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Flower-like nickel oxide nanostructure was synthesized by a simple desolvation method. The nanos-
tructure was then employed as the modifier of a carbon paste electrode to fabricate a choline sensor. The
mechanism and kinetics of the electrocatalytic oxidation of choline on the modified electrode surface
were studied by cyclic voltammetry, steady-state polarization curve, and chronoamperometry. The
catalytic rate constant and the charge transfer coefficient of the choline electrooxidation process by an
active nickel species, and the diffusion coefficient of choline were reported. An amperometric method
was developed for determination of choline with a sensitivity of 60.5 mA mol~! Lcm~2 and a limit of
detection of 25.4 pmol L™ . The sensor had the advantages of high electrocatalytic activity and sensitivity,
and long-term stability toward choline, with a simple fabrication method without complications of
immobilization steps and using any enzyme or reagent.
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1. Introduction

Conductive metal oxides have been of tremendous interest in
researches, fabrication of devices and industrial applications due
to their excellent electrochemical behavior. Among these metal
oxides, there are great scientific and technological interests in the
synthesis of nickel (hydr)oxide due to its applications in different
electrochemical devices, such as electrocatalysts [1], sensors and
biosensors [2,3], and accumulators [4]. The main reasons for these
utilities are the conductivity (as a p-type semiconductor with a
wide band-gap energy range), high specific energy, low cost,
chemical and electrochemical stabilities, outstanding durability,
near-reversible redox properties, large span optical density and
electrochromic properties, and high resistance to anodic corrosion
of this compound [1-5].

The ability to tune the size, shape and structure of transition
metals is an important goal in the current material synthesis, and
there has been increasing interested in the synthesis of nanos-
tructures of transition metal compounds with special shape and
structure [3,6-13]. This is due to their potential applications in
catalysts and electrocatalysts, sensors and biosensors, photonics
and optoelectronics, drug delivery and formulation, biomedical
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diagnostics, treatment and equipment, and energy producing and
accumulating devices [6-14]. Among the numerous approaches
used to fabricate these materials, those resulting in the production
of flower-like nanostructures have been greatly approached due to
interesting structure, shape and properties [6,15-17].

The physical and chemical properties of nickel (hydr)oxide
nanostructures strongly depend on their size and shape. So far,
nanoflakes and nanoplatelet [18-20], nanotubes [11,21], hollow
spheres [22], nanowires [23], nanoparticles [24], nanoribbons [25]
and nanoflowers [26] of nickel oxide have been synthesized.

Choline, as a vitamin-like compound, is a water-soluble essen-
tial nutrient. It is the metabolite of the neurotransmitter acetyl-
choline which plays vital roles in maintaining the central nervous
system and numerous metabolic functions. Choline is a precursor
of the synthesis of acetylcholine, cell-membrane lipid phosphati-
dylcholine and betaine [27]. Therefore, it is important for the
integrity of cell membranes, lipid metabolism, and cholinergic
nerve function [28,29]. The dietary availability of choline affects
the apoptotic signaling in the neurons and liver cells, neural tube
closure and hippocampal cholinergic development and hepatic
transport of lipoproteins [30]. It seems that the choline brain level
causes various neural disorders such as Alzheimer's disease,
progressive dementia [31-34], and schizophrenia [35]. Choline
deficiency can also lead to carcinogenesis [36]. Therefore, devel-
opment of sensitive and accurate measurement methods of cho-
line is important. On the other hand, choline does not bear
chromophore, flourophore or electroreactive functional groups.
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Therefore, well established methods typically employed for the
analysis of biologically important compounds are useless, and a
pre-derivatization procedure into more easily detectable com-
pounds is usually required. In this regard, the most successful
approaches for choline determination have been based on liquid
chromatography (LC) coupled with post-column enzymatic con-
version [37] or immobilized on suitable enzyme reactors [38-44].
These methods are tedious and time-consuming, and suffer from
some drawbacks such as loss of chromatographic resolution and
peak tailing or splitting. In addition, several amperometric bio-
sensors based on immobilized choline oxidase have been reported
[45-47]. However, serious enzyme immobilizing procedure, poor
stability and enzyme loss are the main disadvantages. Radio-
enzymatic and chemiluminescent assays [48], 'H-NMR [49] and
liquid chromatography-isotope dilution mass spectrometry [50]
which are high-cost techniques and need pre-processing steps of
extraction and derivatization have also been reported for choline
determination.

In the present study, flower-like nickel oxide nanostructure was
synthesized and then employed to modify a carbon paste elec-
trode. The electrochemical kinetics of the modified electrode was
studied and finally applied to the electrocatalytic oxidation and
sensing of choline.

2. Experimental section
2.1. Materials and synthesis procedures

Graphite fine powder with a particle size of <50 pm was
obtained from Merck. All other chemicals were of analytical grade
from Merck or Sigma and used without further purification. All
solutions were prepared with doubly distilled water.

Flower-like nickel oxide nanostructure was synthesized by
a nickel complex decomposition-precipitation method. In a typical
procedure, 291 mg Ni(NOs), - 6 H0 was dissolved in 10 mL water.
Then, concentrated ammonia solution was added until formation
of Ni(OH),. The precipitate color was light green. Addition of
ammonia solution was continued just to dissolve Ni(OH), and
form dark blue nickel-ammonia complex with a solution pH of
~ 10. This solution was then placed near a baker containing 10 mL
concentrated sulfuric acid in a closed polyethylene container for
48 h at room temperature. A light green powder was so precipi-
tated. The product was washed with distilled water and ethanol
and dried at 40 °C to obtain the nickel oxide nanostructure.

2.2. Working electrodes

Carbon paste electrode (CPE) was prepared by hand-mixing
graphite fine powder and mineral oil with a ratio of 80/20% (w/w).
The paste was packed firmly into a cavity (2 mm diameter) at the
end of a Teflon tube. Electrical contact was established by a
copper wire.

Modified carbon paste electrodes with flower-like nickel oxide
nanostructure (MCPE) were prepared by mixing graphite fine
powder, mineral oil, and flower-like nickel oxide nanostructure
with ratios of 60:20:20 by wt%. In order to cover the MCPE surface
with a Nafion layer, 10 uL of a 2% w/v low aliphatic alcohols Nafion
solution was dropped on the electrode surface and placed under
an IR lamp to dry.

Before performing any experiment, MCPE was transferred to a
100 mmol L~! NaOH solution (the supporting electrolyte) and 25
potential cycles were applied in a regime of cyclic voltammetry in
the potential range of —200 to 800 mV at a potential sweep rate of
50 mV s~ . This procedure caused the voltammograms of MCPE to
become more stable and reproducible.

2.3. Equipments and methods

All electrochemical studies were performed in a conventional
three-electrode cell containing 100 mmol L~ NaOH solution as
the supporting electrolyte. p-Autolab type III potentiostat/galvano-
stat (The Netherlands) was used. An Ag/AgCl, 3 mol L~ ! KCl, and a
platinum sheet were used as the reference and counter electrodes,
respectively. The system was run on a PC through GPES 4.9
software.

Scanning electron microscopy (SEM) was performed using an
X-30 Philips instrument. Powder X-ray diffraction (XRD) patterns
were recorded in the 260 range 10 to 9° at a scanning rate of 2.4°
min~! by an X-ray diffractometer (Philips X'Pert, The Netherlands)
with a Cu Ka radiation at 40 kV and 30 mA. All measurements
were carried out at room temperature.

3. Results and discussion

SEM images of the nickel oxide nanostructure with different
magnifications are represented in Fig. 1. The images show irregular
and assembled flakes of ~ 30 nm thickness. These nanosheets are
intertwined with each other and construct a porous flower-like
nanostructure. The nanoflowers have a highly active surface area
and aspect ratio whose internal parts may not be fully utilized.
The electrolyte and electrolyte species would permeate into the
nanostructure.

Typical powder XRD pattern of the nanoflowers is shown in
Fig. 2. In this diffractogram, there are slightly broadened diffrac-
tion lines. Main diffraction peaks at 19.3°, 33.1°, 38.5°, 39.1°, 52.1°,
59.1°,62.7° and 72.7° are indexed to (0 0 1), (100),(101), (00 2),
(102),(110),(111)and (20 1) reflections, respectively. They are
indexed to a hexagonal system with p-3m1 space group and space
group number of 164 (Joint Committee on Powder Diffraction
Standards, JCPDS Card no. 00-014-0117). The calculated lattice
parameters of the nanoflowers are as follows: a=3.1260 A, b=
3.1260 A, c=4.6050 A, and V=38.97 A>.

Typical cyclic voltammogram of MCPE recorded in the support-
ing electrolyte with a potential sweep rate of 50 mV s~ ! is shown
in Fig. 3A. In this voltammogram, a pair of well-defined peak
appears and the pattern of the voltammogram is similar to those
previously reported [2,3,11]. The formal potential of the redox
transition was estimated to be ~ 400 mV (as an average mid peak
of cyclic voltammograms recorded at slow potential sweep rates of
<10mVs~1), and the ratio of the peak currents (Ip/lc) was
almost equal unity. The redox reaction in the voltammogram is
attributed to the Ni(II)/Ni(IIl) transition at the MCPE surface via the
following reaction [2,3,11,51]:

NiOOH +H,0 +e=Ni(OH), + OH " 1)

The anodic-to-cathodic peak potential difference in the voltam-
mogram of MCPE is about 108 mV, at a potential sweep rate of
50mVs~—!. This value is greater than that for immobilized
(adsorbed) redox species of zero and also increases with the
potential sweep rate increment. This indicates a limitation in the
rate of charge transfer process due to one or some of the following
reasons: limitation in the electronic conductivity of the MCPE bulk,
interactions of electrolyte ions with the MCPE surface, the lateral
interactions of the nickel sites at the MCPE surface, diffusion of
ions in the MCPE bulk and its coupling with migration processes,
and non-equivalency of redox sites at the MCPE surface. Another
point in the voltammogram of MCPE is that the average value of
full width at half height of anodic peak is about 32 mV. This value
is less than the theoretical value of 90 mV for non-interacting one-
electron surface redox sites [52]. It confirms domination of site-
site attractions [53].
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Fig. 1. SEM images of the flower-like nickel oxide nanostructure with different
magnifications.

Cyclic voltammograms of MCPE recorded at different potential
sweep rates (1-1000mV s~ ') are shown in Fig. 3B. In these
voltammograms, upon increasing in the potential sweep rate, the
peak currents increased with the potential sweep rate and I,/
remained almost constant and near unity. At low values of the
potential sweep rates of <50 mVs~!, the anodic and cathodic
peak currents depended linearly on the potential sweep rate, as
shown in Fig. 3C. This behavior indicates a surface-confined redox
reaction for immobilized nickel species. From the average values of
the slopes of the lines in Fig. 3C, the mean value for the surface
concentration of redox species of Ni(II)/Ni(Ill) was obtained as

(101)

Intensity(A.U.)

(201)

2Theta (degree)

Fig. 2. Typical powder XRD pattern of the flower-like nickel oxide nanostructure.

1.40 x 10~ 7 mol cm ™2, using the following equation [54]:
Ip = (n?F? J4RT)LAT™* 2

where [, is the peak current, n is the number of exchanged
electrons, A is the geometric surface area of the electrode, and
I'* is the surface coverage of the redox species. On the other hand,
at high values of the potential sweep rates of >200mV s~', the
anodic and cathodic peak currents depend linearly on the square
root of the potential sweep rate, as shown in Fig. 3D. This behavior
reveals domination of a diffusion process in the redox transition at
higher potential sweep rates. The redox transition of nickel-based
electrodes was diffusion-controlled and it was also reported for
other Ni-based electrodes [51,55], due to proton diffusion in the
bulk of nickel oxide.

In order to obtain the kinetic parameters of the redox transition
of nickel species at the MCPE surface, general equations for the
potential sweep voltammetric responses derived by Laviron [56]
were employed. These equations for peak-to-peak separation
(AEp) of >200/nmV are

Epa=E’+GIn[1—as/]] 3)
Epc=E°+H In [as/]] “4)
In ks = a5 In(1 — as) + (1 — as)In as — In(RT /nFv) — as(1 — as)nFAE, /RT
(5)
where
G=RT/(1—as)nF (6)
H = RT/asnF (7)
J=(RT/F)(ks/nv) (8)

In these equations, ks is an apparent rate constant for the electron
jumping across the MCPE/solution interface, E,; and E, . are the
anodic and cathodic peak potentials, respectively, and as is the
electron transfer coefficient. Based on these equations, as and kg
can be determined by measuring the variation of the peak
potentials with the potential sweep rate. Variations of the anodic
and cathodic peak potentials with the natural logarithm of the
potential sweep rate are shown in Fig. 3E. The values of E, are
proportional to In v at » > 400 mV s~ ! and the values of a; and k
were obtained as 0.41 and 0.21 s~ !, respectively.

3.1. Electrocatalytic oxidation of choline on MCPE

Cyclic voltammograms of CPE and MCPE in the absence and
presence of 10 mmol L~! choline are shown in Fig. 4. In the
voltammogram of CPE, a negligible anodic current related to the
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Fig. 3. (A) Typical cyclic voltammogram of MCPE recorded in 100 mM NaOH with a potential sweep rate of 50 mV s

~1.(B) Cyclic voltammograms of MCPE recorded in

100 mmol L~ ! NaOH at various potential sweep rates of 1,2, 5, 7, 10, 20, 40, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 800, 900 and 1000 mV s~ .
(C) Dependency of anodic and cathodic peak currents on the potential sweep rate at low values of <50 mV s~ . (D) Dependency of anodic and cathodic peak currents on the
square root of the potential sweep rate at high values of =200 mV s~'. (E) Variation of the anodic and cathodic peak potentials with the natural logarithm of the potential

sweep rate.

electrooxidation of choline is observed, while choline was oxidized
on the MCPE surface. In the presence of choline, the anodic peak
current in the MCPE voltammogram increased and the cathodic
peak currents slightly decreased. Therefore, choline was oxidized
on the MCPE surfaces via a surface mediation electrocatalytic
mechanism. Based on this mechanism, the redox transition of the
nickel species

Ni(I)=NidIl) +e 9

is coupled to the chemical oxidation of choline via the high-
valence nickel species:

kcat.

Ni(IIl) + Choline = Product + Ni(II) (10)

In the voltammogram of MCPE in the presence of choline, both
onset and peak potentials shifted toward more positive values, and
also the backward current crossed the forward sweep. These
behaviors which have been observed typically for alcohol electro-
oxidation indicate a strong interaction of choline with the MCPE
surface.

Regarding the electrooxidation product of choline, it can be
proposed as the oxidation of functional group(s) of choline in a
single or multiple steps. Choline, as a quaternary ammonium salt,
cannot be oxidized because it lacks amine hydrogen. On the other

hand, as an alcohol analog, choline can be oxidized to betaine
aldehyde or further to betaine [57].

Typical pseudo-steady state polarization curve for the electro-
oxidation of choline on the MCPE surface is shown in Fig. 5. A
S-shaped plot was obtained and the electron transfer coefficient
for the electrooxidation of choline (acy) was obtained by plotting
the corresponding Tafel plot. The value of ac, was obtained as 0.57,
indicating a slight curvature of the potential energy barrier to the
reactants.

Cyclic voltammograms of MCPE recorded in the presence of
10 mmol L~ choline at different potential sweep rates (1-1000
mV s~ 1) are shown in Fig. 6A. In these voltammograms, the anodic
peak current depended linearly on the square root of the potential
sweep rate, as shown in Fig. 6B. This indicates that the electro-
oxidation of choline is controlled by its diffusion in the bulk of the
solution. Based on the following equation [54]:

Ipa = (2.99 x 10%)ac,'/?n*2ACD'/?n'/? (1)

where I, is the anodic peak current, A is the electrode surface
area, D is the diffusion coefficient, and C is the bulk concentration
of choline, the diffusion coefficient of choline was obtained as
1.76 x 10~® cm? s~ '. Dependency of the anodic peak potential on
the natural logarithm of the potential sweep rate is shown in
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Fig. 5. Typical pseudo-steady state polarization curve for the electrooxidation
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Fig. 6C. Based on this plot, and using the following equation [58],
Ep = (RT/2aF)In n+ constant (12)

the electron-transfer coefficient for the electrooxidation of choline
was obtained as 0.52. This value is in agreement with that
obtained from Tafel plot. Based on the voltammograms presented
in Fig. 6A, dependence of the current function (peak current
divided by the square root of the potential sweep rate) on the
square root of the potential sweep rate is presented in Fig. 6D. The
current function decayed and the plot had a negative slope. This
behavior further confirms the electrocatalytic nature of choline
electrooxidation reaction.
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Fig. 6. (A) Cyclic voltammograms of MCPE recorded in the presence of
10 mmol L~! choline at different potential sweep rates of 1, 2, 5, 7, 10, 20, 40, 50,
75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 800, 900 and
1000 mV s~ '. (B) Dependency of the anodic peak current on the square root of the
potential sweep rate. (C) Dependency of the anodic peak potential on the natural
logarithm of the potential sweep rate. (D) Dependency of the current function
(peak current divided by the square root of the potential sweep rate) on the square
root of the potential sweep rate. The data was derived from voltammograms
presented in (A).

3.2. Kinetics of electrocatalytic oxidation of choline on MCPE

In order to study the kinetics of the choline electrocatalytic
oxidation by the Ni(Ill) active species, chronoamperometry was
employed. Chronoamperograms recorded using MCPE in the
absence and presence of different choline concentrations are
shown in Fig. 7. The transient current decayed in a Cottrellian
manner (Fig. 7, inset A) confirming the fact that the electrooxidation
process was diffusion-controlled. Also, the diffusion coefficient of
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during a prolonged measurement of more than 25 min.

choline was obtained based on Cottrell's equation [54]:
[=nFAD'?Cr =12t~ 1/2 (13)

as 1.62 x 10~ % cm? s~ . This value is in close agreement with that
found using cyclic voltammetry. Moreover, the catalytic rate con-
stant of choline oxidation by Ni(Ill) species can also be found based
on the following equation [54]:

Ieat/la = V[ 2erf(r' /) +exp(—y) /r'/%] (14

where I,; and Iy are the currents in the presence and absence of
choline, respectively, and y=kqCt is the argument of the error
function, ks is the catalytic rate constant, and t is elapsed time.
When y> 1.5, erf(y'?) is almost equal to unity, and Eq. (14) is
reduced to

Teat/Ig = 7' ?7"% = 22 (keat Ct) /2 (15)

Using the plot of I../lq versus t'/? (Fig. 7, inset B), kca is obtained as
9.46 x 10 cm® mol~! s~ 1. Although the arrangement of the nickel
oxide flakes as a flower-like nanostructure needs permeation and
diffusion of choline, its oxidation occurred with a high rate constant.

3.3. Determination of choline

Aiming at determination of choline using MCPE, amperometry
was employed. Typical amperometric signals of MCPE toward the
successive increments of choline concentrations are represented in
Fig. 8. The corresponding calibration plot is also shown in the inset
A1. The limits of detection (LOD) and quantitation (LOQ) of the
procedure were calculated using the 3¢/b and 10s/b criteria,
respectively, where ¢ is the standard deviation of the intercept
and b is the slope of the calibration curves [59]. The determined

Table 1
The determined parameters for the calibration curve of choline and
accuracy and precision using MCPE.

Linear range/mmol L~! 0.25-6.98
Sensitivity (Slope)/mA mol ' L cm 2 60.5
Intercept/pA cm~? 12.9
R? 0.9993
Standard error of slope (P=0.005) 9.34x10°°
Standard error of intercept (P=0.005) 1.27
LOD/umol L~! 254
LOQ/umol L~! 84.7
RSD% 3.19
Bias%?® 3.52
@ The value was reported for 1.0 mM choline.
Table 2
Comparison of some various choline sensors.
Type of sensor LOD Reference
(nmol L~ 1)
Enzymatic flow injection-amperometric detection 300 [45]
Enzymatic flow injection-dual electrode 100 [47]
amperometric detection
Enzymatic flow injection-electrochemiluminescence 50 [60]
detection
Enzyme-less solid-contact ion selective electrode 398 [61]
Reversed-phase HPLC with postcolumn suppression 19.2 [62]
conductivity detection
Enzyme-less amperometric sensor based on flower- 254 This
like nickel oxide nanostructure work
Table 3

Precision for assaying three concentrations of choline by the proposed ampero-
metry method.

C/mM

0.75 1.5 3.0
RSD% (intra-day assay) 3.77 3.41 3.16
RSD¥% (inter-day assay) 5.08 4.27 4.63

parameters for the calibration curve of choline using MCPE are
displayed in Table 1. The detection limits of some different sensors
for choline are presented in Table 2. An amperometric response of
MCPE toward 249 pmol L~ ! choline during a prolonged measure-
ment of more than 25 min is shown in Fig. 8, inset A2. The
amperometric response remained stable throughout the experi-
ment (<7% decrement in current). This indicates negligible
fouling of the MCPE surface by choline and its oxidation products.
Therefore, MCPE showed high stability and strong mediation
properties for amperometric measurements of choline.

In order to evaluate the repeatability and reproducibility of the
proposed amperometry method, three different concentrations of
choline were analyzed by three independent measurements over a
day (intra-day assay) and for three days (inter-day assay). The
results are summarized in Table 3. In addition, 1.0 mmol L~!
choline was determined three times by the use of the same MCPE
and the value of RSD was 0.73%. When the same determination
was performed by using three MCPEs, the value of RSD was found
to be 4.63%. These results confirmed that the repeatability and
reproducibility of the proposed amperometry method were good.

In order to verify the stability of MCPE, consecutive cyclic
voltammograms using the electrode were recorded and it was
found that the peak currents changed slightly ( <4%) after 50
cycles. In addition, the electrode was stored in 100 mmol L~'
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NaOH solution when it was not in use and its electrochemical
reactivity was retained for at least 4 weeks.

As to investigate the selectivity of MCPE as the choline sensor, the
interference effects of some common biological interferences, com-
prising p-glucose, dopamine, L-ascorbic acid, uric acid, L-cysteine,
N-acetyl-i-cysteine, ephedrine and pseudoephedrine were evaluated
when a Nafion membrane was covered on the MCPE surface (data
not shown). Under the experimental conditions applied in this study,
no chemical interference was observed for all these compounds due
to the rejection of the diffusion of these anionic compounds by the
Nafion membrane.

4. Conclusion

Nickel oxide nanoflowers were synthesized using a simple
desolvation method. The method was based on the desolvation
of soluble ammonia complex, which may be expanded to the other
transition metal complexes using their soluble ammonia com-
plexes. The nanoflowers were then applied to modification of a
carbon paste electrode. The modified electrode was characterized
electrochemically and then applied for the electrocatalytic oxida-
tion of choline. The current generated from the oxidation of
alcohol functional group was used for the quantification of cho-
line; the modified electrode acted as an amperometric sensor for
the determination of choline. When the electrode surface was
covered by a layer of Nafion membrane, the interference of many
anionic compounds in alkaline solutions was negligible. The
modified electrode showed remarkable electrocatalytic activity,
stable response and high sensitivity toward choline.
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