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ABSTRACT 

In the present work, the modified nickel electrode was electrochemically fabricated and tested for 

the electro-oxidation of paracetamol in alkaline media. The methods of cyclic voltammetry (CV), 

chronoamperometry (CA), and impedance spectroscopy (EIS) were used to determine kinetic 

parameters such as transfer coefficient (α), the catalytic reaction rate constants (k), and the 

diffusion coefficient of paracetamol in the bulk of solution. The electrochemical results showed that 

the modified nickel electrode had a high electrocatalytic activity for the electro-oxidation of 

paracetamol around 400 mV/Ag.AgCl in alkaline media and the diffusion coefficient of paracetamol 

was obtained to be 3×10
-6

 cm
2
.s

-1
. It means that the modified nickel electrode is highly sensitive 

toward the detection of paracetamol. 

Keywords: Ni Electrodes, Paracetamol, Paracetamol Detection, Catalytic Process 

INTRODUCTION 

Paracetamol was introduced in medicine over 

100 years ago [1-8]. Since then paracetamol has 

been available as a safe effective analgesic and 

antipyretic drug in the global market. [1] 

The quantitative analysis of paracetamol has 

been achieved using spectrophotometry, liquid 

chromatography, near infrared transmittance 

spectroscopy, titrimetry and voltammetry. In 

addition, several flow injection methods for the 

determination of paracetamol have been re-

ported using fluorometric [2], UV-Vis spectro-

photometry [3], Fourier transform infrared 

spectrophotometry [4], or electrochemical 

detection techniques [5]. However, some of 

these methods are time-consuming, and since 

paracetamol is electroactive and can be oxidized 

under suitable conditions, the use of electro-

chemical detection can be considered appro-

priate due to its rapid response and high 

sensitivity capabilities. Furthermore, because of 

the potential for miniaturization, ease of 

manufacture, and low cost, electrochemical 

techniques can be considered as an attractive 

method for the determination of paracetamol 

[6, 5]. 

Craig E. Banks et al. investigated the electro-

chemical oxidation of N-(4-hydroxy-phenyl) 

ethanamide (paracetamol) at C60-modified 

glassy carbon electrodes. This work clearly 

shows that substrate activation is an important 

parameter for the study of the C60 film-

modified electrodes, especially in electro-
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analysis applications. [7] 

 

Nickel modified or nickel alloy electrodes are 

commonly used as an electrocatalyst for both 

anodic and cathodic reactions in organic 

synthesis, the electrolysis of water, and the 

direct electrochemical oxidation of alcohol [9-

16]. One of the most important applications of 

nickel is the catalysis of the oxidation of alcohols 

[15, 17]. 

With the exception of pure nickel, nickel 

hydroxides and the modified complex of Ni-

electrodes have been used for a variety of 

electro-oxidation [18-25] and reduction pur-

poses [26]. 

Here, we have studied the electrochemical 

oxidation of paracetamol on a nickel electrode 

in NaOH solution along with driving the kinetic 

parameters of the electro-catalytic process. 

EXPERIMENTAL 

Chemicals 

Sodium hydroxide and the nickel rods were 

received from Merck. Paracetamol was obtained 

from Borhan Daro Company. Also, all chemicals 

were analytical grade. 

Characterization 

Electrochemical studies were carried out in a 

conventional three-electrode cell powered by an 

electrochemical system comprising of EG&G 

model 273 potentiostat/galvanostat and Solar-

tron model 1255 frequency response analyzer. 

The system is run and controlled by a PC 

through M270 commercial software via a GPIB 

interface. A dual Ag/AgCl-Saturated KCl, a Pt 

wire, and a graphite (G) disk electrode were 

used as the reference, counter, and working 

electrodes respectively. All studies were carried 

out at 298 ± 2 K. The G disk electrode was 

polished with 0.05 mm alumina powder on a 

polishing micro cloth and rinsed thoroughly with 

doubly distilled water before modification. 

Working electrode, Ni/NiOOH rod, was prepared 

by fifty cycles between 0 to 600 mV at a 100 

mV/s scan rate in a 1M NaOH solution. 

RESULTS AND DISCUSSION 

Figure 1 shows the 50 consecutive cyclic 

voltamograms of the Ni electrode with 100 mv/s 

scan rate in 1 M NaOH. In the first scan, a pair of 

redox peaks appears at 450 mV and 500 mV, 

which is assigned to Ni
2+

/ Ni
3+

 redox couple in 

alkaline media. The entire behavior is in 

agreement with the previous data in the 

literature related to the formation and inter-

conversion of α- and ß-phases of Ni(OH)2, its 

transformation to NiOOH, and the enrichment 

of Ni
3+

 species on or beneath the surface [23-

27]. 

 

Figure 1: Consecutive 50 cycles voltammogram of 

Ni/NiOOH electrode in 1 M NaOH at a scan rate of 

100 mVs
-1

. (1) First cycle; (2) Fifty cycle 

Upon further cycles, the peaks shift cathodically 

and stabilize at 430 mV and 480 mV 

respectively. In the subsequent cycles, both the 

anodic and cathodic peaks shift negatively and 

then stabilize; higher energies (potential) are 

required for the nucleation of NiOOH in the first 

cycle. The enhanced base line current of the first 
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cycle is related to the oxidation of Ni to Ni(II).  

The current increases with the number of 

potential scans indicating the progressive 

enrichment of the accessible electro-active 

species (Ni
2+

 and Ni
3+

) on or near the surface. 

The increased current in anodic wave is a result 

of oxygen evolution reaction. 

After prolonged cycling, the redox peak 

potentials are stabilized at 388 mV and 471 mV 

Ag/AgCl.  

These changes are probably due to a change 

[23] in the crystallite structure of the nickel 

hydroxide and the nickel oxyhydroxide films. It 

has been reported [24, 25] that at the initial 

stages of electro-oxidation, α-Ni(OH)2 forms and 

is then slowly converted to ß-Ni(OH)2 form. It is 

believed that both of the above phases are non-

stochiometric [26, 27]. Figure 2a presents the 

typical CVs of a Ni-modified NiOOH electrode in 

1M NaOH solution at various potential scan 

rates of 2 to 2000 mVs
-1

. The peak’s currents are 

proportional to scan rates in the range of 2 to 40 

mVs
-1

. Figures 2b and c show the electro-

chemical activity of the surface redox couple 

[28]. According to Equation 1 [28], with respect 

to the slope of Ip versus v and taking the average 

of both cathodic and anodic results, surface 

coverage (Γ*) was estimated to be around 6.2 × 

10
-8 

mol.s
-2

. 

2 2

4p

n FI vA
RT

∗ = Γ 
 

 (1)

Γ* value corresponds to the formation of 

approximately 54 monolayers of Ni/NiOOH 

surface species. 

At higher potential scan rates, it has a 
1/2v

dependency; Figures 2d and e show the 

dominance of the diffusion controlled processes. 

Figure 3 presents the CVs of Ni/NiOOH electrode 

without (a), in 3 mM paracetamol (b), and in 9 

mM paracetamol (c) at the potential scan rate of 

10 mVs
-1

. In the study of electro-oxidation of 

paracetamol on Ni electrode, it was [29] 

revealed that the obtained current of anodic 

and cathodic were 35 mA.cm
-2

 in a 3 mM 

solution. The results showed that anodic cur-

rent rose against cathodic drop in the presence 

of paracetamol.  

Figure 4 showed the effect of paracetamol 

concentration on the anodic and cathodic 

current of the above electrode. It is clearly 

observed that the anodic current increases with 

paracetamol concentration. The enhancement 

of the current ratio (anodic:cathodic) from 56:44 

to 96:4 has been caused by paracetamol 

component. Figure 5 (a) depicts the cyclic 

voltamograms of Ni/NiOOH in 5 mM parace-

tamol at different scan rates. It was showed that 

anodic/cathodic currents are proportional to the 

scan rates in a range of 2 to 2000 mVs
-1

, as 

illustrated in Figures 5b and c respectively. 

The cathodic peak was not observed at low scan 

rates, but appeared upon increasing the scan 

rate. This phenomenon indicates that the 

electro-oxidation of nickel species to a higher 

valence state is much faster than the catalytic 

oxidation of ethylene glycol. At higher scan 

rates, a new oxidation peak appeared for 

ethylene glycol oxidation at a potential much 

more positive than the oxidation potential of 

Ni(OH)2.  

A double-step chronoamperometry has been 

employed for the investigation of the processes 

via ErCi mechanism [23]. The chronoampero-

grams of Ni/NiOOH electrode without (11) and 

in the presence of (1-15) paracetamol in a 

concentration range of 1 to 9 mM in 1M NaOH 

solution at the oxidation potential of 400 and 

200 mV are presented in Figure 6A. The plot of 

net current versus t
-1/2

 was obtained by the 

elimination of background current via point-by-

point subtraction method. It gives a straight line 

at a level of around 0.27 mA, (Figure 6B). 

Moreover, a diffusion process controls the 

transient current.  
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Figure 2: (a) Typical cyclic voltamograms of a Ni/NiOOH electrode in 1 M NaOH in the potential sweep rates 

of 2, 5, 7, 10, 20,30, 40, 50, 75, 100, 200, 350, 500, 750, 1000, 1250, 1500, 1750, and 2000 mVs
-1

; (b) the 

dependency of anodic and (c) cathodic peak currents on the sweep rate at lower values (2-40 mVs
-1

); (d) the 

proportionality of anodic and (e) cathodic peak currents to the square roots of sweep rate at higher values 

(50-2000 mVs
-1

) 

 

Figure 3: Cyclic voltamograms in the presence of 5 mM (a) and 1mM (b) of paracetamol on Ni/NiOOH 

electrode and only Ni/NiOOH (C) in 1M NaOH solution. Potential sweep rate was 10 mVs
-1

. 
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Figure 4: (a) Cyclic voltamograms of the Ni/NiOOH electrode in 1 M NaOH solution in the presence of (1) 1 

mM; (2) 3 mM; (3) 5 mM; (4) 7 mM; and (5) 9 mM of paracetamol in the solution. Potential sweep rate was 

10 mVs
-1

; (b) the dependency of the anodic peak current on the concentration of paracetamol in solution; (c) 

the dependency of the cathodic peak current on the concentration of paracetamol in solution 

 

Figure 5: (a) Typical cyclic voltamograms of the Ni/NiOOH in1 M NaOH in the presence of 0.5 mM 

paracetamol at various potential sweep rates of 2, 5, 7, 10, 20, 30, 40, 50, 75, 100, 200, 350, 500, 750, 1000, 

1250, and 1500 mVs
-1

; (b) the dependence of anodic peak current during the forward sweep on the square 

roots of sweep rate; (c) the anodic current function (I/ν
1/2

) vs. potential sweep rate v 
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Figure 6: (a) Double steps chronoamperograms of Ni/NiOOH electrode in 1 M NaOH solution with different 

concentrations of paracetamol of: (1) 0 M, (2) 0.1 M, (3) 0.3 M, (4) 0.5 M, (5) 0.7M, and (6) 0.9 M; potential 

steps were 400 mV and 200 mV respectively; (b) the dependency of transient current on t
1/2

. 

By using Cottrell equation [30] and the slop of Ip 

versus t
-1/2

, the diffusion coefficient of paraceta-

mol was obtained to be around 5×10
-7

 cm
2
.s

-1
. 

1/2 1/2 1/2I nFAD C tπ − −= ×  (2)

The irreversibility of paracetamol oxidation 

process was proved by the negligible current 

obtained at 300 mV potential. 

A number of mechanisms have been proposed 

for the electro-oxidation of alcohols on Ni in 

alkaline solutions. While Fleischmann et al. [16, 

31] assumed a catalytic/intermediate role for 

NiOOH, others [10] reported the methanol 

oxidation after the conversion of Ni(OH)2 to 

NiOOH in the course of reaction at anodic scan 

rates. Vertes and Horanyi [32] criticized 

Fleischmann mechanism and gave rise to the 

doubts on the role of NiOOH as an electro-

catalyst. In their research, a new oxidation peak 

for the alcohol at a potential much more 

positive than the oxidation potential of Ni(OH)2 

was obtained; however, the redox peaks were 

unchanged. Appearance of a new oxidation peak 

at a more positive potential than the oxidation 

potential of Ni(OH)2 is due to the elimination of 

methanol oxidation on the surface of oxide 

layer. This mechanism is accompanied by the 

oxidation of paracetamol on the G/Ni electrode. 

 

(3) 

The redox transition of nickel species available 

in the film is given by: 

1( ) ( )
v

Ni Ni e−ΙΙ ←→ ΙΙΙ +  (4) 

Then, methanol is oxidized on the modified 

surface via the following reaction 

3 4

3

Ni acetaminophen

Ni intermediate e

ϑ+

+

+ →

− +

 (5) 

3 3

2

Ni intermediate

Ni products

ϑ+

+

+ →

+
 (6) 

where, Ni
3+

 sites are regenerated by the power 

source and on the Ni
3+

 oxide surface by direct 

electro-oxidation: 
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3

2

2Ni acetaminophen

Ni intermediate

ϑ+

+

+ →

+

 (7)

3 5

3

Ni intermediate

Ni products e

ϑ+

+

→

+ +

−
 (8)

Equations (5) and (6) are according to 

Fleischmann mechanism and in Equations (7) 

and (8), Ni
3+

 is used as the active surface for 

methanol oxidation.  

Methanol oxidation occurs at a more positive 

potential than the oxidation of Ni(OH)2 

according to Equations (7) and (8). The above 

equation of the Faradic current density can be 

written as: 

1 4 5( )FI v v v F= + +  (9)

Figure 7 shows the Nyquist diagrams of 

Ni/NiOOH electrode at the oxidation peak 

potential as dc-offset for some selected 

concentrations of paracetamol. The Nyquist 

diagrams consisted of two slightly depressed 

overlapping capacitive semicircles in the high 

and low frequency sides of the spectrum. While 

the depressed semicircle in the high frequency 

region can be related to the combination of 

charge transfer resistance and the double layer 

capacitance, the low frequency semicircle is 

attributed to the adsorption of reaction 

intermediate on the electrode surface. The 

equivalent circuit, corresponding to the Nyquist 

diagram in the presence of paracetamol, was 

depicted in Figure 8.  

To obtain a satisfactory impedance simulation of 

paracetamol electro-oxidation, it is necessary to 

replace the capacitor C with a constant phase 

element (CPE), Q, in the equivalent circuit. The 

most widely accepted explanation for the 

presence of CPE behavior and depressed 

semicircles on solid electrodes is the 

microscopic roughness which causes an 

inhomogeneous distribution in the solution 

resistance as well as in the double-layer 

capacitance [33]. 

 

Figure 7: Nyquist diagrams of Ni/NiOOH electrode at different concentrations of paracetamol in 1 M NaOH: 

(1) 0.1 M, (2) 0.3 M, (3) 0.5 M, (4) 0.7 M, and (5) 0.9 M; DC potential is 450 mV/Ag,AgCl 
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In this electrical equivalent circuit, Rs, CPEdl, and 

Rct represent solution resistance, a constant 

phase element corresponding to the double-

layer capacitance, and the charge transfer 

resistance respectively. CPEads and Rads are the 

electrical elements related to the adsorption of 

reaction intermediates. In this circuit, the charge 

transfer resistance of the electrode reaction has 

a simple physical meaning and indicates how 

fast charge transfer occurs during methanol 

electro-oxidation at the surface of the electrode. 

At a low applied overpotential, the current 

density of oxidation processes is related to 

Ni
2+

/Ni
3+

 redox couple in the presence of 

paracetamol oxidation and can be given by 

Equations (7) and (8). 

 

Figure 8: Equivalent circuits compatible with the 

Nyquist diagrams in Figure 7 for paracetamol 

electro-oxidation on Ni/NiOOH electrode 

In the above sequence of reactions, Equations 

(3) to (5), k1 and k-1 are obviously potential 

dependent rate constants and are of the forms 

of: 

1 1

( )
( ) exp

o
o nF E E

k E k
RT

α −
=  

 
 (10)

1 1

( 1) ( )
( ) exp

o
o nF E E

k E k
RT

α
− −

 − −
=  

 
 (11)

where, k
o
’s are the chemical rate constants 

measured at the equilibrium potential; α is the 

anodic symmetry factor and the other 

parameters have their usual definitions as 

previously defined. The rate equations for the 

reactions (3) to (5) have the forms of: 

1 1 1II IIIv k Kθ θ−= Γ − Γ  (12) 

2 2 *IIIv k Cθ= Γ  (13) 

where, Γ  is the total number of adsorption sites 

per unit area of the electrode surface; θ’s 

represent the fractional coverage’s of different 

nickel valence states and C* is the bulk 

concentration of methanol. If the (II) and (III) 

valence states of nickel meet the below 

condition: 

1II IIIθ θ+ =  (14) 

And if the rates of changes of their coverage as 

well as the rate of the intermediate compounds 

satisfy: 

1 1 2 3*

II III

II III III III i

d d

dt dt

k k k C k C

θ θ

θ θ θ θ−

= − =

− + + +

 (15) 

2 3*i
III III i

dC
k C k C

dt
θ θ= −  (16) 

where, Ci is the concentration of the intermedi-

ate. 

And, by assuming that the steady state approxi-

mations dominate, one may obtain: 

0II IIId d

dt dt

θ θ
= − =  (17) 

0i
dC

dt
=  (18) 

One arrives at the values of the coverage: 

1 2

1 1 2

( 2 *)

( 2 *)II

k k C

k k k C
θ −

−

+
=

+ +
 (19) 

1

1 1 2( 2 *)III

k

k k k C
θ

−

=
+ +

 (20) 

On the basis of this rate equation, the faradic 

current will be: 

1 2

1 1 2

2 *

( 2 *)f

FAk k C
i

k k k C−

Γ
=

+ +
 (21) 

where, A is the surface area of the electrode and 
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the corresponding charge transfer resistance is 

given by: 

1

2

1 1 2

2 1
2 1

( 2 *)

2 *
2 *

f

ct

di
R

dE

k k k C

Fk C k F
FA k C k

RT RT

α

−

−

−

 
= = 

 

+ +

  
Γ +  

  

 (22)

The dependence of Rct on the paracetamol 

concentration is presented in Figure 9, where an 

initial sharp drop is terminated with a plateau as 

the concentration of paracetamol reaches 9 

mM. The results are further fitted to Equation 

(22) to estimate the values of the rate constants. 

From Equation (22), the values of the rate 

constants as k1=2.4×10
-5

, k-1=6×10
-3

, and 

k2=3×10
-3

 cm
3
mol

-1
s

-1
 are calculated. 

CONCLUSIONS 

The nickel oxide film was prepared 

electrochemically on electrodeposited nickel in 

cyclic voltammetry regime and tested for the 

electro-oxidation of paracetamol in alkaline 

media. The modified electrodes showed high 

electrocatalytic activity for the oxidation of 

paracetamol around 400 mV/Ag.AgCl. 

Moreover, the results showed an effective 

response of paracetamol electro-oxidation at 

the Ni/NiOOH modified electrode. The anodic 

peak currents for paracetamol oxidation at 

Ni/NiOOH were linearly proportional to the 

square root of scan rate. The double-step 

chronoamperograms of Ni/NiOOH in the 

presence of paracetamol showed an irreversible 

process and the dominance of a diffusion-

controlled process. The diffusion coefficient of 

paracetamol was obtained to be 3×10
-6

 cm
2
.s

-1
. 

The methods of cyclic voltammetry (CV), 

chronoamperometry (CA), and impedance 

spectroscopy (EIS) were used to determine 

kinetic parameters such as transfer coefficient 

(α), the catalytic reaction rate constants (k), and 

the diffusion coefficient of paracetamol in the 

bulk of solution. 

 

Figure 9: The dependence of experimental Rct (•) on 

paracetamol concentration derived from the data of 

Nyquist diagrams 
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NOMENCLATURE 

A  : Electrocatalytic activity [mV/reference 

electrode] 

Ag/AgCl : Reference electrode  

CA  : Chronoamperometry 

CV  : Cyclic voltammetry 

D  : Diffusion coefficient [cm
2
.s

-1
] 

E : Potencial [volt] 

EIS  : Electrochemical impedance 

spectroscopy 

F : Faraday constant [9.648x10
4
 C/mol] 

K  : Kelvin (Temperature unit) 

k  : Catalytic reaction rate constants 

[cm
3
.mol

-1
.s

-1
 ] 

R : Ideal gas constant [8.314 J.mol
-1

.K
-1

] 

Rtc : Charge transfer resistance [Ω] 

α  : Transfer coefficient 

Γ*  : Surface coverage [mol.cm
-2

] 
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