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Abstract This work reports on the synthesis of nanocompos-
ites from NiO and «-Fe,O3 by a hydrothermal route. The
material was characterized in terms of structural and morpho-
logical features by X-ray diffraction and scanning electron
microscopy. The nanocomposites were synthesized by grow-
ing «-Fe,O5 nanoparticles on the surface of flower-like NiO
nanosheets, and then characterized by cyclic voltammetry and
amperometric techniques. A glassy carbon electrode (GCE)
modified with the nanocomposite displayed distinctly im-
proved response to H,O, compared to a GCE modified with
bare NiO. The H,O, sensor, best operated at a voltage of 0.4 V
(vs. Ag/AgCl) has a sensitivity of 146.98 pA-uM "cm™?, a
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0.05 mM lower detection limit, and a linear working range
that extends from 0.5 to 3 mM of H,0,. The sensor is repro-
ducible and long-term stable even in the presence of various
interfering molecules such as ascorbic acid and uric acid.

Keywords NiO/o-Fe,O; - Nanocomposites - Non-enzymatic
sensor; HO, - Amperometry - Electrocatalysis

Introduction

Nanoscale materials play a promising role in sensing applications
due to their bio-compatibility, portability, rapid response time,
low cost and specificity, which has made them to project their
role in both clinical and non-clinical applications. Nanostructured
metal oxides provide an efficient surface for biomolecule immo-
bilization with their unique electrical, optical and magnetic prop-
erties. Metal and metal oxide nanomaterials have been reported
to construct non enzymatic hydrogen peroxide sensors, such as
gold [1, 2], platinum [3], palladium [4], iron oxide [5, 6], man-
ganese oxide [7], titanium oxide [8], cobalt oxide [9, 10] and
nickel oxide [11]. Due to the high cost of coinage metals, metal
oxides have become a challenge for commercial applications,
which dragged most of the researchers attention [12]. Metal ox-
ide nanocomposite electrodes has been abundantly used in vari-
ous sensing and bio-sensing applications for electro-oxidation of
sugars [13], hydrogen peroxide [14—17], non-aromatic alcohols
[18], carbohydrates [19] and other compounds due to its high
surface-to-volume ratio and good chemical stability [20].
Hydrogen peroxide is an important biochemical molecule,
which find applications in many areas like food [21], textiles
[22], medical, industrial, environmental protection, biological
system [23-25] and hence the detection of H,0O, is crucial for
various such applications [26]. There are various methods to
detect hydrogen peroxide viz. titration [27], spectrometry

@ Springer


http://dx.doi.org/10.1007/s00604-017-2335-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-017-2335-8&domain=pdf

3224

Microchim Acta (2017) 184:3223-3229

[28], chromatography [29], electrochemistry [30], chemilumi-
nescence [31] and electrochemical techniques.
Electrochemical techniques is used widely due to its accuracy,
fast response, stability, ease operation, reproducibility and
sensitivity [32, 33]. Basically electrochemical sensors are clas-
sified into two types as enzymatic and non-enzymatic sensors
[34, 35]. The motive of our work is to present a non-enzymatic
electrochemical sensor for H,O, in view of its low cost, sta-
bility and reproducibility. Here, the redox reaction takes place
between the electrocatalyst and hydrogen peroxide on the sur-
face of the electrode. These exposed electrocatalytic active
sites are responsible to improve the performance of hydrogen
peroxide sensing. Though many materials have been devel-
oped for H,O, sensing, new nanocomposite based materials
are needed for improving the performance as nanocomposites
have synergistic effect compared with nanoparticles like high
surface area, increased electron transport etc., Iron oxide ma-
terials are biocompatible, non-toxic, stable, low-cost, possess
superior magnetic properties and an abundant material. Thus
the application of NiO/x-Fe,O3 nanocomposites will have the
following advantages viz. rapid and non-chemical damaging
regeneration of the sensor by applying an external magnetic
field, high surface area, biocompatibility and electrode renew-
ability using an external magnetic field.

In this work, NiO/x-Fe,O3 nanocomposites were synthe-
sized by a hydrothermal route. The crystalline size and mor-
phology was confirmed by XRD and FESEM analysis.
Further, a detailed electrochemical analysis has been per-
formed to study the catalytic activity of the composites to-
wards sensing of H,O,. Results showed that the electrode
modified with NiO/x-Fe,O5 possess appreciable electrocata-
lytic activity of hydrogen peroxide than bare NiO. Thus, the
metal oxide nanocomposites sensing element can be used as a
non-enzymatic sensor.

Experimental section
Reagents

Nickel chloride hexahydrate (NiCl,.6H,0,99%),
Hexamethylenetetramine (HMT,99%), Ethanolamine (99%),
Ferric chloride hexahydrate (FeCls.6H,0,99%), Sodium sulfate
anhydrous (Na,SO499%), Ethanol (99%), Nafion, Hydrogen
Peroxide, Glucose (CcH[2,04,99%), Ascorbic acid
(CsHg04,99.7%), potassium hydroxide (KOH,99%), Sucrose
and Fructose were all purchased from Sigma Aldrich (http://
www.sigmaaldrich.com). The concentration of phosphate
buffer was optimized to 0.5 M, which was used an electrolyte
for the whole electrochemical experiments. All the above
mentioned chemicals were prepared by deionized water from
Milli-Q system (Millipore) (http://www.merckmillipore.com).
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Preparation of flowerlike NiO microsphere

NiO microflowers were prepared by a hydrothermal route. In
brief, 2.375 g nickel chloride hexahydrate (NiCl,.6H,0O) and
1.406 g of hexamethylenetetramine (HMT) were dissolved in
150 mL of solvent containing (75 mL of ethanol and 75 mL of
DI water) and kept under stirring to form homogenous solu-
tion. Then 20 mL of ethanolamine (EA) was added dropwise
to the above solution and stirred vigorously until the pale
green turned clarified blue. The homogeneous solution were
transferred into 200 mL Teflon-lined stainless steel autoclave
and heated at 160°C for 12 h. Then the autoclave was allowed
to cool at room temperature. The resultant green precipitate
was collected and centrifuged with DI water and ethanol for
several times and dried at 80°C in air for 10 h. Finally, the
green precipitate was calcinated at 350°C for 1 h in air and
gray-black hollow NiO microflowers were obtained.

Preparation of NiO/x-Fe,O; nanocomposites

NiO/x-Fe,0O3 nanocomposites were synthesized by hydro-
thermal route. In brief, 100 mg of NiO was taken from the
above prepared powder and dispersed in 160 mL of DI water
and stirred vigorously for 30 mins. Then, 86 mg of ferric
chloride hexahydrate (FeCl;.6H,O) and 103 mg of sodium
sulfate anhydrous (Na,SO,4) were added to the above suspen-
sion under constant stirring. The above mixture was trans-
ferred in to Teflon-lined stainless steel autoclave of 200 mL
and heated at 120°C for 2.5 h. The autoclave was made to cool
at room temperature. The resultant product was collected and
centrifuged with DI water and ethanol for several times and
dried at 80°C in air for 10 h. NiO/x-Fe,O; nanocomposites
were calcinated at 450°C for 2 h.

Material characterization

The crystalline structure and phase purity of NiO and NiO/«x-
Fe,05 nanocomposites were examined using X-ray diffrac-
tometer (D8 Advanced, Burker Diffractometer, Germany)
using Cu Ka-1.54 A X-ray source. The surface morphologies
and EDS mappings of the composites were obtained with
FESEM by using a Hitachi S-4800 and EDS respectively.

Electrochemical testing

All the electrochemical measurements were carried out with
an electrochemical analyzer (CHI 600C work station) using a
three electrode system at room temperature under ambient
conditions. The potentials and current were measured with
respect to Ag/AgCl (sat. KCl) as the reference.
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Fig. 1 X-Ray diffraction spectrum of a NiO. b NiO/x-Fe,05

Analytical procedures

The electrode was modified by a casting method as follows,
the working electrode was chosen as glassy carbon electrode
with a surface area of 3 mm diameter, polished with 0.3 pm
alumina powder to provide mirror like surface, which was
then rinsed gently with DI water. The polished surface was
sonicated for 10 mins to remove impurities on the surface of
the electrode with DI water, ethanol, acetone and the electrode
was dried for 15 mins. 5 mg of NiO microflowers was dis-
persed in 250 pl of ethanol and from the above suspension,
5 ul was dropped on the cleaned surface of GCE and dried.
5 ul of nafion was dropped on the above suspension and dried
for 30 mins and further electrochemical studies were carried
(NiO/Nafion/GCE). The same was carried out for the modifi-
cation of electrode using NiO/«x-Fe,O3 nanocomposites (NiO/
o-Fe,03/Nafion/GCE). The standard three electrodes (GCE,
platinum wire and Ag/AgCl) were immersed in an electrolyte
containing 20 mL of 0.5 M phosphate buffer and a known
volume of hydrogen peroxide was added to the electrochem-
ical cell setup. Cyclic voltammetry was carried out to investi-
gate the electrochemical behavior of the modified electrode in
the potential range of —0.8 to 0.6 V at a scan rate of 0.1 V/s.
H,0, measurement was carried out in 0.5 M phosphate buffer
(pH 7) at room temperature. For amperometric detection, all

measurements were performed by applying an appropriate
potential (vs. Ag/AgCl) to the working electrode and allowing
the transient background current to decay to a steady-state
value, prior to the addition of H,O,. The current response
due to the addition of H,O, was recorded. A stirred solution
was employed to provide convective transport. In addition to
this, amperometric studies were also carried out by adding a
known amount of the analyte at different time intervals to the
electrolyte under continuous stirring.

Results and discussion
Structural and morphological characteristics

The crystalline structure and phase composition of the
prepared samples were confirmed by X-ray diffraction
(XRD). Figure 1 shows the XRD pattern of pure NiO
microflowers, which exhibits diffraction peaks at
20 = 37.095, 43.098, 62.590, 75.648 and 79.015 corre-
sponding to (111), (200), (220), (311) and (222) planes.
The sharp peaks show that the as-prepared NiO are high
crystalline and pure without the presence of any impuri-
ties. The peaks show that the products are well matched
with the face-centered cubic phase of NiO (JCPDS NO:
89-7130). The crystalline size of the prepared NiO has
been calculated using Debbye Scherer formula with an
average size of ~14 nm. Figure 1 shows the residual dif-
fraction peaks of metal oxide nanocomposites of NiO/o-
Fe,03, which is consistent with the rhombohedral struc-
ture of a-Fe,O3 (JCPDS No: 33-0664). In addition to the
NiO peaks, peaks pertaining to «-Fe,O3; were also ob-
served indicating the composite formation. The diffraction
peaks shows that no other impurities were observed,
which strongly reveals that the synthesized product was
a mixture of NiO/x-Fe,O3 with high purity.

The morphology of the prepared metal oxide nanocompos-
ites were observed by FE-SEM analysis as given in Fig.S1 and
Fig.S2 (ESM). As observed from the images, «x-Fe,O5 parti-
cles were uniformly dispersed on the NiO flowers.

Fig. 2 Cyclic voltammetry of a
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Electrochemical analysis
Cyclic voltammetry studies

To assess the electrocatalytic performance of the prepared mate-
rial to H,O,, a non-enzymatic sensor was constructed. In order to
understand the nature of the modified electrode, cyclic voltamm-
etry was carried out in 0.5 M phosphate buffer as shown in Fig. 2.
The observed redox peaks are due to the electrochemical reduc-
tion of NiO (Fig. 2a). There are couple of well-defined reduction
and oxidation peaks observed on the NiO/GCE electrode at a
potential of 0.33 and 0.48 V respectively. Thus, the electrocata-
lytic process occurs on the surface of NiO/GCE. The obtained
peaks are matching to the literatures reported before [36, 37].
Here the oxidation peaks occur due to the electrooxidation of
NiO to NiOOH, and the peaks exhibited the valence transition
of NiOOH to form NiO. There is an oxygen interference found to
be more in the range of 0.35-0.45 V. This is because of the
consumption of added H,O,, which resulted in the acceleration
of the oxidation of NiO to NiOOH. The entire electrochemical
process for the oxidation of H,O, is shown below.

NiO + OH «<>NiOOH + ¢~ (1)
2NiOOH + H0,52NiO + 2H,0 + O>1 (2)

The electrocatalytic activity of NiO/«-Fe,O3 metal oxide
nanocomposites sensor towards the reduction of H,O, was in-
vestigated by voltammetry responses (Fig.2b). Here, the

v T T T T T T T
0 50 100 150 200 250 300 350
Time (sec)

i O.I5 i 1:0 i 1?5 ) 2:0 ) 2:5 i 3?0 ' 3.I5 ) 4.0
Concentration (mM)

electrocatalytic reaction occurred on the surface of NiO/o-
Fe,05/NF/GCE electrode in the potential range (0.0 to 0.6 V)
respectively. Here, (curve i&ii) shows the electrooxidation pro-
cess towards 0.5 mM H,0, and an increase in current response
towards the addition of H,O, (curve ii) was observed. The ca-
thodic peak of NiO/x-Fe,O5 towards the hydrogen peroxide
reduction was around 0.35 V. It could be clearly observed from
the figure that the composite materials exhibits notable catalytic
activity for H,O, reduction than NiO.

Amperometric detection of H,O,

Figure 3a displays the steady state i-t response of H,O, oxida-
tion at pure NiO/NF/GCE electrode after the successive addition
of 0.5 mM of hydrogen peroxide under constant stirring with an
applied potential at 0.4 V. As the addition of aliquots H,O, into
the electrolyte, the modified electrode responded rapidly and the
oxidation current rose steeply till a stable value was reached.
Figure 3b shows the current response of hydrogen peroxide
obtained at the electrode surface, which increased linearly with
the concentration of H,O, over the range up to 4 mM with a
sensitivity of 95.6 £ 3 pA.mM 'em 2 (n = 3), and a detection
limit of 0.29 M at a S/N = 3. The corresponding calibration
curve shown in Fig.3b can be fitted with the equation i
(HA) = 9.595 x 10> pA.mM ' + 2.935 x 10> with a correla-
tion coefficient R? = 0.9936.

Figure 4 shows the steady state i-t response of H,O, oxi-
dation using NiO/a-Fe,O5; nanocomposites after the succes-
sive addition of 0.5 mM of hydrogen peroxide under constant

Fig. 4 a Current-time 081 08
amperometric response of NiO/«- o7l @ b Lo7
Fe, 05 upon subsequent injection 2 06 «
of 0.5 mM H,0, into 0.5 M £ os 06 2
phosphate buffer under stirring at ~ 77 i -
. . - 0.5 =
0.4 Vand at a regular time interval 5 0.4 o
of 50 s. b Linear response of £ 031 0.4 ;
hydrogen peroxide concentrations 5 0.2.] o &)
0.1 i [ o2
0.0
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Table 1 A table showing the comparison of the proposed sensor with the reported ones

Electrode material Method Linear range Detection limit (M) Reference
PEDOT/PB Electrochemical 0.5 uM —839 uM 0.16 uM [38]
AuNP-FTO ECL 0.01 uM -1 uM 8 nM [39]
AuNC/GO Photoelectrochemical 30 uM —5000 uM 2.0 uM [40]
BiVO, Photoelectrochemical 0.05 mM-1.5 mM 8.5 uM [41]
BD-ROM Electrochemical 2.5mM —-10 mM 6.0 uM [42]
graphite/CS/PtNPs/GCE Electrochemical 0.25 uM —2889.65 uM 0.066 UM [43]
CNH/PAP Electrochemical 0.05 mM —8 mM 3.6 UM [44]
SPE/rGo@CeO,-AgNPs 2 h Electrochemical 0.0005 mM - 12 mM 0.21 uM [45]
Nafion/NPC-CB/GCE Electrochemical 0.006 mM - 3.369 mM 2.6 UM [46]
Ag-Co3;04-rmGO Electrochemical 0.5 uM 7000 uM 0.3 uM [47]
Ag-AlIOOH-rGO Electrochemical 0.005 mM - 4.2 mM 1.8 uM [48]
GCE/GO-Ag nanocomposite Electrochemical 100 uM —11,000 uM 28.3 uM [49]
NiO/x-Fe203 Electrochemical 500 uM —3000 puM 50 uM This work

ECL electrogenerated chemiluminescence, Au/BD-ROM gold film electrodes on Blue Ray disc read only memory disc, CS Chitosan, PtNps Pt
nanoparticles, GCE glassy carbon electrode, CNH carbon nanohorns, PAP poly(2-amino pyridine), SPE screen printed electrodes, GO reduced

graphene oxide, NPC-CB nanoporous carbon black

stirring at an applied voltage of 0.4 V. Here the current re-
sponse increased rapidly and was stable than pure NiO.
Figure 4b shows the current response of hydrogen peroxide
at the electrode surface, which increased linearly with the
concentration of H,O, over the range up to 4 mM and a low
detection limit of 0.05 mM. The nanocomposites exhibited
high sensitivity and a low detection limit at S/N = 3. The
corresponding calibration curve shown in Fig.4b can be fitted
with the equation i(pA) = 1.469 x 107* pA.mM™ ' +
1.878 x 10™* with a correlation coefficient R* = 0.97606.
The value of sensitivity calculated from the slope is obtained
as 146982 + 2 uA.mel.cmf2 (n = 3). In both the cases, a
major limitation for these materials is the short linear range of
detection, which needs to be improved.

A comparative table (Table 1) has been given to show
our results with the earlier ones and as seen from the
Table, compared with several H,O, sensors reported pre-
viously, the present modified electrode displayed an ap-
preciable and comprehensive performance, though its lin-
ear range needs to be improved further.

Selectivity, stability and reproducibility of H,O, sensor

Reproducibility of NiO was analyzed from the amperometric
current response to the addition of 0.5 M of H,O, at 0.4 V,
which is for eight successive measurements. Selectivity is yet
another important factor for the H,O, sensor. To investigate
the selectivity of the material, the influences of some
interferents have been studied. The typical amperometric re-
sponse on successive additions of 0.5 M H,0, and 0.5 mM
interfering species under stirring is shown in Fig. 5. Fig. 5a
shows the evident current step of pure NiO with the addition
of 0.5 M H,O, under continuous stirring. There was no ap-
parent rise in current peaks when interfering species were
added into the electrolyte. The same results could be seen in
the Fig. 5b and hence no apparent rise in current peaks was
observed when interfering species were added into the elec-
trolyte. The below results confirmed that interference for the
other species is negligible and hence shows that the fabricated
electrode with NiO and NiO/x-Fe,O3 has an excellent selec-
tivity for H,O,.

Fig. 5 Interference response of a
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Conclusions

In conclusion, hydrothermal route was adopted to prepare met-
al oxide nanocomposites viz. NiO/x-Fe,O5 and further used for
the direct electrocatalytic oxidation of H,O,. The fabricated
NiO/NF/GCE and NiO/«-Fe,O3/NF/GCE sensor exhibited ap-
preciable electrocatalytic activity towards H,O, sensing, with
the corresponding sensitivities of 95.6 pA.mM '.cm “and
146.98 uA.mM ' cm 2 for NiO and NiO/x-Fe,0;. In summa-
1y, the prepared nanocomposites can be used for highly selec-
tive, sensitive and stable amperometric sensing of H,O, among
common coexisting electroactive interferents. Still, further
studies needs to be done on improvement of the detection limit
and the linear range of the sensor to extend its utility for fabri-
cation of other sensors.
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