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Linköping University, 60174 Norrköping, Sweden
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In the present work, the seedless, highly aligned and vertical ZnO nanorods in 3 dimensions (3D) were grown on the nickel
foam substrate. The seedless grown ZnO nanorods were characterised by field emission scanning electron microscopy (FESEM),
high resolution transmission electron microscopy (HRTEM), and X-ray diffraction (XRD) techniques. The characterised seedless
ZnO nanorods in 3D on nickel foam were highly dense, perpendicular to substrate, grown along the (002) crystal plane, and also
composed of single crystal. In addition to this, these seedless ZnO nanorods were functionalized with trans-dinitro-dibenzo-18-6
crown ether, a selective iron (III) ion ionophore, alongwith other components ofmembrane composition such as polyvinyl chloride
(PVC), 2-nitopentylphenyl ether as plasticizer (NPPE), and tetrabutyl ammonium tetraphenylborate (TBATPB) as conductivity
increaser. The sensor electrode has shown high linearity with a wide range of detection of iron (III) ion concentrations from
0.005mM to 100mM. The low limit of detection of the proposed ion selective electrode was found to be 0.001mM. The proposed
sensor also described high storage stability, selectivity, reproducibility, and repeatability and a quick response time of less than 10 s.

1. Introduction

Iron has remained important for the different biosystems
such as haemoglobin, myoglobin, and hem enzymes and also
plays role as cofactor in enzyme activities as well as in oxygen
transport and electron transport. It has also harmful effects
on the various biological systems either in form of being
alone or combined state. Due to deficiency of iron anaemia
is usually diagnosed, and excess of iron can also be a cause of
many health problems. Diseases like cancer, heart problems,
and other illnesses such as hemochromatosis are also linked
to high level of iron in the body [1–3]. The presence of trace
quantity of iron in different substances may result in decay.
Several techniques have been used for the detection of iron
ion from clinical, medicinal, environmental, and different
industrial samples [4–7]. Therefore, it is highly demanded
to develop new simple, cheap, fast, and sensitive analytical

device for the detection of iron from pharmaceuticals, soil
and biological samples.Themethods used for the detection of
iron are spectrophotometric based on bathophenanthroline,
1, 10-phenanthroline, TPTZ, and ferrozine chemical agents
[8–14]. There were few sensors used for the sensing of iron
[8, 9] based on the direct potentiometric technique, and it has
more advantages than the previously describedmethods.The
membrane ion selective sensor based on coated wire anionic
membrane incorporating tetrachloroferrate (III) aliquot has
disadvantage of interference with metal cations including
Sn2+,Hg2+, andZn2+ [15]. Beside this, a heterogeneous solid
state cationic membrane based on stannic arsenate dispersed
in epoxy resin has some problems [16]. The potentiometric
sensor was also used in the titration of iron phenanthroline
complex against sodium tetraphenylborate solution based on
aluminium wire conductor covered with a plasticized PVC
membrane [17]. Crown ethers of 18C6were also employed for
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the development of lanthanum [18] and sodium [19] selective
electrodes due to their ease in complex formation with metal
ions.

Recently, one-dimensional (1D) semiconductor nanoma-
terials are getting more interest due to their significant con-
tribution in the development of nanoscale-based electronic
and optoelectronics devices [20]. Moreover, nanoscale-based
materials exhibit distinctive physical and chemical proper-
ties. Among them a lot of research is going on the ZnO
nanomaterial due to its two prominent properties such as
wide band gap (3.37 eV) and high exciton energy (60meV).
Various methods have been used for the synthesis of (1D)
ZnO nanostructures including hydrothermal method [21],
chemical vapour deposition (CVD) [22], vapor-liquid-solid
(VLS) process [23], and template-based methods [24]. The
alignment of nanostructures has pronounced effect on the
increased working performance of many electronic devices
such as short-wavelength lasers [25], gratzel-type solar cell
[26], and chemical sensors [27]; therefore more attention
is going to the improvement of nanostructures alignment,
especially on nanorods and nanowires. The single-crystalline
ZnO nanorods have been prepared perpendicularly on sap-
phire substrates by VLS [23] and CVD techniques [22, 28].
Nevertheless, these techniques follow complicated processes,
sophisticated tools, and high temperatures. Many efforts
have been taken to control the size and shape of ZnO
nanostructures due to the fact that both electronic and optical
properties are dependent on the size and dimension [29].
One dimensional nanostructure has remained important for
nanophotonic applications such as light emitting diodes,
optical waveguides, and nanolasers [30–35] and also to sensor
applications including gas sensors [36, 37] and chemical and
biosensors [27, 38]. The nanostructures with high surface to
volume ratios are more important in the field of sensors and
among these nanostructures of ZnO; nanorods are widely
used in the fields of chemicals and biosensing due to their
high surface to volume ratios [39–44]. The hydrothermal
method is becomingmore popular among the researchers for
the growth of (1D) ZnO nanostructures with peculiar mor-
phologies due to low growth temperature, cheap, fast, simple,
dense growth, and ascendible method. Nanostructures have
advantage to detect low concentration of analyte from small
volumes with high sensitivity.

In this work, seedless ZnOnanorodswere grown in 3Don
nickel foam substrate. Moreover, trans-dinitro-dibenzo-18-6
crown ether as selective iron (III) ion ionophore was used
for the functionalization of seedless grown ZnO nanorods
in 3D on nickel foam substrate. The present iron sensor
electrode demonstrated good linearity, selectivity, sensitivity,
fast response time, and high stability.

2. Materials and Experimental

2.1. Materials. The zinc acetate dihydrate Zn(CH
3
COO)

2
⋅

2H
2
O, 25% ammonia (NH

3
), ferric nitrate hexahydrate

(Fe(NO
3
)
3
⋅ 6H
2
O, potassium nitrate (KNO

3
), tetrahydro-

furan (THF), selective iron (III) ionophore trans-dinitro-
dibenzo-18-6 crown ether, polyvinyl chloride (PVC), 2-
nitopentylphenyl ether as plasticizer (NPPE), tetrabutyl

ammonium tetraphenylborate (TBATPB) as conductivity
increaser were purchased from Sigma Aldrich, Sweden. The
nickel foam was purchased from Good fellow Cambridge
Limited, England. The nickel foam has thickness and porous
size in order (thickness: 1.6mm, Pores/cm: 20 and with 95%
porosity), respectively. All other chemical reagents used were
of analytical grade. All the concentrations of analyte were
prepared in deionized water.

2.2.The Fabrication of Seedless ZnONanorods on Nickel Foam
Substrate. The seedless ZnO nanorods were fabricated on
nickel foam using zinc acetate dihydrate [Zn(CH

3
COO)

2

⋅2H
2
O] and 25% ammonia aqueous solutions [45]. Prior to

the growth process, the nickel foam substrates were sonicated
in ultrasonic bath using ethanol solution for 20 minutes,
then washed with the deionized water, and dried in air. The
dried nickel foam substrates were fixed in Teflon sample
holder and kept in mixture of 0.1M zinc acetate dihydrate
and 0.1M ammonia solutions. Then, the growth solution
containing nickel foam substrates was placed in oven at
93∘C for 5 to 7 hours. After the completion of growth
time, ZnO nanostructures grown nickel foam substrates were
washed with the deionized water in order to remove the solid
residue particles, and then sample substrates were dried in
oven at 80∘C for 30 minutes. After this, the seedless grown
ZnO nanorods were characterised by field emission scanning
electron microscopy (FESEM), high resolution transmission
electronmicroscopy (HRTEM), andX-ray diffraction (XRD).

2.3. Functionalization of Seedless Grown ZnO Nanorods in
3D on Nickel Foam with Selective Iron (III) Ion Ionophore.
The seedless grown ZnO nanorods were functionalized with
membrane solution consisting of the following composi-
tion: 2% trans-dinitro-dibenzo-18-6 crown ether, 63% 2-
nitopentylphenyl ether as plasticizer (NPPE), 29% PVC, and
2% tetrabutyl ammonium tetraphenylborate (TBATPB) in
5mL of THF [46]. The size of working electrode was 2 ×
0.5 cm2.The seedless grown ZnO nanorods based iron sensor
electrodes were dipped in this membrane solution for 5
minutes and then dried in air at room temperature for 1 hour.
The functionalized electrodes were left in fridge for overnight
at 4∘C before the experiments.

2.4. Potentiometric Response Measurements. The potential
response of the functionalised seedless grown ZnO nanorods
in 3D on nickel foam was measured using pH meter model
744 andKeithley 2400 an electrical instrument applied for the
measurement of response time of the proposed sensor elec-
trode at 25∘C. The cell assembly consisted of two-electrode
system; the functionalised seedless grown ZnO nanorods
on nickel foam were used as working electrode and the
silver/silver chloride (Ag/AgCl) as reference electrode.

3. Results and Discussion

3.1. Characterisation of Seedless Grown ZnO Nanorods in 3D
on Nickel Foam. Figures 1(a) and 1(b) referred to FESEM
images for the low magnification and high magnification of
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Figure 1: The (FESEM) images of fabricated ZnO nanorods.

Figure 2: The (HRTEM) images.

seedless grown ZnO nanorods grown on the nickel foam. It
can be inferred from Figure 1(a) that for the curved areas of
nickel substrate the alignment of the grown ZnO nanorods
was changed. But Figure 1(b) shows that the grown ZnO
nanorods were highly dense, uniform, vertically aligned, and
perpendicular to flat area of the nickel foam substrate. The
measured diameter for the seedless grown ZnO nanorods
was about 100 nm to 200 nm. The high resolution trans-
mission electron microscopy (HRTEM) of seedless grown
ZnO nanorods is shown in Figure 2(a). This study revealed
that the grown ZnO nanorods exhibit high crystallinity with
lattice spacing of 0.26 nm, which stands for the (002) crystal
planes of the crystal lattice of ZnO. In Figure 2(b), a typical
selected-area electron diffraction (SAED) pattern is shown
for the seedless grown ZnO nanorods. Beside (HRTEM)
analysis, the (SAED) observation described that the growth
of ZnO nanorods was along the [010] direction and can be
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Figure 3: (XRD) analysis of synthesised ZnO nanorods.

listed to the wurtzite structure of ZnO nanorods as shown
in Figure 2(c). The XRD study has shown that the appeared
peaks were closely related to JCPDS no. 36–1451, and the
seedless grown ZnO nanorods exhibited the hexagonal crys-
talline structure. By comparing with the standard pattern, the
(002) plane peak appeared with high intensity than the (100)
plane in the present XRD pattern as shown in Figure 3.These
obtained results show that the pattern of growth was along
the (001) axis.

3.2. Use of Seedless Grown ZnO Nanorods in 3D on the Nickel
Foam for the Detection of Iron (III) Ion. The functional-
ized seedless grown ZnO nanorods based sensor electrode
was used for the detection of iron (III) ions from ferric
nitrate electrolytic solution. The sensing mechanism of the
developed iron ion sensor using ZnO nanorods on nickel
foam is described through the schematic diagram as shown
in Figure 4. The working electrode consists of the nickel
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Figure 4: The schematic diagram of the fabricated iron (III) ion
sensor.
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Figure 5: Calibration graph of EMF versus log of iron ion concen-
trations.

foam, ZnO nanorods and the coating of selective iron (III)
ionophore membrane on the nanorods. The ionic strength
of analyte solution was adjusted by the use of potassium
nitrate.The experimental range of analyte concentrations was
selected from 0.001mM to 100mM, and all solutions were
prepared in the deionized water. The functionalized seedless
grown ZnO nanorods on the nickel foam detected the wide
range of iron (III) ion concentrations with excellent linearity.
The linear range for the present sensor electrode was from
0.005mM to 100mM with the sensitivity of 41mV/decade,
and the proposed sensor electrode detected the 0.001mM
concentration of iron ions, but it was beyond the linear
range as shown in Figure 5. The high sensitivity and the
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Figure 6: Calibration for repeatability of the proposed iron ion
sensor.

wide range detection of iron (III) ion concentrations of the
present ion selective electrode could be attributed to the 3D
growth of ZnO nanorods on nickel foam which provided
maximum surface to the selective iron (III) ionophore for
the attachment. Due to this fact rapid complexion was taking
place among iron (III) ions and bound iron (III) selective
ionophore. Moreover, the nickel foam is porous in nature
that helps in the growth of ZnO nanorods in 3D and also
provides large surface for the ionophore molecules which
further expose higher contact for the capturing of iron
ions. Therefore, higher sensitivity and low limit of detection
are obtained for the developed iron ion sensor using ZnO
nanorods on nickel foam.

3.3. Working Performance of the Proposed Iron (III) Sensor
Electrode Based on the Functionalised Seedless Grown ZnO
Nanorods in 3D on the Nickel Foam. The repeatability of any
of the sensor electrode describes its potential reusability for
the certain period of time. In this study, the same ion selective
electrode was tested for three consecutive days, and in these
three experiments the sensor electrode exhibited almost the
same response to the detected range of concentrations as
shown in Figure 6.

The reproducibility of the ion selective electrode is impor-
tant for the observation of a relatively similar response to
another electrode prepared under similar set of conditions.
In this part of experiment, six independent sensor electrodes
were fabricated and functionalised with selective iron (III)
ion ionophore and tested into 5mM electrolytic solution.The
sensor electrode revealed good reproducibility with less than
5% standard deviation as shown in Figure 7.

Selectivity of the ion selective electrodes is the back bone
parameter for defining their characteristics in the presence of
common interferents. It was observed, during the use of the
functionalised seedless grown ZnO nanorods based sensor
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Figure 7: Reproducibility response of different independent iron
ion sensor electrodes.
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Figure 8: Response time of the present iron ion sensor based on the
seedless ZnO nanorods.

electrode into the solutions of different metals, both mono
and divalent cation ions such as sodium, potassium, calcium,
magnesium, Zinc, nickel, cobalt, silver, and copper ions, that
the proposed sensor electrode is highly selective towards iron
(III) ions and shows negligible response to these common
interferents.

The shelf life of sensor electrode depends on the storage
conditions provided for the sensor electrode. Before and after
the measurement each sensor electrode was kept at 4∘C and
used for more than 3 weeks. It was observed that the sensor
electrode maintained good storage stability, same sensitivity,
and reusability for this period of time.

Besides other characteristics, the proposed iron (III) ion
sensor electrode showed the quick output voltage response
with respect to time. The proposed iron (III) ion sensor
demonstrated a fast response time of 10 s, and the sensor
electrode revealed the fast electrochemical signal transfer
speed among the highly exposed ZnO nanorods on nickel
foam and iron (III) ions in the analyte solution as shown in
Figure 8.

2 4 6 8 10 12

20
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80
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Figure 9: Effect of pH on the output response of proposed iron ion
sensor.

3.4. Effect of pH on the Electrochemical Response of Iron Ion
Sensor Based on Seedless ZnO Nanorods on Nickel Foam. For
describing the working pH range of the present iron ion
sensor electrode, a series of pH range was selected from 3–12
as shown in Figure 9. The pH was adjusted by adding 0.1M
hydrochloric acid and sodium hydroxide, respectively. It can
be seen that the sensor electrode exhibited almost constant
electrochemical response for the wide range of pH values
from 5–12, and this describes the potential usability of the
sensor for the wide range of pH.

4. Conclusion

In this study, highly perpendicular to substrate seedless
ZnO nanorods were grown in 3D on the nickel foam and
functionalised with selective iron (III) ion ionophore. The
seedless grown ZnO nanorods grown on nickel foam were
characterised by FESEM, HRTEM, and XRD techniques.
The sensor electrode based on these functionalised seedless
grown ZnO nanorods on the nickel foam detected the wide
range of iron (III) ions concentrationswith good sensitivity of
41mV/decade and exhibited a fast response time of 10 s. Along
these features, the proposed iron (III) ion sensor electrode
shows better repeatability, reproducibility, and storage stabil-
ity. All the obtained results provided the clear evidence for
the usability of the present iron ion sensor electrode for the
determination of iron ion from the blood samples, clinical,
environmental, and other iron containing samples.
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