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A B S T R A C T

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) are used here to investigate the
electrochemical characteristics of the urea oxidation on nickel oxide (NiOx) nanoparticles modified glassy carbon
(GC) electrode from alkaline 0.5 M NaOH solution. The effects of NiOx loading and urea concentration on urea
electrocatalytic oxidation are discussed in the light of the EIS data and corresponding equivalent circuits. The
Nyquist plots show semicircles with fitting parameters that are dependent on the applied conditions. Charge
transfer resistance is found to be lower in presence of urea due to higher rates of urea electrooxidation. Cyclic
voltammetry (CV) helps to investigate the catalytic properties of urea oxidation on the GC/NiOx. The relation
between the peak current of urea oxidation and the potential scan rate are measured and fitted with that
calculated by Randles-Sevcik equation. The results indicate a diffusion-controlled irreversible process.
Optimization of the loading extent of NiOx and interpretation of the effect of urea concentration is enabled
from the CVs, EIS and equivalent circuit parameters.

1. Introduction

Energy demand, environmental pollution and clean waters have
been considered as closely interlinked and overlapped research areas
that gained a continuous and growing attention. While the search for
new energy sources continues to be a milestone, the prevention of water
pollution, on the other hand, is a challenge for scientists and engineers
worldwide. Water treatment and remediation are considered to be
crucial for clean and safe water resources. An interesting conversion
that may include the above three elements of the triangle is the
electrocatalytic oxidation of urea. Electrocatalytic oxidation of urea
has gained a growing attention during the last decades. While some
workers considered urea as an organic waste and should be removed
before its disposal to the environment [1,2], some authors considered it
as fuel in what is so called direct urea fuel cell [3–5]. Others, on the
other hand, studied the possibility of producing hydrogen gas as an
interesting product from urea electrooxidation [6–10].

Hydrogen production via processing of the abundantly available
wastewaters has been gaining more consideration during the last
decade [11–13]. Studies have been reported in using industrial waters
of high concentrations of urea for the synthesis of H2 gas in basic
solutions [14,15]. Municipal waters, on the other hand, contain
relatively high concentrations of urea as for accumulated human and

animal urines [14,15]. Urea is produced in many industries with large
percentages and this finds its ways to the environment via ground
waters with relatively high concentrations of urea and its derivatives.
Biodegradation of those molecules to NO2

− and NO3
− may result in

many diseases to human [16].
In this context, denitrification method is not that cheap and has low

capacity and hence better techniques should be developed. Electrolysis
of urea solution (in NaOH for example) can be considered as an anodic
urea oxidation producing nitrogen and carbon dioxide and H2 gas at the
cathode. The latter with high purity can be considered as a desirable
fuel with high purity by-product [17]. In combination with waste water
treatment units, the latter electrolysis process can be considered as an
economically feasible process when compared with other techniques
[17].

It has long been known that Pt-based electrocatalysts are the
unavoidable candidate for oxidation of organic molecules. However,
Ni-based electrocatalysts can represent good substituent for the above
electrocatalysts especially for small molecules [18–21]. Some authors
[22,23] demonstrated the anodic oxidation of urea from alkaline
solutions at Ni-based electrocatalysts. Urea electrooxidation at nickel
oxide in an alkaline medium can take place according to the following
reactions [23]:
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http://dx.doi.org/10.1016/j.jelechem.2017.04.023
Received 21 January 2017; Received in revised form 15 April 2017; Accepted 17 April 2017

⁎ Corresponding authors.
E-mail addresses: reham_tammam@cu.edu.eg (R.H. Tammam), mmsaleh@kfu.edu.sa, mahmoudsaleh90@yahoo.com (M.M. Saleh).

Journal of Electroanalytical Chemistry 794 (2017) 189–196

Available online 19 April 2017
1572-6657/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem
http://dx.doi.org/10.1016/j.jelechem.2017.04.023
http://dx.doi.org/10.1016/j.jelechem.2017.04.023
mailto:reham_tammam@cu.edu.eg
mailto:mmsaleh@kfu.edu.sa
mailto:mahmoudsaleh90@yahoo.com
http://dx.doi.org/10.1016/j.jelechem.2017.04.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2017.04.023&domain=pdf


Ni(OH) + OH ⇄ NiOOH + H O + e2(s)
−

(s) 2 (l)
− (1)

CO(NH ) + 6OH → N + 5H O + CO + 6e2 2(aq)
−

2(g) 2 (l) 2(g)
− (2)

Cathode:

6H O + 6e → 3H + 6OH2 (l)
−

2(g)
− (3)

Overall:

CO(NH ) + H O → N + 3H + CO (g)2 2(aq) 2 (l) 2(g) 2(g) 2 (4)

In the above electrochemical steps, it is believed that Ni (II) is
oxidized to Ni (III) (see Eq. (1)) and the latter poses its role in the
anodic oxidation of urea. Different important electrocatalytic reactions
such as methanol and glucose oxidation on transition metal oxides were
studied using EIS techniques [24,25]. A better understanding of urea
electrooxidation on Ni-oxides can be achieved using this technique. In
the other hand, enzymeless sensors for detection of urea using metal
and metal oxide nanoparticles modified electrodes have been reported
[26,27].

Despite a large number of articles dealing with electrochemical
oxidation of urea on Ni and NiO-based electrocatalysts, few number of
those articles used Ni-based electrocatalysts synthesized via electro-
chemical routes. Synthesis methods for Ni and NiO- based catalysts
include (but not limited to) hydrothermal process [13,28,29], chemical
deposition [30], impregnation method [31] and reflux-based method
[32]. In other article, Ni-foam has been used [33]. While some authors
electrochemically prepared Ni-based catalysts in nano size [34,35],
others synthesized Ni-based catalysts as bulk materials [22,36]. Clearly,
using Ni electrocatalysts in nanosize have many advantages. We will see
in the “Results and discussion” section that our electrode (GC/NiOx)
synthesized in nanosize is superior to that synthesized in bulky size.
Also, urea electrochemical oxidation either studied by cyclic voltam-
metry measurements [37] or EIS measurements [34]. Finding an article
using both techniques is considered to be scarce [38]. In our work here,
both techniques have been used. This may help to better understanding
of the process.

The purpose of the present work is to gain a more insight into the
characterization of the electrocatalytic oxidation of urea on NiOx

nanoparticles modified GC electrode in alkaline medium. Different
electrochemical techniques such as electrochemical impedance spectro-
scopy (EIS) and cyclic voltammetry (CV) are going to be used to discuss
the electrochemical characteristic parameters of the electrocatalytic
oxidation of urea from alkaline NaOH solutions. Surface characteriza-
tion is done by scanning electron microscopy (SEM).

2. Experimental

2.1. Measurements

All the reagents used in this work were Merck and Sigma-Aldrich
products of analytical grade and were used without further purification.
The working electrode was GC (d = 3.0 mm). It was cleaned by
mechanical polishing with aqueous slurries of successively finer
alumina powder (down to 0.06 mm) then washed thoroughly with
water. An Hg/Hg2Cl2/KCl (sat) (SCE) and a Pt sheet were used as a
reference and counter electrodes, respectively. An electrochemical cell
with a three-electrode configuration was used in this study at 25 °C.
Electrochemical characterizations were performed using system IM6
Zahner electrik Meβtechnik, Germany. The experimental impedance
spectra were fitted with the appropriate equivalent circuits using the
“SIM” program included with the IM6 package. The suitability of the
elements in the proposed equivalent circuits to fit the experimental data
was judged by the error% of the fitting and by comparing the calculated
and the experimental impedance plots. The frequency range of 100 kHz
to 100 mHz and the modulation amplitude of 10 mV were employed for
impedance measurements. Images of the scanning electron microscope
(SEM) were taken using field emission scanning electron microscope,

FE-SEM (FEI, QUANTA FEG 250).

2.2. Electrode preparation

Details on modification procedure can be found elsewhere [39,40].
For instance, potentiostatic deposition of metallic nickel on the working
electrode (i.e., GC) from an aqueous solution of 0.1 M acetate buffer
solution (ABS, pH = 4.0) containing 1 mM Ni(NO3)2·6H2O by applying
a constant potential electrolysis of −1 V for different time durations.
Then, passivation of the metallic Ni in 0.1 M phosphate buffer solution
(PBS, pH = 7) by cycling the potential between −0.5 and 1 V for
20 cycles at a scan rate of 200 mV s−1. The loading level of the nickel
was estimated using chemical analysis by dissolution of the electro-
deposited nickel with HNO3 and then using a Perkin–Elmer 2380
atomic absorption spectrometer for the measurement.

3. Results and discussion

3.1. Characterization of GC/NiOx

Fig. 1 presents a SEM micro image of NiOx nanoparticles electro-
deposited on GC electrode (for the duration of 10 min). The image
demonstrates nanoparticles of NiOx with considerable uniform distribu-
tion and the average size of 90 nm (± 10 nm). It is noteworthy to
mention that potentiostatic deposition of metallic nickel is the first
target in our electrodeposition procedure. Note that there is a possibi-
lity of forming nickel hydroxide during the electrodeposition of nickel
[41]. To convert nickel to nickel oxide, a passivation procedure was
carried out as described in the experimental section. The first, fifth and
the tenth cycles of ten successive potential scans of the passivation
process in PBS (pH = 7) are shown in Fig. 2. An oxidation wave was
observed at the first CV corresponding to the active anodic dissolution
and passivation of the electrodeposited metallic nickel with a con-
current transformation between the different phases of nickel oxides.
The following successive nine CVs support negligible anodic currents,
indicating that a complete passivation of the surface layers of Ni has
been achieved during the first CV cycle. Interestingly, the absence of
any significant reduction peak in the cathodic scan, within the studied
potential range, indicates that the passive nickel oxide nanoparticles
are stable within the employed potential range and operating pH [40].

Fig. 3 shows CV responses for GC/NiOx at different loadings of NiOx

in 0.5 M NaOH at a scan rate of 100 mV s−1. The loading of NiOx was
controlled by controlling the time period of electrodeposition. The time
periods used here in this work are 2, 4, 10, 20 and 40 min. In order to
estimate the loading level of nickel during electrodeposition, chemical
analysis process has been used as given in the Experimental section. The
estimated values of the NiOx loading levels are; 0.043, 0.087, 0.169,

Fig. 1. SEM image of GC/NiOx.

R.H. Tammam, M.M. Saleh Journal of Electroanalytical Chemistry 794 (2017) 189–196

190



0.435and 0.976 mg cm−2. Also, the loading level of nickel was
estimated from the charge passed during the electrodeposition process
as follows. Transient current-time relations (i-t) were reordered at
different conditions both in Ni2+-free solution (gives iH) and in a
solution containing Ni2+ ions (gives total current, it). Subtracting the
total current (it = iNi + iH) from the current passed in blank solution
(Ni2+ ion-free solution) iH gives the current of nickel electrodeposition,
iNi. From the above currents, the charge for Ni electrodeposition, QNi

was estimated. The latter values enabled us to estimate the loading

levels of nickel using Faraday's law. The estimated values of the NiOx

loading levels are: 0.04, 0.091, 0.173, 0.465 and 1.02 mg cm−2.
Table 1A lists such values at the different time periods of electrodeposi-
tion. Note that the values of the loading level determined from chemical
analysis and from QNi are comparable. Table 1A also lists the values of
the charge passed during the passivation process, Qpas as estimated
from Fig. 2 and lists the passivation index, α (α= Qpas/QNi). The values
of α are much less than one and decrease with the loading extent. It
indicates that not all the Ni layers are converted to the oxide and more
difficult diffusion into the solid matrix prevents further conversion.

A known strategy for activation of the GC/NiOx electrode was
followed in the present work. This was done by cycling the potential in
the range of 0.1 to 0.6 V in 0.5 M NaOH solution. During the potential
cycling, the current increases (CVs are not shown here) up to 20 cycles
after which no further increase of the peak current was observed. Thus,
the CV of GC/NiOx at each loading as given in Fig. 3 is the recorded CV
after the consecutive 20 cycles. As the loading extent increases, the
peak current of the anodic sweep of the Ni(OH)2/NiOOH increases.
There is also a negative shift in the onset potential of the Ni(OH)2/
NiOOH redox couple. The increase of the peak current with the extent
of loading may be attributed to the progressive enrichment of the
accessible electroactive species, Ni(OH)2 and NiOOH on the electrode
surface. The surface concentration, Γ of the nickel hydroxide species
can be estimated from the charge (Qtran) consumed during the redox
transformation of Ni(II)/Ni(III) from the CVs in Fig. 3 (i.e., Γ = Qtran/
nF). The values of Γ and the index of activation, β are listed in Table 1B.
The β value is the ratio of Qtran/QNi. It is obvious that the values of β are
much lower than one and decreases with the Ni loading. This point to
the fact that not all the Ni layers are converted to the oxide (see the
passivation index, α in Table 1A) and not all the oxide layers are
converted to hydroxide (see the activation index, β in Table 1B). Using
the crystallographic value for a Ni(OH)2 monolayer of
1.06 × 10−9 mol cm−2as obtained from Bode et al. and others
[41,42] and considering the values of Γ, the number of surface
monolayers at the different Ni loadings are: 6.5, 12.9, 26.5, 46.1 and
52.4 at time periods of 2, 4, 10, 20 and 40 min, respectively.

Fig. 4 shows a Nyquist diagram for GC/NiOx at different loadings of
NiOx in 0.5 M NaOH at E = 0.375 V. The figure reveals depressed
semicircle with a diameter dependent on the loading extent. Fitting of
the above EIS data was done using the equivalent circuit shown in the

Fig. 2. CVs represent the first, seventh and tenth cycles of 10 successive potential cycles
obtained at Ni/GC in 0.1 M PBS (pH= 7) at a scan rate of 200 mV s−1.

Fig. 3. CV responses for GC/NiOx at different loadings of NiOx in 0.5 M NaOH at scan rate
100 mV s−1. The loadings are: (a) 0.04, (b) 0.091, (c) 0.173, (d) 0.465 and (e)
1.02 mg cm−2.

Table 1A
Values of the charge consumed in the nickel deposition and hydrogen evolution reaction at GC electrode at different time durations. The table also shows the charge consumed during the
passivation process and the index of passivation, α.

t/min Loading/mg cm−2

from Chem. Anal
QNi + H2/mC QH2/mC QNi/mC Loading/mg cm−2

from QNi

QPas/mC α = Qpas/QNi × 10−3

2 0.043 10.36 1.96 9.40 0.04 0.163 17.9
4 0.087 24.54 3.53 21.01 0.091 0.183 9.0
10 0.169 48.08 8.16 39.92 0.173 0.427 11.0
20 0.435 122.89 15.72 107.16 0.465 1.03 9.6
40 0.976 292.86 28.10 234.76 1.02 1.84 8.0

Table 1B
Values of the charge of the Ni(II)/Ni(III) transform at different time durations, the
number of Ni(OH)2 monolayer and the activation index, β.

t/min Qtran/mC Γ/mmol cm−2 × 10−6 Number of Ni
(OH)2 monolayer

β = Qtran/
QNi × 10−3

2 0.047 6.9 6.5 4.96
4 0.093 13.7 12.9 4.42
10 0.191 28.1 26.5 4.76
20 0.330 48.8 46.1 3.08
40 0.375 55.5 52.4 1.60
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inset of Fig. 4 and the fitting parameters are listed in Table 2. These are:
the solution resistance, Rs, the charge transfer resistance, Rct and
constant phase element, CPE (Qdl in the inset of Fig. 4). One can say
that GC/NiOx follows Randels equivalent circuit except that the
capacitor of the double layer (Cdl) deviated from a pure capacitor due
to inhomogeneity and surface roughness of the electrode and thus it is
replaced by CPE as shown in the equivalent circuit in Fig. 4. Note that
the symbol n in Table 2 is defined as an empirical value that accounts
for the deviation from the ideal capacitive behavior due to surface
inhomogeneity and roughness [25]. The n values as shown in Table 2
are less than one indicating a roughness of the NiOx surface as for an
electrodeposited of NiOx nanoparticles on the GC electrode.

As revealed from Table 2, as the loading extent increases, the Rct

decreases pointing to the faster charge transfer of the redox couple (Ni
(OH)2/NiOOH). This can be attributed to the increase in the concentra-
tion of the active species Ni(OH)2 and NiOOH with the increase of the
loading extent. The results in Fig. 4 are in accordance with the CVs
obtained in Fig. 3. The change of Rct with the loading extent for the
blank solution can be seen in Fig. 5 (curve A). There is an initial fast
decrease in the Rct followed by slow decrease after loading> 0.173
mg cm−2 (tdep > 10 min). This slower decrease in Rct (i.e., a slower
increase of charge transfer rate) was attributed to increased generation
of inactive β-Ni(OH)2 and slow diffusion of the hydroxide ions into the
limited wettable electrode surface [43]. A tradeoff between the
increased loading of the Ni(OH)2 and the possible slow conversion of
a fraction of the α-Ni(OH)2 species to β-Ni(OH)2 which is evident also
from literature [44,45].

3.2. Electrocatalytic oxidation of urea

Fig. 6 shows CV responses of GC/NiOx (loading = 0.173 mg cm−2)
in 0.5 M NaOH (A) and in 0.5 M NaOH containing 0.2 M urea (B) at
scan rate 20 mV s−1. The CV in the blank (urea-free electrolyte) (curve
A) shows a pair of redox peaks at ~0.4 V and ~0.35 V in the anodic
and cathodic sweep, respectively. This pair corresponds to the Ni
(OH)2 ↔ NiOOH redox couple. In presence of 0.2 M urea (curve B)
high anodic current peak at E ~ 0.47 V is observed in the forward scan
which points to an enhancement of the electrochemical oxidation of
urea on the GC/NiOx electrode. In the backwards scan, another peak at
~0.45 V is observed. This peak lies in the range of urea oxidation and
may be attributed to the further electrochemical urea oxidation on the
regenerated active surface sites (Ni(II)/Ni(III)) [46]. Note that the
anodic peak in the reverse scan is lower than that of the forward scan
due to the incomplete regeneration of the active sites on the electrode
surface. Electrocatalytic mechanism is evident since the cathodic peak
for the Ni(III) → Ni(II) conversion decreases significantly in presence of
urea [46]. It is noteworthy to mention that from the thermodynamic
point of view, the oxygen evolution reaction, OER can be considered as
a side reaction. However, OER is kinetically controlled reaction

Table 2
Equivalent circuit parameters of GC/NiOx electrode in 0.5 M NaOH solution (blank)
obtained from Fig. 4 at different time loading of Ni at E= 0.375 V.

Time/min Rs/Ω Rct/kΩ Qdl/μF n

2 28.1 312.6 3.73 0.87
4 28.1 173.0 10.34 0.89
10 28.5 95.6 22.32 0.88
20 30.3 65.2 28.47 0.89
40 30.2 44.1 31.48 0.89

Fig. 4. Nyquist diagrams for GC/NiOx electrode at different loadings of NiOx in 0.5 M
NaOH(blank) at E = 0.375 V. The loadings are: (a) 0.04, (b) 0.091, (c) 0.173, (d) 0.465
and (e) 1.02 mg cm−2.The inset shows the equivalent circuit that represents Nyquist
diagram in Fig. 4.

Fig. 5. Change of the Rct values with the loading extent of NiOx in (A) blank 0.5 M NaOH
and (B) in 0.5 M NaOH containing 0.2 M urea.

Fig. 6. CV responses for GC/NiOx (loading = 0.173 mg cm−2) in 0.5 M NaOH in absence
(A) and in presence (B) of 0.2 M urea using scan rate of 20 mV s−1.
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especially on metal oxide modified electrodes [47]. From Fig. 6, we can
find that the onset potential of the OER (see dashed arrows in Fig. 6) is
~0.55 V (SCE) and yet it does not interfere with the urea electrooxida-
tion. However, subtraction of the CV (in presence of urea) from the
background current (urea-free electrolyte) is done as shown in Figs. 8
and 9 (c.f., the following section).

Fig. 7 shows a Nyquist plot of GC/NiOx with different loading
extents of NiOx nanoparticles in 0.5 M NaOH containing 0.2 M urea at
E = 0.4 V. The Nyquist plot reveals depressed semicircle with a
diameter decreasing with the loading extent of NiOx. The EIS data in
Fig. 7 was fitted with the equivalent circuit shown in the inset of Fig. 4
and the resulting fitting parameters are listed in Table 3. The charge
transfer resistance of the electrochemical oxidation of urea at the GC/
NiOx electrode has the physical significance of: how facile and what is
the rate of the charge transfer during the electrocatalytic oxidation of
urea and what are the effects of the different variables such as the
loading extent on its value.

Comparing the values of Rct in Tables 2 and 3 indicates that the
presence of urea increases the rate of charge transfer (as Rct (urea) <
Rct (blank)). This may be attributed to the higher rates of electro-
catalytic oxidation of urea on the GC/NiOx. The change of Rct with the
loading extent is shown in Fig. 5B. As the loading extent increases, the
Rct decreases dramatically at first before it slowly decreases. At
loading> 0.173 mg cm−2 (tdep > 10 min) insignificant change of
the Rct is observed. We can say that tdep of 10 min is optimum for urea
oxidation at the present experimental conditions. It is note of worthy to
mention that the values of Rs (solution resistance) are in general slightly
higher in presence of urea. This may be attributed to the conversion of
the OH− ions (high conductivity) to CO3

2– ions due to the following
reaction of the produced CO2; CO2 + OH−→ CO3

2−.

3.3. Effects of urea concentration

Fig. 8A depicts Nyquist diagram for GC/NiOx at different urea
concentrations at E = 0.4 V (NiOx loading time is 10 min). The range of
urea concentrations is 0.05–1.5 M. The semicircle diameter decreases
with the increase in the urea concentration before it slightly increases
again at urea concentration [urea] > 0.5 M. An equivalent circuit
similar to that shown in the inset of Fig. 4 is used to fit the data in
Fig. 8A. Table 4 lists the fitting parameters of the given equivalent
circuit that is used to fit the EIS results in Fig. 8A. As the concentration
increases, the Rct decreases up to a concentration of urea = 0.5 M
before it slightly increases again (Fig. 8B). The decrease in Rct may be

Fig. 7. Nyquist diagrams for GC/NiOx electrode at different loadings of NiOx in 0.5 M
NaOH containing 0.2 M urea at E = 0.4 V. The loadings are: (a) 0.04, (b) 0.091, (c) 0.173,
(d) 0.465 and (e) 1.02 mg cm−2.

Table 3
Equivalent circuit parameters for electrooxidation of urea from 0.5 M NaOH containing
0.2 M urea on GC/NiOx electrode at different time of loadings obtained from Fig. 6 at
E = 0.4 V.

Time/min Rs/Ω Rct/kΩ Qdl/μF n

2 30.6 49.3 4.85 0.87
4 30.9 23.4 10.73 0.88
10 29.3 5.1 23.40 0.86
20 31.1 2.5 30.50 0.86
40 31.9 1.4 37.13 0.83

Fig. 8. (A) Nyquist diagrams for GC/NiOx electrode at loading of NiOx = 0.173 mg
cm−2in 0.5 M NaOH containing different concentrations of urea at E = 0.4 V. The
concentrations are: (a) 0.05, (b) 0.1, (c) 0.2, (d) 0.5 (e) 1.0 M and (f) 1.5 M. (B) change of
Rct with [urea].

Table 4
Equivalent circuit parameters for electrooxidation of urea on GC/NiOx electrode in 0.5 M
NaOH containing different concentrations of urea obtained from Fig. 7A at E = 0.4 V.

[urea]/M Rs/Ω Rct/kΩ Qdl/μF n

0.05 29.7 7.46 16.91 0.84
0.1 30.9 6.3 18.39 0.84
0.2 29.3 5.1 23.4 0.86
0.5 30.9 2.0 24.0 0.86
1 31.8 2.3 23.7 0.86
1.5 31.6 2.5 23.6 0.86
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attributed to the increase of the charge transfer kinetics (lower Rct) due
to higher rates of electrocatalytic oxidation of urea. The presence of
higher concentrations of urea speed up the oxidation of Ni(II) to Ni(III)
since Ni(III) is removed by urea and hence enhances further conversion
of Ni(II) to Ni(III) and increases the rate of charge transfer (i.e., lower
Rct). The decrease in the rate of charge transfer kinetics (higher Rct) at
[urea] > 0.5 M may be attributed to the increase of the extent of
poisoning of the GC/NiOx surface with the intermediates and products
of the urea oxidation process. Poisoning of anodes in direct methanol
and direct formic acid fuel cells is well documented [48,49]. The main
source of poisoning in the above fuel cells is the adsorbed CO
molecules. In our case, urea oxidation, CO2, NH3 and CO3

2– may be
the main constituents of the poisoning products. According to Daramola
[50], he suggested that the rate of urea oxidation was found to be
highly dependent on desorption of carbon dioxide during the electro-
chemical oxidation process.

Fitting of the above data in Fig. 5B can be done using an equation
developed by Danaee et al. [24]. The equation is given by;

R k k k
F A k k RT αk k

= [ + + 2 C]
[(2 Γ C )[2 C + ]

ct
1 −1 2

2

2 ∗
2 1 2 −1 (5)

where k1, k−1 and k2 are the rates constant of the equations shown in
Eqs. (7), (8), C is the bulk concentration of urea, A is the electrode area,
Γ⁎ is the total number of adsorption sites per unit area of the electrode
surface and F, T and R have their regular meaning. Fig. 5B shows
semiquantitative agreement between Eq. (5) and the data collected
from impedance measurements. The values of the rates constant
resulting from the fitting process were found to be;
k1 = 1.4 × 10−4 s−1, k−1 = 80.1 and k2 = 1.3 × 10−3

cm3 mol−1 s−1.

3.4. Cyclic voltammetry performance

Discussion of the electrocatalytic oxidation of urea on the NiOx

modified electrode is introduced in this part. Fig. 9 depicts LSVs for
urea electrooxidation on GC/NiOx electrode at different urea concen-
trations at a scan rate of 20 mV s−1. The inset shows the variation of
the peak current, Ip with the urea concentrations ([urea]). The peak
current increases with the urea concentration in a linear manner up to
[urea] of 0.2 M. At [urea] > 0.2 M, the Ip increases but not with the
same linear fashion. The above results suggest that urea oxidation is a
diffusion-controlled process ([urea] < 0.2 M) at the present condi-
tions.

Fig. 10A depicts the LSVs responses of GC/NiOx in 0.5 M NaOH
containing 0.2 M urea at scan rates ranging from 5 to 200 mV s−1. Note
that the presented LSVs are all background-subtracted i.e., subtracted
from the LSV at the same potential range but in the blank (0.5 M NaOH)
i.e., urea-free electrolyte. The figure clearly demonstrates the increase
of the peak current, Ip with the potential scan rate, ν with positive shift
in the peak potential for the catalytic oxidation of urea. This is a
characteristic of irreversible voltammetry behavior (see Fig. 6).
Fig. 10B shows the linear relation of the peak current of urea oxidation
with the square root of the potential scan rate, ν0.5. The dashed line
represents the theoretical relation given by Randles–Sevcik equation
and the symbols represent the experimental data (after subtraction from
the background) . This indicates a typical behavior of mass transfer
controlled reaction. The peak current, Ip of a diffusion-controlled totally
irreversible process can be given by Randles–Sevcik equation (Eq. (6))
[51]:

I n αn ACD= 2.99 × 10 ( ) νp a
5 0.5 0.5 0.5 (6)

where Ip is the peak current, (A)n is the total number of electrons
(n = 6), α is the charge transfer coefficient, na is the number of
electrons in the rate determining step (na = 1), A is the surface area
of the working electrode (cm2), D is the diffusion coefficient of urea, C
is the bulk concentration of urea(mole cm−3) and v is the scan rate
(V s−1). The diffusion coefficient is calculated from the fitting of the
theoretical plot based on Randles-Sevcik equation with the experimen-
tal data and it was found to be D= 1.6 × 10−6 cm2 s−1 using

Fig. 9. LSVs for urea electrooxidation on GC/NiOx at different urea concentrations at scan
rate of 20 mV s−1. The urea concentrations are: (a) 0.05, (b) 0.1, (c) 0.2, (d) 0.5 (e) 1.0 M
and (f) 1.5 M. Inset shows the variation of the peak current with the [Urea].

Fig. 10. A) LSV responses obtained at GC/NiOx electrode in 0.5 M NaOH solution
containing 0.2 M urea. Potential scan rate: (a) 5, (b) 10, (c) 20, (d) 50, (e) 100 and f)
200 mV s−1. B) Relation of the Ip with the square root of the potential scan rate.
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A = 0.07 cm2 and α = 0.785 [22]. This value of D is comparable with
values reported in literature at similar conditions [21,22].

Based on the interesting electrochemical studies done by Botte
[22,46], two possible mechanisms for the electrooxidation of urea
molecules on a NiOOH catalyst in the alkaline medium were proposed.
One is the direct oxidation and the other is indirect or catalyst
regeneration (EC′) mechanism. In the direct oxidation mechanism urea
is oxidized on the NiOOH electrode surface (Eqs. (1) and (2)). The
indirect oxidation or catalyst regeneration (EC′) mechanism of urea on
NiOOH catalyst is shown below [22,46].

At the anode:

E 6Ni(OH) +6OH ←→ 6NiOOH +6H O +6e
k

k
2(s)

−
(s) 2 (l)

−
−1

1

(7)

C 6NiOOH + CO(NH ) +H O → 6Ni(OH) +N +CO
k

(s) 2 2(aq) 2 (l) 2(s) 2(g) 2(g)
2

(8)

Net anodic reaction:

EC′CO(NH ) + 6OH → N + 5H O + CO + 6e2 2(aq)
−

2(g) 2 (l) 2(g)
− (9)

Hence, Ni(OH)2 is anodically converted to NiOOH and conse-
quently, the catalytically active NiOOH is chemically reduced to the
inactive Ni(OH)2 as a result of urea oxidation. Meanwhile, urea is
chemically oxidized to products. The inactive Ni(OH)2 will be electro-
chemically oxidized to NiOOH due to the prevailing high oxidation
potential thus regenerating the catalyst for further oxidation of urea
molecules. This is in accordance with the results shown in Fig. 6.

The discussion of Fig. 3 implies the reversibility of the NiOOH/Ni
(OH)2 wave in the 0.5 M NaOH solution. Also, from Fig. 6, in presence
of urea in 0.5 NaOH, the regeneration of the Ni(OH)2 catalyst will lead
to the loss of reversibility of the NiOOH/Ni(OH)2 wave and hence the
anodic current density increases drastically. Thus;

Ni(OH) + OH ⇄ NiOOH + H O + e2(s)
−

(s) 2 (l)
− (10)

NiOOH + urea → Ni(OH) + products(s) (aq) 2(s) (11)

The above two equations imply the catalyst regeneration as per the
indirect oxidation of urea.

The activity of the used electrode here (GC/NiOx) is found to be
superior to similar catalysts (NiO) synthesized using electrochemical
routes. For instance, the specific activity (in mA cm−2 mg−1) in the
present work is 177 mA cm−2 mg−1. At similar conditions, this value
was found to be 70.0 in Ref. [37], 21.0 in Ref. [22], 61.5 in Ref. [35]
and 89.0 mA cm−2 mg−1in Ref. [36]. Note that in the above references
the NiO were synthesized in bulk scale rather than nanoscale. Clearly,
using nanosize of the NiOx in this work has more advantage than bulky
sized catalysts. However, our value of specific activity was found to be
less than others [38] and closer to others [52]. This may be attributed
to the fact the latter references used nanosize NiO along with nanosize
substrates such as nano graphene oxide [52]. The effects of the
nanosized substrate need further study in order to fully understand
this important electrochemical process.

4. Conclusions

NiOx nanoparticles modified GC electrode showed enhancement of
urea oxidation from an alkaline medium. Different techniques such as
EIS and CV were used for studying the electrochemical characteristics
of urea oxidation. The EIS study showed different shapes and values of
the EIS fitting parameters depending on the loading extent of NiOx and
urea concentration. Optimization of the NiOx loading and explanation
of the effects of the NiOx loading and urea concentration are enabled
using the EIS and equivalent circuit parameters. Electrocatalytic
oxidation of urea is consistent with Randles-Sevcik equation for a
completely irreversible diffusion-controlled process.
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