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An air and moisture stable ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate (EMIMES) was used as an
electrolyte for electropolymerization of 1-cysteine followed by electrodeposition of nickel nanoparticles
(NiNP) on paraffin wax impregnated graphite electrode (PIGE). The electrodeposited NiNP modified electrode
showed good redox activity and stability in 0.1 M KOH solution. The modified electrode has been
characterized using Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectro-
scopy (EDS), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The modified
electrode was examined for electrocatalytic oxidation of some compounds of biological and clinical
importance such as vitamin Bg, 1-tyrosine, L-tryptophan, vanillin, glucose and hydrogen peroxide by cyclic
voltammetry to demonstrate the electrocatalytic activity of the electrodeposited NiNPs.

Nickel nanoparticles

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Room-temperature ionic liquids (RTILs) are materials that are
composed entirely of ions and are liquids below 100 °C [1]. The
unique properties of RTILs make them particularly promising for
electrochemical applications. RTILs are ionically conductive and
hence electrochemistry can be performed using RTILs as supporting
electrolytes. Many RTILs offer wide potential windows (the potential
range over which the RTIL is electrochemically inert), thermal and
chemical stability, very low vapor pressures, and the ability to
dissolve a wide range of chemical species. Due to the unique
combination of these properties, electrochemists have proposed the
use of RTILs in a wide range of devices including photoelectrochem-
ical cells [2], supercapacitors [3], fuel cells [4], batteries [5] and
electrochemical sensors [6,7]. Modified electrodes offer higher selec-
tivity, sensitivity, greater time efficiency and higher stability than the
conventional electrodes. Therefore, several modifiers such as poly-
mers [8-11], DNA doped polymers [12], dye doped sol-gels [13],
metal oxides [14], carbon nanotubes [15,16], inorganic redox med-
iators [17] and metal nanoparticles (MNPs) [18-20] have been used
to fabricate modified electrodes. Among them, MNPs modified
electrodes have drawn particular attention due to their high surface
area, effective mass transport, catalysis and control over local
microenvironment compared to electrodes modified with macro-
particles [21,22]. However, the MNPs at the electrode surface can be
fragile in the absence of stabilizing conductive material. To address
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this problem, the electrode surface can be modified with some
conductive stabilizing materials such as carbon nanotubes and
polymers [23,24] and then the MNPs can be attached to the modified
electrode surface. Moreover, the porous nature of conducting poly-
mer allows dispersing of the metal nanoparticles into the polymer
matrix and generates additional electrocatalytic sites [25-27]. Poly-
cysteine (PC) is one of the important polyaminoacid, its structure is
relevant to biopolymers and it supports the metal nanoparticles.
Platinum nanoparticles—polypyrrole modified electrodes have been
employed to determine nitrite and to study proton and oxygen
reduction [28,29]. To the best of our knowledge, there is no reported
relevant literature available for the determination of biologically and
clinically important compounds at polycysteine functionalized nickel
nanoparticles (PCFNiNP) modified electrodes.

In the present study, a modified electrode was prepared by
electrochemical deposition of NiNP in over-oxidized polycysteine
film modified graphite electrode in ionic liquid medium and the
performance of the electrode was studied by cyclic voltammetry
and surface examination was made using FESEM. The PCFNiNP
modified electrode was used as the sensing matrix for the
determination of vitamin Bg, L-tyrosine, L-tryptophan, vanillin,
glucose and hydrogen peroxide at micromolar levels.

2. Experimental
2.1. Reagents

Vitamin Bg, L-tryptophan, i-tyrosine, p-glucose, vanillin and
hydrogen peroxide were purchased from HIMEDIA and dissolved
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before use. All other chemicals used in this investigation were of
analytical grade. EMIMES (purity 98.5%) was obtained from Alfa
Aesar, spectroscopic grade graphite rod (3 mm diameter) was
used as received from Aldrich. Double distilled water employed in
all experiments was obtained from a Millipore-Milli-Q system.

2.2. Apparatus and measurements

FTIR spectra were recorded using a Perkin—-Elmer RX 1 spectro-
meter. Raman spectra were recorded with Raman 11i system
(Nanophoton Corp., Japan). For the study of morphology and
chemical composition of the PCFNiNP modified electrode, FE-
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Fig. 1. FTIR spectrum of pure (a) r-cysteine, (b) PC modified electrode and
(c) PCENiNP modified electrode.

SEM and EDS data were obtained on a SU6600 field emission
scanning electron microscopy (FE-SEM) (HITACHI, Japan),
equipped with an energy-dispersive X-ray analyzer at an accel-
erating voltage of 30 kV. XPS measurement for surface analysis
was performed on a monochromatic 300 W Al Ko X-ray radiation
as the X-ray source for excitation (Model XM 1000, Omicron
Nanotechnology, Germany).

Electrochemical measurements were performed with a CHI
660B electrochemical workstation (CH Instruments, USA) con-
trolled by a personnel computer. Three electrode system was
employed for this study. A platinum wire and a saturated calomel
electrode (SCE) were used as auxiliary and reference electrodes,
respectively. All potentials were referred to the latter. The
modified electrode employed as the working electrode was
prepared according to the procedure described below. A magnetic
Teflon stirrer provided the convective transport during the
amperometric measurements. All electrochemical experiments
were performed in 0.1 M KOH solutions.

2.3. Construction of the PCENiNP modified electrode

PIGE with a circular surface diameter of 3 mm prepared as
reported [30] was used for electrode modification. One end of the
electrode was carefully polished on a smooth surface and with
0.5 pm alumina, washed with distilled water and dried in air. Then,
the polished surface was used for electrode modification. The
electropolymerization of 0.01 M L-cysteine was carried out in
0.1 M EMIMES by cycling the potential between —0.6 to 2.0V at
50 mV/s scan rate. A thin polycysteine (PC) formed with 15 deposi-
tion cycles was used in all experiments. After removing the
electrode from depositing solution, it was washed with ultrapure
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Fig. 2. Raman spectra of (A) pure L-cysteine, (B) PC modified electrode and (C) PCENiNP modified electrode.
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Fig. 3. XPS spectra of (A) Survey spectra (B) Ni2p core (C) S2p core of the PCFNiNP modified electrode.
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Fig. 4. FESEM images of (A) PCFNiNP modified electrode with 6 kx magnificent, (B) PCFNiNP modified electrode with 25 kx magnificent and (C) EDS spectrum of the
PCFNiNP modified electrode.
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water to remove the unbound materials remaining on the electrode
surface.

2.4. NiNPs deposition

NiNPs were deposited electrochemically on the PC modified
PIGE in a solution containing 0.1 mM NiSO4 and 0.1 M EMIMES
under a constant potential of —1.2V for 100 s. After the mod-
ification with NiNPs, the electrode was thoroughly washed to
remove the excess materials from the electrode surface and then
dried at room temperature.

3. Results and discussion
3.1. FTIR-ATR spectroscopy

The FTIR study of the PCFNiNP modified electrode was con-
ducted in the reflection mode and the results are shown in Fig. 1.
The FTIR spectra of crystalline L-cysteine (curve a), electropoly-
merized L-cysteine (PC) (curve b) and PCFNiNP (curve c) are
shown. On comparing the three curves, the most important
difference noticed between them is the band at 2553 cm™!
corresponding to the thiol (-SH) group which is present only in
curve a and curve b. In the case of PCENiNP modified electrode the
peak at 2553 cm~ ! has disappeared. The disappearance of peak is
attributed to the cleavage of S-H bond and the formation of S-Ni
bond which is in confirmation with the XPS study [31]. The peak
at 476 and 432 cm~! confirms the formation of Ni-S bond [32].
Based on the above results it seems that only the thiol group is
involved in the bonding with the NiNP.

3.2. Raman spectroscopy

The Raman spectra of pure L-cysteine (A), PC (B) and PCFNiNP
(C) are shown in Fig. 2. The Raman spectrum of L-cysteine and PC
modified electrode show absorption at 2565 cm~! which indi-
cates the presence of free —SH group in L-cysteine and PC modified
electrode. The absence of a peak at this position for the PCFNiNP
modified electrode confirms the absence of free -SH group in the
above electrode. The absorption at 1579 cm~! corresponds to
NH3 symmetrical deformation and is present in PC modified
electrode as well as PCFNiNP modified electrode indicating the
presence of PC in both electrodes. The peak at 471 cm~! confirms
the formation of Ni-S bond. These observations are in consistent
with earlier report [33].

3.3. X-ray photoelectron spectroscopy

To give further evidence that nickel is present on the PC
modified electrode, XPS experiments have been carried out.
Fig. 3 shows the XPS survey spectrum and high resolution XPS
spectrum of S (2p) and Ni (2p) respectively for the PCFNiNP
modified electrode. The peaks at 855.6 and 873.3 eV correspond
to the binding energies of Ni (2ps),) and Ni (2pq;2) respectively,
which is consistent to the reported value for NiS [31,34]. Two
strong satellite peaks at 861.1 and 879.2 eV corresponds to Ni
(2ps/2) and Ni (2pq2) were also observed. The binding energy of S
(2p) at 162.5 eV is also in good agreement with that reported in
the literature [35,36]. The fact that NiNP was shown to be
functionalized onto the polycysteine electrode surface opens up
new possibilities for further investigations particularly for the
oxidation of biomolecules through nickel in the PCFNiNP modified
electrode.

3.4. FESEM analysis

The modified electrodes were characterized also by FESEM.
The use of RTILs (EMIMES) with the imidazolium ion leads to low
interfacial tensions, but the nucleation rate is higher than in
conventional solvents due to the higher conductivity and viscos-
ity of ionic liquids. Fig. 4A and B shows the formation of the NiNPs
on the electrode surface, and its size ranges between 100 and
200 nm. The particles were distributed almost evenly over the
electrode surface. The particle size surely plays a vital role in the
electrochemical characteristics of the modified electrode. The
electrochemical response of modified electrode was enhanced
which could be due to the high surface area provided by the
nanoparticle. To identify the elemental composition of the
PCENiNP modified electrode, EDS measurement was carried out.
The corresponding result is shown in Fig. 4C. The peaks appearing
at 0.8, 7.5 and 8.3 keV are related to Ni, and the other peak at
2.4 keV corresponds to S. Fig. 4C reveals that the PCFNiNP
modified electrode is composed of C, O, S and Ni elements which
are the elements present in the PCFNiNP modified electrode.
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Fig. 5. EIS of (a) PC modified electrode and (b) PCFNiNP modified electrode in
10 mM. K4[Fe(CN)g] in 0.1 M KCI solution, with the frequency swept from 1 Hz to
0.1 MHz. Inset: (A) modified Randles equivalent circuit diagram and (B) EIS of bare
electrode.
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Fig. 6. Cyclic voltammograms of (a) bare electrode, (b) PC modified electrode and
(c) PCFNINP modified electrode in 0.1 M KOH; Scan rate: 50 mV/s.
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3.5. Electrochemical impedance spectroscopy

EIS was employed to study the impedance changes of the
electrode surface. By using Fe(CN)2 /4~ redox couple as the electro-
chemical probe, the Nyquist plots of different electrodes were
recorded as shown in Fig. 5 with the frequencies ranging from 1 Hz
to 0.1 MHz. In order to give more quantitative information, a
modified Randles equivalent circuit was chosen to fit the measure-
ment results (Inset A). At the bare electrode the electron-transfer
resistance (R.) was estimated to be 8089 Q (Inset B). The R
decreased dramatically to 8.271 Q for PC modified electrode (curve
a), indicating that the electrode containing PC form high electron
conduction pathways between the electrode and electrolyte. The
PCFNINP modified electrode has shown 7.812 Q as R (curve b),
which indicates the improved conducting in presence of NiNPs. The
results indicated that NiNPs were successfully immobilized on the
surface of the modified electrode.

3.6. Cyclic voltammetric studies of the PCFNiNP modified electrode

The electrochemical behavior of the PCFNiNP modified elec-
trode was studied by cyclic voltammetry. Cyclic voltammetric
investigations of the PCFNiNP modified electrode reveals (Fig. 6) a
pair of peaks corresponding to the immobilized NiNP when the
potential was swept in the range from 0 to 0.6 V at a scan rate of
50 mV/s in 0.1 M KOH (curve ¢). The anodic and cathodic peak
potentials were observed at 0.44 V and 0.37 V respectively with a
formal potential E° [E®=(Epa+Eyc)/2] of 0.40 V, where Ep, and E,c
are the anodic and the cathodic peak potentials respectively. CV
response for the bare electrode and PC modified electrode under
similar condition did not show any characteristic wave (curves a

A

and b). The electrochemical behavior of the PCFNiNP modified
electrode in alkaline solution seems to be similar to that of pure
Ni [37] and Ni-Cr [38] alloy electrode in the same solution, for
which the redox system corresponding to these peaks was
assigned to Ni(II)/Ni(Ill) couple which can be given as [39]

Ni(OH), + OH™ =NiO(OH)+e~ +H,0 1)

3.7. Effect of scan rates

The effect of scan rate on the peak current of PCFNiNP
modified electrode was examined. With increase in scan rates
from 5 to 150 mV/s the currents for both peaks increased as
shown in Fig. 7A. The anodic and cathodic peak currents are
linearly proportional to the square root of the scan rate which is
expected for a diffusion controlled electrode process, with corre-
lation coefficients of 0.9965 and 0.9981 for anodic and cathodic
peaks respectively (Fig. 7B). At higher scan rates ( > 200 mV/s),
the peak currents were proportional to the scan rate indicative of
a surface confined redox process, which indicated the limitation
arising from charge transfer kinetics.

According to the method demonstrated by Laviron [40], the charge
transfer coefficient, o;, and the apparent heterogeneous charge trans-
fer rate constant, k; of a surface-confined redox couple can be
estimated in cyclic voltammetry from the variation of the anodic
and cathodic peak potentials as a function of the logarithm of scan
rates. For higher scan rates, this theory predicts a linear dependence
of E, vs. log v, which can be used to extract the kinetic parameters of
o and ks from the slope and intercept of such plots, respectively.
Fig. 7C, shows the variation of the peak potentials vs. the logarithm of
the scan rate obtained from the cyclic voltammograms of the
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Fig. 7. (A) Cyclic voltammograms of the PCFNiNP modified electrode at different scan rates in 0.1 M KOH. The scan rates from 5 to 150 mV/s (inner to outer).
(B) Dependence of peak current (I, and Ipc) vs. square root the scan rate (v'?) and (C) plot of the variation of peak potential vs. logarithm of the scan rates.
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Fig. 8. Cyclic voltammograms for the electrocatalytic oxidation of: (A) vitamin Bg, (B) L-tyrosine, (C) L-tryptophan, (D) vanillin, (E) glucose and (F) H,0,; (a) and (b) bare
electrode and PC modified electrode in the presence of 6.25 x 10~4 M analyte, (c) PCENiNP modified electrode, and (d) PCFNiNP modified electrode in the presence of
6.25 x 10~* M analyte.

Table 1
Results of analyte determination with the PCENiNP modified electrode.

Analytes Working potential (V) Linear range (pM) Limit of detection (nM) @ 0.50 V Correlation coefficient RSD for ten successive
measurement (%)
Bare PC PCFNiNP
Vitamin Bg 0.50 8.3-1600 484.3 107.5 2.70 0.9902 2.1
L-Tyrosine 0.50 1.6-1400 476.1 158.7 0.53 0.9929 1.9
L-Tryptophan 0.54 8.3-1000 334.8 183.7 2.70 0.9976 2.4
Vanillin 0.50 3.3-1400 256.4 158.7 1.10 0.9957 2.7
Glucose 0.50 1.6-1400 3333 256.4 0.53 0.9888 1.7
H,0, 0.50 3.3-1700 476.1 1333 1.10 0.9913 1.8

Table 2
Comparison of the performance of the proposed PCFNiNP modified electrode with the reported methods.

Analytes CME based on linear range LOD Sensitivity Ref.

(1M) (uM) (nA/mM)
L-Tryptophan
TiO,-GR/4-ABSA/GCE 1-400 0.3 0.2290 [42]
Ag/Rutin/WCE 0.7-70 0.1 - [43]
PCFNiNP modified electrode 8.3-1000 2.7 28.2 [This work]
Glucose
GOD-Chitosan-BDCNiNP 2.5-1190 8.3 0.25 [44]
CuNP/MWCNT 10-300 0.5 50.4 [45]
PCFNiNP modified electrode 1.6-1400 0.5 42.3 [This work]
H,0;
MWCNT/AgNP-Au 50-1700 0.5 1.42 [46]
CuO nanorod bundles 100-800 0.2 150.0 [47]
PCFNiNP modified electrode 3.3-1700 1.1 43.0 [This work]

TiO,-GR/4-ABSA/GCE—TiO,-graphene/poly(4-aminobenzenesulfonic acid) GCE, Ag/Rutin/WCE—Silver nanoparticle/rutin/paraffin-impregnated graphite
electrode, GOD-Chitosan-BDCNiNP—Glucose oxidase-chitosan-boron-doped carbon-coated NiNP, CUNP/MWCNT—Copper nanoparticle/Multiwalled car-
bon nanotube, MWCNT/AgNP-Au—multi-wall carbon nanotube/silver nanoparticle nanohybrids modified Au electrode.
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modified electrode. It is found that the AE, values are proportional to
the logarithm of the scan rate, for the scan rates higher than 400 mV/
s. A plot of E;, vs. log v yields two straight lines with slopes of 2.3RT/
(1 —a)nF for anodic and — 2.3RT/anF for the cathodic peak. The value

Analyte

NI+ {reduced)
2+ Analyte + H* + e
Al (oxidized) H*+e

Scheme 1. Mechanism for the electrocatalytic oxidation of analytes at the
PCFNiNP modified electrode.
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of o was calculated to be 0.61. Laviron’s equation can also be used to
determine the electron transfer rate (ks) between the NiNP and the
electrode and from the value of AE, corresponding to different scan
rates, an average value of ks was calculated to be 1.03 ( +0.02) cm/s.
The electrochemical rugosity (I') or surface concentration of the
electroactive species was also estimated [41]. The I" of the PCFNiNP
modified electrode was calculated to be 1.902 x 10~8 mol/cm? at a
scan rate of 20 mV/s.

3.8. Electrocatalytic oxidation studies

The application of PCFNiNP modified electrode towards the
electrocatalytic oxidation of some pharmaceutically and biologically
significant compounds has been studied. The CVs of the bare
electrode, PC modified electrode and the PCFNiNP modified
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Fig. 9. Chronoamperometric response for the (A) vitamin Bg, (B) L-tyrosine, (C) L-tryptophan, (D) vanillin, (E) glucose and (F) H,0, at the PCFNiNP modified electrode for
each addition of 0.5 mL of 5 mM analyte to 0.1 M KOH solution; stirring rate 300 rpm, at fixed working potential. Inset: calibration graphs for analyte concentration.
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electrode in presence and absence of 6.25 x 10~4 M vitamin Bg, L-
tyrosine, L-tryptophan, vanillin, glucose and hydrogen peroxide
are shown in Fig. 8. For the modified electrode an enhancement in
anodic peak current appeared for the addition of 6.25 x 10~% M of
analytes indicating a strong electrocatalytic effect. The anodic
wave for all the analytes starts at 0.44V and anodic peak
potential is about 0.54 V, while at the bare electrode the analytes
are not oxidized in the potential range from 0 to 0.6 V. Similarly
for the PC modified electrode, no distinct catalytic oxidation peak
was observed for all the analytes even though a higher current
was observed than the bare electrode. Furthermore, modified
electrode gave a substantially higher sensitivity for all the
analytes. As shown in the figures no detectable reduction peak
was observed in the reverse scan, indicating that the electro-
chemically generated products cannot be reduced in the potential
range studied.

The anodic peak current was found to increase with increase in
analyte concentration in the solution. The plot of catalytic current
vs. concentration of analytes is shown in insets of Fig. 8 for all the
analytes. The linear range, correlation coefficient, detection limit,
working potential and relative standard deviation (RSD) of the
analytes determination at the proposed electrode are shown in
Table 1. A good linear response was obtained for the wide
concentration range of all these analytes. A comparison of the
oxidation by the bare, PC modified and PCFNiNPs modified
electrodes reveals that the PCFNiNPs modified electrodes exhib-
ited enhanced catalytic current due to high surface area in the
presence of NiNP attached in the protective PC surface which
prevented the passive layer formation and the possible dissolu-
tion of the NiNP in the electrode surface. Combining the data
obtained from the experiments, it can be concluded that the NiNP
decorated PC has resulted in higher catalytic activity towards the
oxidation of biomolecules and deserves to be a good electroche-
mical sensor. Table 2 shows the linear working range, limit of
detection and sensitivity obtained with the present sensor along
with some of the previously reported metallic nanoparticle
modified electrodes for the determination of some of the common
analytes. It is concluded that the proposed sensor is comparable
to other reported sensors. The possible mechanism for the
electrocatalytic oxidation of analytes is shown in Scheme 1.
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Fig. 10. Cyclic voltammograms of the (a) 1st and (b) 100th scan of the PCFNiNP
modified. electrode in 0.1 M KOH; Scan rate: 50 mV/s. Inset. The long term
stability plot of the PCFNiNP modified electrode.

3.9. Amperometric studies

Since the cyclic voltammetry is not particularly sensitive for low
concentrations, experiments under stirred conditions or in flow
medium was employed using amperometric method. In addition,
the response time of the modified electrode in stirred solution was
rapid (< 3s). Therefore, amperometry was employed with a
stirred solution to detect the lower concentrations of analytes.
Fig. 9A-F shows the amperometric response obtained by succes-
sively adding analytes to a continuously stirred solutions (rotation
speed 300 rpm). The insets of Fig. 9A-F showed the corresponding
calibration graphs for the determination of all analytes. Such a
good response of the modified electrode for oxidation of analytes
studied under dynamic conditions justifies its viable application in
flow systems.

3.10. Stability of the modified electrode

The PCFNiINP modified electrode showed excellent stability on
continuous CV scanning. Very negligible difference was observed
between the 1st and the 100th cycle of the voltammogram of the
PCFNiNP modified electrode (Fig. 10) inferring that the electrode
showed a good stability and the NiNP has not leached out from
the modified electrode surface. The shelf-life of the modified
electrode was studied over a period of 60 days at regular
intervals. The modified electrode was stored in air tight container
while not in use. The reproducibility of PCENiNP modified
electrode was evaluated with eight separate electrodes prepared
in the similar way and the relative standard deviation was
observed to be 3.2%. The stability and reproducibility of the
modified electrode is attributed to the excellent immobilization
procedure. This clearly demonstrates that the fabrication proce-
dure of the modified electrode was reliable, thereby allows
reproducible electroanalytical responses achieved with different
sensors constructed in the similar manner. Also, the electrode was
found to be reproducible after the analyte oxidation indicating
that surface fouling was not observed with the modified
electrode.

4. Conclusions

In summary, we have successfully fabricated the PCFNiNP
modified electrode using ionic liquid as a green electrolyte. The
modified electrode has been characterized using FTIR, Raman,
XPS, FESEM, EDS and electrochemical techniques. The modified
electrode showed excellent electrocatalytic activity for the oxida-
tion of biologically and clinically important compounds. The
proposed method has good linear range, low detection limit,
and low operating potential which makes the modified electrode
as a suitable electrochemical sensor for practical applications. The
possibility of using this sensor in flow systems was ascertained
using chronoamperometric studies.
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