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Abstract In this article, a new voltammetric sensor for
determination of 4-nitrophenol (4-NP) based on nickel-
cobalt oxide nanoparticle (Ni-Cogy NPs)-modified glassy
carbon electrode (GCE) was presented. The nickel-cobalt
nanoparticles (Ni-Co NPs) were firstly electrodeposited
on the GCE by repetitive potential cycling method, and
then, the deposited NPs were converted to Ni-Cogx NPs
by sweeping the potential of the electrode from 0.0 to 0.6 V
in 0.1 M NaOH solution. The obtained electrocatalyst (Ni—
Copx NPs) was analysed via scanning electron microscopy
and energy-dispersive X-ray spectroscopy. 4-Nitrophenol
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showed a well-defined reduction peak at about —733 mV
at the Ni-Cogy NPs/GCE in the phosphate buffer solution
(pH 6.0). Compared with the bare GCE, the reduction peak
current was clearly enhanced and the overpotential was sig-
nificantly decreased at the Ni-Conx NPs/GCE. The diffu-
sion coefficient (D) of 4-nitrophenol at the modified elec-
trode was also determined utilizing chronoamperometry.
The current response of the modified electrode was linear
with the 4-NP concentration in the range from 7 to 682 uM,
with a detection limit of 4.8 uM (S/N = 3), using differen-
tial pulse voltammetry.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13738-017-1159-0&domain=pdf

2230

JIRAN CHEM SOC (2017) 14:2229-2238

Graphical Abstract

CoSOy & NaySOy < > NaOH solution
Bare GCE _— —
CV (-0.05t0-1.05 V) w CV (0.0t0 0.6 V)
25 cycles at 50 mV s~ at 50 mV s
300 30
I A
200 1 20 |
100 1
| S 10
ERR =
= 0
-100 +
25

-200 - -10 ——Bare GCE N
-300 2 C 21 | —Ni.Co oxide/GCE J’ \‘\

= T T T T T T | \
_400 I, - 0 01 02 03 04 0.5 0.6 0.7 17 | Bare GCE inprsenceof | \

L1 -09 -07 -05 -03 -01 E/NV - iﬁf\z e \\
= == N1-Lo oxide \I's/ m,
EV presence of 4-NP J’ N .

Keywords Differential pulse voltammetry - Modified
glassy carbon electrode - Nickel—cobalt oxide
nanoparticles - 4-Nitrophenol

Introduction

Phenolic compounds are recognized as the most serious
pollutants because of their high toxicity on human and
environment even in very low concentrations [1]. In addi-
tion, the degradation of these compounds is very difficult
due to the presence of aromatic ring in their structures,
and so they remain in the environment for a long period
of time [2, 3]. 4-Nitrophenol (4-NP), one of the phenolic
compounds, is extensively utilized in the synthesis of pes-
ticides, dyes, darken leathers, insecticides, pharmaceutical
compounds, and so on. Despite its wide applications, this
compound is among the highly hazardous phenols to liv-
ing beings due to its carcinogenic, mutagenic, and derma-
tological effects [5, 42 ]. 4-Nitrophenol is also known as an
industrial pollutant and shows high solubility and stability
in aquatic environments [4—7]. Thus, the development of
efficient and simple analytical methods for the selective and
sensitive determination of 4-NP is needed. Several tech-
niques including high-performance liquid chromatography
[8], UV-visible spectrophotometry [9], capillary electro-
phoresis [10], and fluorescence [11] have been reported for
the determination of 4-NP in environmental samples. Most
of these methods are relatively expensive, time-consuming,
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complicated, and require large amounts of organic solvents.
Among them, electrochemical techniques based on modi-
fied electrodes offer an alternative way to detect 4-NP and
have some advantages such as fast response, easy prepa-
ration, low cost, feasibility of miniaturization, high sen-
sitivity, and selectivity [6]. Thus, various modified elec-
trodes such as SWNT/GCE [1], MWNT-Nafion/GCE [12],
reduced graphene oxide and molecularly imprinted poly-
mer-modified GCE [13], and polyelectrolyte-functionalized
graphene-modified GCE [14] have been developed to deter-
mine 4-NP. However, little attention has been paid to the
electrocatalytic activity of metal and metal-oxide-modified
electrodes in electrochemical reduction of 4-NP.

Numerous metal and metal oxide nanoparticles (NPs),
including ZnO [15], Co;0, [16], CuO [17], NiO [18], Cu
[19], and Ni [20], have received a great interest in many
fields. Among them, cobalt oxide and nickel oxide NPs are
very attractive due to their unique properties such as large
surface area, excellent conductivity, electrocatalytic and
catalytic activities, low cost, abundant resource, and low
toxicity [21-23]. Therefore, these metallic oxides and their
bimetallic oxides have been successfully used for various
applications, including sensors and biosensors. Recently,
Noorbaksh et al. [24] made a sensitive electrochemical
sensor based on cobalt oxide nanostructure-modified GCE
for the determination of para-nitrophenol. Zhang et al.
[25] presented a nanoenzymatic glucose sensor based on
graphene oxide and electrospun NiO nanofibers. Cox and
Pletcher [26] utilized the Co-Ni oxides as an efficient
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electrocatalysts for the oxidation of ethanol to acetic acid.
Among the several methods that have been developed for
the fabrication of metal oxides, the electrochemical deposi-
tion has drawn remarkable attention between the research-
ers owing to its comparatively simpleness and cost-effec-
tiveness over other methods. Moreover, the electrochemical
methods prepared a uniform and thin film with high adhe-
sion and special composition that can be easily controlled
by changing the experimental parameters, such as current
density, applied potential, solution composition and pH,
number of potential scan [27].

In the present work, Ni-Cony NPs were electrodepos-
ited on the surface of GCE by repetitive potential cycling
method. The Ni-Cogx NP-modified GCE exhibited high
catalytic activity towards the reduction of 4-NP. There-
fore, the prepared electrochemical sensor was successfully
used for the determination of 4-NP in environmental water
samples.

Experimental
Chemicals and reagents

NiCl,-6H,0, CoCl,-6H,0, KCl, NaOH, and 4-NP were
obtained from Merck. The stock solution of 4-NP (0.5 mM)
was prepared by dissolving an accurate amount of 4-NP in
deionized water and then kept in a refrigerator [14]. The
phosphate buffer solutions in the range of 4.0-11.0 (PBSs
0.1 M) were prepared from H;PO,, KH,PO,, and K,HPO,.
Deionized water was from Ghazi Company (Tabriz, Iran).
Before all experiments, the solutions were deoxygenated
with pure nitrogen gas (99.999%) for 15 min.

Apparatus and software

All voltammetry measurements were taken with a Metrohm
757 VA processor at the room temperature (7 = 298 K).
The conventional three-electrode system consisted of a bare
or a modified glassy carbon electrode serving as the work-
ing electrode (surface area of 0.0314 cm™2), a platinum
wire as the counter electrode, and a saturated calomel elec-
trode (SCE) as the reference electrode (in saturated KCI).
In order to determine the detection limit, the differential
pulse voltammograms were recorded from —0.4 to —1.0 V
and with following parameters: pulse time = 40 ms, pulse
amplitude = 50 mV and scan rate = 50 mV s~'. Surface
morphology and chemical composition of the deposited
nanoparticles were evaluated by scanning electron micros-
copy (SEM) at 10 kV on a MIRA3 TESCAN equipped
with the energy-dispersive X-ray (EDX) analyser.

Preparation of the Ni-Cogx NPs/GCE

Before modification, the GCE was polished with a 0.05-
pm alumina suspension sequentially, rinsed with distilled
water, then sonicated in ethanol and distilled water (1:1,
v:v) for 10 min. The modified GCE was prepared under
the following optimum conditions: First, the bimetallic Ni—
Co NPs were electrochemically deposited on the GCE by
potential cycling (25 cycles at 50 mV s~') between —0.05
and —1.05 V from 0.1 M KCI solution composed of 1:3
ratio of NiCl,-6H,0 and CoCl,-6H,0 (total concentration
of two salts was equal to 20.0 mM). Then, the oxidiza-
tion of deposited nanoparticles was processed by scanning
potential between 0.0 and 0.6 V in 0.1 M NaOH solution at
a scan rate of 50 mV s~ ! until the stable voltammograms
were obtained. When not in use, the prepared Ni—-Cogy NP-
modified electrode was stored in 0.1 M NaOH solution.

Results and discussion
Electrodeposition of Ni-Coyx NPs/GCE

Figure 1 reveals the consecutive cyclic voltammograms
(CVs) of the electrodeposition of the Ni-Co NPs on the
electrode surface in the preparation solution. As shown,
a large cathodic peak was appeared at —0.88 V (peak 1),
which can be ascribed to the reduction of Ni*™ and Co**
on the GCE to form Ni—Co NPs. The two anodic peaks at
—0.49 V (peak II) and —0.25 V (peak III) were attributed
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Fig.1 CVs of GCE in 0.1 M KCI + 0.015 M CoCl, + 0.005 M
NiCl, at 50 mV s~!
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to the oxidation of the deposited Ni-Co NPs from the
electrode surface [22, 28, 29]. The cathodic current
decreased with the proceeding of potential scan number,
demonstrating that Ni** and Co®* have been successfully
reduced on the electrode surface. Electrochemical depo-
sition of metal ions on a foreign substrate (e.g. GCE)
requires more negative potential than that was required
to reduce on the electrode made of the metal. Therefore,
on the forward scan the deposition of cobalt and nickel
on GCE started at more negative potentials than the redox
potentials of each ion. However, on the reverse scan the
deposition was happened on the substrate that already has
been covered with the metal deposited, and so continued
until the redox potentials were reached. Owing to the dif-
ference in deposition potentials of metal ions on the for-
ward and reversed scan, a crossover was appeared, which
was determined as the nucleation overpotential (E,). The
second crossover was appeared at less cathodic potentials
(E.), which was due to the difference between the deposi-
tion and dissolution potentials of metal ions [30-32].

It can be seen that just a reduction peak was appeared on
the forward sweep towards the negative potentials. There-
fore, independent electrodepositions of nickel and cobalt
were investigated from individual solutions that each con-
tains the same concentration of Ni** and Co** (0.01 M)
and the 25th CVs of the GCE recorded. As shown in Fig. 2,
the reduction potentials of Ni*™ and Co?* from individual
solutions were very close to each other, which means that
the Ni-Co NPs were co-deposited on the GCE at the same
potential from an aqueous solution [22, 28, 29].

Figure 3 shows a typical CV of the modified GCE with
Ni—Co NPs in 0.1 M NaOH solution. According to the
previous observations, the anodic peak (peak A) can be
expressed by the following reactions [29, 33-38]:

Ni(OH), + OH™ — NiOOH + H;0 + ¢ (1)

Co(OH), + OH™ — CoOOH + H,O + e )

During the forward sweep towards more positive poten-
tials, CoOOOH was further oxidized into CoO, and can be
described with the following reaction [29, 33-38]:

CoOOH + OH™ — Co0O2 + H20 +¢ 3)
Therefore, the Ni-Co NPs were converted to the Ni—

Copx NPs by sweeping potential in the alkaline medium.

Surface characterization of the electrodeposited
Ni-Cogx NPs

The surface morphology of electrodeposited Ni-Cogy NPs

was evaluated by SEM technique, and the corresponding
images are depicted in Fig. 4a—c. It can be seen that the
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Fig. 3 CV of Ni-Co NPs/GCE in 0.1 M NaOH solution at of
50 mV s~!

cauliflower-like particles with high density were distributed
uniformly on the electrode surface. Also, the particles with
average size less than 100 nm were observed on the image.
The EDX patterns of the Ni-Cogx NPs/GCE clearly con-
firmed the presence of the Ni and Co nanoparticles on the
electrode surface (Fig. 4d).

Electrocatalytic reduction of 4-NP on the Ni-Cogx NPs/
GCE

The CVs of 0.5 mM, 4-NP at a bare GCE and Ni—Cogx
NP-modified electrode in the absence and presence of
4-NP in 0.1 M PBS (pH 6.0) are shown in Fig. 5. At the
bare glassy carbon electrode, 4-NP showed an irrevers-
ible reduction peak at about —889 mV. But at the Ni-
Copx NP-modified electrode, the reduction peak current
was remarkably enhanced and the peak potential shifted
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Fig. 4 SEM images of the Ni-Cogy NPs/GCE with different magnifications (a—c). EDX patterns of Ni-Cogy NPs/GCE (d)
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Fig. 5 CVs of the bare GCE in the absence (a) and presence (b)
of 0.5 mM, 4-NP. ¢ and d as a and b for the Ni-Conx NPs/GCE, in
0.1 M PBS (pH 6.0) at 50 mV s~!

positively at about —733 mV. The marked increase in the
peak current and decrease in the overpotential of 4-NP
reduction at the modified electrode could be attributed to
the high catalytic ability of Ni-Cogx nanoparticles.

Effect of pH

The effect of pH on the electrocatalytic reduction of
4-NP at the Ni-Cogx NPs/GCE was explored in the pH
range of 11.0 to 4.0 by cyclic voltammetry. As shown
in Fig. 6, the values of the reduction peak current and
potential of 4-NP were dependent on the pH of the sup-
porting electrolyte. The peak current progressively
increased with decreasing of pH from 11.0 to 6.0 and
then decreased from pH 6.0 to 4.0. Therefore, pH 6.0
was selected as the optimum pH for the subsequent
electrochemical experiments, while the peak potential

@ Springer
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Fig. 6 CVs of 0.5 mM, 4-NP 225
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values shifted to less negative potentials with decreas-
ing of pH from 11.0 to 4.0 and obeyed from the follow-
ing equation: E,. (V) = —0.0568 pH — 0.3985. This
slope demonstrated that equal number of protons and
electrons was participated in the electrochemical reduc-
tion of 4-NP.

@ Springer

Effect of scan rate

The electrochemical behaviours of 4-NP at various scan
rates (5-500 mV s~') were studied on the modified
GCE by cyclic voltammetry in phosphate buffer solu-
tion (Fig. 7). As shown in Fig. 7a, the values of peak
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currents were linearly proportional to the square root of
scan rates, demonstrating that the reduction process of
4-NP at the Ni—-Coyx NPs/GCE was controlled by diffu-
sion. The reduction peak potential shifted to more nega-
tive potentials with increasing the scan rate indicating a
kinetic limitation in the reaction between the redox sites
of Ni-Coyx NPs and 4-NP (Fig. 7).

In order to calculate the kinetic parameters of 4-NP
at the Ni-Cogy NPs/GCE, the Tafel plot was drawn at a
scan rate of 10 mV s~! (Fig. 7b). According to the But-
ler—Volmer equation for a cathodic branch [39]:

—angF’

Log I = Logly+— e
og ! =Loglot 25arr "

@)
where o is the charge transfer coefficient of the electro-
chemical reaction, n, is the number of electrons involved in
the rate-determining step, /, is the exchange current density,
R is the universal gas constant (8.314 J K~ mol™!), F is the
Faraday constant (96,485 C mol_l), T is the temperature
(K), and 7 is the overpotential. The slope (an f/2.303RT)
of 10.567 V decade™' was observed, indicating that one

electron was transferred in the rate-determining step and
the value of o was calculated to be 0.62.

Chronoamperometric study

Chronoamperometry experiment was employed for evalu-
ation of the diffusion coefficient of 4-NP at the modified
electrode. According to the Cottrell equation [39]:

[ = nFADY*>Cr =124~ 1/2 (5)

where n refers to the number of electron transferred
(n = 4 for 4-NP [24]), F is the Faraday constant (96,485
C mol™), A is the effective surface area (0.047 cm?), D
is diffusion coefficient (cm? s™!), C is the bulk concen-
tration (mol cm~3). Chronoamperograms were recorded
by setting the working electrode potential at —920 mV
for the Ni-Conx NP-modified GCE in the presence of
various concentrations of 4-NP (Fig. 8). Figure 8a rep-
resents the experimental plots (I vs. %) for different
4-NP concentrations employed. Afterwards, the slopes of
these straight lines were plotted against the concentration

Fig. 8 Chronoamperograms -90
obtained at Ni-Cogy NPs/

GCE in 0.1 M PBS (pH 6.0) for
various concentrations of 4-NP.
Numbers 1 to 6 correspond

to 0.138, 0.215, 0.310, 0.449,
0.557, and 0.663 mM of 4-NP,
respectively. Insets a Plots of

I versus "2 and b Plot of the
slope of the straight lines versus
4-NP concentrations
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Fig. 9 DPVs for increasing concentrations of 4-NP from 7 to
682 uM in 0.1 M PBS (pH 6.0) on the Ni-Conx NPs/GCE at 50
mV s~!. Inset Linear calibration plot (peak currents vs. 4-NP concen-
trations)

of 4-NP (Fig. 8b), and from the obtained slope and Cot-
trell equation, D was found to be 9.30 x 107° ¢cm? s7!

[40-42].

Differential pulse voltammetry method and calibration
curve of 4-NP

The differential pulse voltammetry method was employed
to draw the calibration graph and determine the detec-
tion limit. As shown in Fig. 9, the reduction peak cur-
rent increased linearly with the 4-NP concentration over
the range of 7-682 pM in 0.1 M phosphate buffer solu-
tion, and the corresponding regression equation was I,
(LA) = —0.0345 C (uM) — 0.2899. There was a minor
shift for Ep with increasing the 4-NP concentration; this
may be the limitation of the redox sites of Ni—-Cogy NPs
and 4-NP in high 4-NP concentrations. The data for cali-
bration curve were repeated three times. The detection
limit for 4-NP with a signal-to-noise ratio (S/N) of 3 was
calculated to be 4.8 uM. The comparison of proposed sen-
sor with the previously reported sensors for determination
of 4-NP is summarized in Table 1. As it can be seen, the
proposed sensor exhibited wide linear range and reason-
able detection limit.

Table 1 Comparison of the performance of the proposed sensor with previously reported electrochemical sensors for 4-NP

Electrode Method Linear range Detection limit Correlation coefficient References
SWNT'/GCE DPV 0.01-5.0 0.0025 _ [1]
Crown ether-Ag NPs/CPEP DPV 1-100 0.25 _ [43]
S-CHIT/ABPE® Derivative voltammetry 0.08-2 0.03 0.9996 [3]
Graphene—Naﬁon/SPEd DPV 25-620 3.5 0.987 [44]
Nano-Au/GCE LSV 10-1000 8 _ [45]
GR-PANIY/GCE DpPV 0.2-20, 20-100 0.065 0.9930, 0.9987 [46]
PCZ/N-GE*/GCE Ccv 0.8-20 0.062 0.9971 [47]
inorganic—organic/Pt Swvh 30-90 8.23 0.9954 [48]
PDDA-G'/GCE LSV 0.06-2, 10-110 0.02 0. 9964, 0.9977 [14]
ERG-AuNP/GCE LSV 0.036-90 0.01 0.9983 [4]
ACY/GCE LSV 1-500 0.16 0.9863 [7]
Ni—-Coyx NPs/GCE DPV 7-682 4.8 0.9996 This work

% Single-wall carbon nanotubes

® Carbon-paste electrode

c

4 Screen-printed electrode

¢ Linear sweep voltammetry

' Graphene—polyaniline

£ Polycarbazole-/nitrogen-doped graphene
" Square-wave voltammetry

! Polyelectrolyte-functionalized graphene

i Electrochemically reduced graphene oxide

k- Activated carbon
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Table 2 Results for determination of 4-NP in practical samples

Sample Added (WM) Found® RSD (%) Recovery (%)
(M)
Spring water  20.00 20.54 2.34 102.70
40.00 39.87 1.45 99.67
Tap water 20.00 20.58 2.04 102.90
40.00 40.37 1.31 100.92

* Average of three determinations

Interference studies

The selectivity of the proposed sensor for the determina-
tion of 4-NP was studied by DPV technique under the
optimum conditions with 0.1 mM 4-NP at pH 6.0. The
tolerance limit for interfering species was described as
the molar ratio of the interfering substance/4-NP, which
caused a relative error of less than +5% in the determina-
tion of 0.1 mM 4-NP. The results showed that 500-fold
of CI=, Br~, NO;~ and 100-fold of Mg>*, Ca’*, Ni**,
Co** did not show interference in the determination of
4-NP. However, the nitrophenols, such as 2-nitrophenol,
3-nitrophenol, and 2,4-dinitrophenol, were caused serious
interference for the voltammetric signal of 4-NP because
they included the nitro groups that could be reduced near
the potential of 4-NP.

Analytical application

The practical performance of the proposed sensor was
verified by the determination of 4-NP in environmental
water samples such as tap water and spring water. No
4-NP was detected in these water samples, which may be
ascribed to that the concentration of 4-NP was below for
the detection limit. Thus, the water samples were spiked
with known quantities of 4-NP, and the standard addi-
tion method was applied for the determination of 4-NP
concentrations. As listed in Table 2, the recoveries were
ranged from 99.67 to 102.90% with the relative standard
deviations (RSDs) lower than 2.34% for 4-NP determina-
tion in all samples. It can be concluded that the proposed
DPV method was reliable and could be successfully used
for the detection of 4-NP in water samples. Furthermore,
the interferences in water samples were almost negligible.

Conclusions

In this paper, a sensor based on Ni—Cogx NP-modified
GCE was constructed electrochemically by a two-step
method for the detection of 4-NP. The modified GCE
was characterized by SEM, EDX techniques. The SEM

images showed the cauliflower-like nanoparticles with
high density were distributed uniformly on the electrode
surface. The EDX patterns also confirmed the presence of
the Ni and Co nanoparticles on the electrode surface. The
fabricated electrode showed significant electrocatalytic
activity in the electroreduction of 4-NP. Some kinetic
parameters (such as the diffusion coefficient, charge
transfer coefficient, and the number of electrons involved
in the rate-determining step) were estimated utilizing
cyclic voltammetry and chronoamperometry techniques.
A good linear range and reasonable detection limit were
obtained using DPV experiments. Finally, the proposed
electrochemical sensor was successfully used for the
determination of 4-NP in environmental water samples.
The electrochemical impedance spectroscopy (EIS)
can be used as an electrochemical technique to charac-
terize the surface of Ni—-Cogy NPs/GCE in the future
researches.
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