA/CPE 

investigated by atomic force microscope. Images  

were achieved under room temperature using nano 

probe cantilever in contact mode. Topographic,  

phase and amplitude 2D and 3D images (Fig. 4) 

verified by SEM image in Fig. 3(B). The existence of 

regular and dispersed Nickel on Polymer layers 

   was showed by the topographic image at the 

electrode surface.  
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Fig. 4: AFM topographical, amplitude and phase images (A) 2D and (B) 3D (5×5 μm) for characterization surface Ni/POA/CPE. 
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Table 2: Effects of various parameters on the oxidation peak current density at the Ni/POA/CPE for  

1.15 M ethanol + 0.1 M NaOH solution at υ = 20 mV/s. 

CNiSO4/M 0.5 1 1.5 2 2.5 

jpII/mA cm-2 1.02 1.64 1.89 1.85 1.79 

ta/s 5 10 20 30 60 

jpII/mA cm-2 4.35 7.32 10.11 12.31 12.29 

Cycle number 2 5 10 15 20 

jpII/mA cm-2 0.2 0.25 0.35 0.11 0.05 

COA/mM 0.5 1 2 4 6 

jpII/mA cm-2 0.25 0.82 0.98 0.65 0.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Electrochemical responses of the (a) Ni/CPE and  

(b) Ni/POA/CPE in 1.78 M C2H5OH + 0.1 M NaOH solution 

at   υ = 20 mV/s. 

 

The results of quantitative measurements of surface 

roughness, such as mean roughness (Ra=13.94 nm) and 

mean roughness depth (Rz=82.46 nm) were achieved. 

 

Electrocatalytic oxidation of ethanol 

The typical CVs showing the electrooxidation of 

ethanol at the Ni/POA/CPE electrode are shown in Fig. 5. 

In all experiments, the working electrode was immersed  

in a 0.1M NaOH solution containing 0.05M ethanol.  

An increment in the anodic peak current for peak I followed 

by the appearance of a new peak II at more positive potential 

and a decrease of the cathodic peak current are the main 

effects observed upon the addition 0.05M ethanol to the 

electrolyte. As can be seen in Fig. 5, the peak current of 

ethanol oxidation at the surface of Ni/POA/CPE is about 

1.43-fold greater than that at Ni/CPE. This behavior  

is typical of that expected for mediated oxidation,  

as previously reported in the literature [29, 30]:  

Electrooxidation process of ethanol in alkaline 

solution suggested by Fleischmann et al. [31, 33] that 

shows in below equation; 

  22
Ni OH OH NiOOH H O e      

 2 22
NiOOH RCH OH HO Ni OH H O e RCHO        

2
RCHO 3OH RCOO 2H O 2e       

 

Parameters affecting the electrode modification 

In order to evaluate the effects of various parameters 

such as NiSO4 concentration (CNiSO4) , POA thickness, 

OA concentration (COA), and accumulation time (ta)  

on ethanol oxidation, the anodic peak current density  

was monitored as an index for finding an optimum conditions 

and obtained results were summarized in Table 2. The 

data indicate that the peak current density increases 

extensively for CNiSO4 up to 1.5M, ta up to 1 min, cycle 

numbers up to 10, COA up to 2.0 mM and drop afterward. 
 

Effect of ethanol concentration 

Fig. 6 shows the effect of ethanol concentration on  

its electrooxidation current at the Ni(OH)2/POA/CPE.  

It is clearly observed that the anodic peak current increases 

with increasing of ethanol concentration and drops 

afterward at higher concentrations. We assume this effect 

may be due to the saturation of active sites and/or 

poisoning the electrode surface with adsorbed 

intermediates. Thus, a concentration value of 1.99 M 

represents a critical concentration after which the 

adsorption of the oxidation products at the electrode 

surface causes the hindrance of further oxidation. 
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Fig. 6: (A)Current-potential curves of the Ni/POA/CPE in 0.1 M NaOH solution with different ethanol concentrations at  

υ = 20 mV/s: (a) 0.24, (b) 0.48, (c) 0.92, (d) 1.58, (e) 1.78  and  (f) 1.99 M. (B) The jpII as a function of C2H5OH concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: (A) CVs of the Ni/POA/CPE in 0.1M NaOH solution  with different ethylene glycol  concentration  

a) 0.02, b)0.05, c)0.12, d)0.25 and e)0.52M, at υ = 20 mV/s. (B) CVs of the (a) Ni/CPE and  

(b) Ni/POA/CPE 0.1 M NaOH solution + 0.52 M ethylene glycol at υ = 20 mV/s. 

 

Electrocatalytic oxidation ethylene glycol 

Our results show that ethylene glycol can be effectively 

catalyzed on the surface of Ni/POA/CPE. Fig. 7 shows 

the effect of ethylene glycol concentration on the anodic 

current of Ni/POA/CPE. It is clearly observed that  

the anodic current increases with increasing ethylene glycol 

concentration. As can be seen at lower concentration,  

the peak current observed for ethylene glycol is a little higher 

than ethanol, but for higher concentration its current 

levels off much sooner than that of ethanol due to the 

saturation of active sites on the surface of the electrode 

(ethylene glycol is a bulkier molecule with respect to 

ethanol). Finally, electrooxidation Ethylene glycol  

on the surface of Ni/POA/CPE produces formic acids. 

The mechanism for ethylene glycol oxidation would be  

as follow. 

   2 22
CH OH : COH  

   22 ads
: COH 2H O HCOOH 2H 2e     

    2ads ads
Ni HCOOH Ni CO H O   

 2 ads
Ni H O Ni OH   

    2ads ads
Ni OH Ni CO Ni CO H     
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Chronoamperometry study 

Double potential step chronoamperometry was 

employed for investigation of electrochemical processes 

at the Ni/POA/CPE. Fig. 8A shows the double-step 

chronoamperograms of the modified electrode by setting 

the working electrode potential at 0.8 V (first step) and 

0.47 V (second step) vs. reference electrode for various 

ethanol concentrations. In the presence of ethanol,  

the charge value associated with the forward 

chronoamperometry, Qa, is greater than that backward 

chronoamperometry (Fig. 8B (h′)). This technique  

can also be used for evaluation of chemical reaction between 

ethanol and the modifier layer (catalytic rate constant, k) 

according to [32]: 

 
1 21 2 1 2 1 2

C L o
I I kc t      

Where IC and IL are the currents in the presence and 

absence of ethanol, k is catalytic rate constant; Co is the 

bulk concentration of ethanol and t is the elapsed time. 

From the slope of IC/IL vs. t1/2 plot, presented in Fig. 8C, 

the mean value of k for concentration ranges 4.3-31.0 mM 

of ethanol was obtained as about 2.6×106 cm3/mol.s. 

According to the method described above, the value of k 

for ethylene glycol was found to be 1.07×107 cm3/mol.s. 

The higher k value for ethylene glycol can be attributed 

to the fact that it is a diol. 

 

Stability of the Ni/POA/CPE 

In the practical view, long-term stability of the 

electrode is important. The long-term stability of 

Ni/POA/CPE was examined in 0.1 M NaOH + 48.0 mM 

ethanol solution by using CV technique (Fig. 9A). The 

peak current density decreases gradually by continuous 

potential cycling and its value at the 50th scan is about 

73% than the 1st scan. For further evaluate the activity 

and stability of the Ni/POA/CPE, chronoamperogram 

(CA) were recorded for a large time window in the 

presence of ethanol (Fig. 9B). As can be seen, the 

decrease in current is relatively slow. It is obvious that 

the Ni/POA/CPE exhibits a good stability toward ethanol 

oxidation. We also checked the stability of the modified 

electrode by measuring its response to ethanol oxidation 

after 30 days of storage in the laboratory atmosphere 

condition (Figure not shown). The electrode response to 

electrocatalytic oxidation of ethanol retains 85% of initial 

value. In comparison with some other previous works,  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: (A) CVs obtained at the Ni/POA/CPE in the absence (a) 

and the presence of (b) 4.3, (c) 9.2, (d) 14.0, (e) 18.0, (f) 22.0, (g) 

27.0 and (h) 48 mM ethanol. (B) The dependency of charge  

Q vs. t derived from the data of chronoamperogram of (a) and 

(j). (C) The dependency of IC/IL on t1/2 derived from the data of 

chronoamperograms of (a) and (j) in the main panel. 
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Fig. 9: (A) CVs of the Ni/POA/CPE in the presence of 2.78 M ethanol in 0.1 M NaOH solution: 1st cycle (a); 50th cycle (b)  

at υ = 20 mV/s. (B) chronoamperogram of the Ni/CPE (a) and Ni/POA/CPE (b) in 2.78 M C2H5OH + 0.1 M NaOH solution. 

 

it seems clear that nickel hydroxide in the modified electrode 

can act as a comparable catalyst in ethanol oxidation. 

 

CONCLUSIONS  

In this paper, a poly (o-Anisidine) film prepared at the 

surface of carbon paste electrode. By using accumulation 

method nickel particles stabilized on the polymer surface. 

Modified electrode showed a good electrocatalysis for 

ethanol and ethylene glycol.
 

Using conductive polymer showed less charge 

transfer resistance in comparison with unmodified carbon 

paste electrode. 

Choronoamperometric method was used to calculate 

the catalytic rate constants for ethanol and ethylene 

glycol approximately. 

In electrooxidation process of ethanol in alkaline 

solution, Ni/POA/CPE is indicated a good stability to use 

in direct ethanol fuel cells.
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