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Green synthesis of NiSnO; nanopowder was carried out via chemie douce using
nickel and tin chlorides as precursors by stirring and refluxing at 80 °C. The dried dark
green bimetallic oxide nanoparticle was then used for preparing the sensing electrode
in the form of a screen-printed electrode (SPE). The synthesized nanoparticles were
analyzed for elemental, structural, and morphological characteristics using various
analytical techniques. The Fourier transform infrared (FTIR) spectrum indicated the
formation of a strong Sn—O-Ni framework, while X-ray diffraction (XRD) confirmed the
formation of a bimetallic oxide nanopowder of NiSnO;. The synthesized nanoparticles
were studied for hydroquinone (HQ) sensing characteristics to develop a sensitive and
reproducible electrochemical sensor from 1 to 9 mM concentrations in buffer. The
developed sensor exhibited a sensitivity of 6.03 pA/mM (46.38 pA/mMcm™2). The
charge transfer studies indicated a reversible and diffusion-controlled process. To the
best of our knowledge, such a material, i.e., NiSnO;, has not be used for HQ sensors and
is being reported for the first time.
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1. Introduction

The investigation of novel materials for device development is very important for
technological progress, which requires tailoring of material stoichiometry/composition,
crystal size, crystal defects, and surface area with suitable functional properties.(-9
Most of the metal oxides offer such flexibility with advantages of simple and economic
synthesis and possible band gap tailoring. For example, perovskite-type alkaline earth
stannates, such as cadmium stannate, are presented as new materials for semiconductor
gas sensors because of their high selectivity, sensitivity, and stability towards ethanol
gas.? These materials are also being explored for their possible application in solar
cells and as battery materials.®-'9 With the help of a soft chemical approach, it is easy
to convert precursors of single or bimetallic oxides with homogenous size, shape,
distribution, and phase purity simply by controlling their aggregation. Therefore, the
use of different types of molecular precursor gives unique morphological features that
affect both the physical and chemical properties of the final product. Therefore, in this
work, a soft-chemical approach was used as a green synthesis technique to synthesize
monodispersible and functional Ni-doped tin oxide materials.

Most anthropogenic and economic activities end up introducing chemical
contaminants into the natural environment besides producing value-added products for
human consumption. Many of these contaminants are fairly toxic and tend to have long-
term adverse impact on flora and fauna. These being a source of great concern, there
is a continuous need for their detection, detoxification and environmental remediation.
Hydroquinone (HQ) is one such environmental contaminant of concern as it is being
widely used in pharmaceutical and industrial products.!” Since it is readily soluble in
water, it can pose a threat to human health and hence requires to be detected sensitively
using a suitable device. Owing to its unregulated use in cosmetics as a ‘skin lightener’
and possible long-term adverse impact on human health such as incidence of cancer due
to the enhanced exposure of sunlight on treated skin, there is much controversy on its
use leading to its total ban in many European countries, the USA, and China, although
it has not been classified as a significant carcinogen. However, its continuous topical
use or occupational exposure results in the de-pigmentation of skin, which itself can
lead to an increased incidence of cancer due to a higher amount of UV irradiation. In
view of known health hazards due to occupational exposure and fugitive emissions of
HQ, it is necessary to develop a simple and rapid analytical method for the detection of
microquantities of HQ.(-12)

The conventional techniques used for the detection and measurement of HQ are
based on high-performance liquid chromatography (HPLC), spectrophotometry,
chemiluminescence, and electrochemical sensing methods. Among these methods, the
electrochemical sensing method has numerous advantages and merits such as reduced
costs, simplicity, efficiency, selectivity, and most importantly ease of carrying out
analysis without elaborate sampling and pre-procedures such as separation. However, to
devise a suitable electrochemical sensing method, it is important to find a suitable matrix
that can act as a transducer and mediate the signal generated through chemical reactions
between the matrix and the target molecule. There are two important determinants,
namely, effective adsorption and large surface area, for the matrix to function
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appropriately. A number of nanomaterials have recently been used as efficient electron
mediators for the fabrication of various electrochemical sensors that have since proved
both effective as well as reliable.(!'-19

Among these nanomaterials, zinc oxide, conducting polymers, graphene and carbon
have been used for the electrochemical detection of HQ. For example, da Silva et al.
modified a carbon paste electrode with a 3-n-propyl-4-picolinium chloride silsesquioxane
polymer for the detection of HQ isomers.!® In another report, Han ef al. employed an
electrochemically reduced hybrid material, ER(GO-TT-CNT), that was prepared by in
situ polymerization of graphene oxide (GO), a multiwalled carbon nanotube (CNT), and
terthiophene (TT) for the detection of HQ in a pH range of 4.04-9.01.07

In one of the earlier reports, Kumar et al. used ZnO nanoparticles to fabricate an HQ
chemical sensor on a modified glassy carbon electrode.'® More recently, an efficient
and robust HQ chemical sensor that utilizes Ce-doped ZnO nanorods as effective
electron mediators for the fabrication of an efficient HQ chemical sensor has been
reported.('” Zhang et al. reported a HQ biosensor using modified core-shell magnetic
nanoparticles supported on carbon paste.?® Laccase was covalently immobilized on
magnetic nanoparticles by glutaraldehyde, which was modified with amino groups on
its surface.?” In research article published by Li ef al. a novel biosensor fabricated
on a composite of ZnO-loaded carbon nanofibers, lacasse and Nafion, which shows
high efficiency electrocatalysis towards HQ, is reported.?) However, no report on a
perovskite material for HQ detection is found in the literature.

With the above background, a novel HQ sensor is developed using a bimetallic oxide
material synthesized through green chemistry. The synthesized material was used as a
working electrode of a screen-printed electrode (SPE) and the electrochemical sensing
characteristics were determined using a potentiostat from 1 to 9 mM of HQ at room
temperature.

2. Materials and Methods

2.1  Material synthesis

Hydrous nickel chloride, stannous chloride and organic solvents were purchased
from Sigma-Aldrich and purified before use. For all the reactions, deionized water (DI,
Millipore, 18 MQ-cm) was used. The composite NiSnO, powder was synthesized using
chemie douce. In a typical reaction, 11.22 mM of NiCl,-6H,0 (2.67 g) and 27.86 mM of
KOH (1.56 g) were mixed in 15 ml DI water and kept at 80 °C for 6 h with continuous
stirring. A change in colour from dark green to light green occurred at pH = 10.5.
The flask was then cooled to room temperature followed by the addition of 11.42 mM
SnCl,-2H,0 (2.58 g). The entire mixture was then refluxed for 6 h with stirring at 80 °C.
During the reaction, pH was measured as 7.5, the refluxing was stopped and the solution
was filtered after cooling at room temperature. The reaction resulted in a dark green
powder that was obtained after several washing steps with DI water. The synthesized
powder was finally calcined at 1000 °C and then used for sensor development. The
proposed method is named as green synthesis mainly due to the low temperature process
using an aqueous system resulting in an environmental friendly synthesis. This method
is similar to other material synthesis methods such as that reported by Sidorak et al. for
the synthesis of cadmium stannates via thermal co-precipitation.?
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A scanning electron microscopy (SEM) image was taken using a Hitachi S520
scanning electron microscope. A Philips Tecnai G?> FEI F12 transmission electron
microscope was used to obtain a transmission electron microscopy (TEM) image by
operation at 80—100 kV, and a selected area electron diffraction (SAED) pattern was
obtained under similar conditions. The multipoint Brunauer, Emmett, and Teller (BET)
technique was used to obtain surface area on a QuadraSorb Station 3 under nitrogen
atmosphere after degassing the sample at 200 °C for 1 h. Dynamic light scattering
(DLS) and laser Doppler velocimetry were used for the estimation of the zeta potential
in a solution by using Malvern Instruments Zetasizer Nano-ZS instruments. A Fourier
transform infrared (FTIR) spectrum was recorded in the range of 4000-400 cm™'
with KBr pellets in a Perkin Elmer GX spectrometer. An X-ray diffraction (XRD)
spectrum was obtained in the reflection mode with CuK, (1 = 1.5406 A) radiation in the
Bragg angle range from 5 to 50 degrees on a Siemens D5000 X-ray diffractometer by
continuous diffraction. Thermal analysis was carried out by heating the sample at a rate
of 10 °C/min from ambient to 1000 °C in dry air using a Mettler Toledo star analyser.

2.2 Senmsor fabrication and characterization

Thick films of the synthesized powder were screen-printed over 4 mm diameter on
the working electrode of the SPE, following the procedure reported elsewhere.?® Gold-
coated copper was used as the reference and counter electrodes. The printed films were
dried in an oven at 60 °C and used for sensor characterization. An IVIUM potentiostat/
galvanostat was used to understand the redox reaction of the synthesized material by
obtaining a cyclic voltammogram (CV) for a potential cycled from —1.5 to +1.5 V with a
fixed scan rate of 50 mV/s. To understand the charge transfer kinetics, the scan rate was
varied (20 to 80 mV/s) to obtain CV curves at a particular HQ concentration (5 mM).
Different concentrations of HQ were prepared from 1 to 9 mM in phosphate buffer
solution (pH = 7.4, 0.1 M). All the measurements were carried out at room temperature.
Before measurement, the HQ solution was purged with argon gas for 30 min.

3. Results

3.1 Material characterization

Morphological observation of the synthesized powder was carried out by SEM and
the corresponding low magnification image is shown in Fig. 1(a), where agglomerated
particles forming lumps are seen along with tiny particles, which are about 100-200 nm
in size. The agglomeration was due to the calcination of the powder at 1000 °C. To
further confirm the size and shape of particles, TEM was used for obtaining information
about the morphology and crystallinity of the powder and the image is shown in Fig.
1(b), which confirms the SEM observation and clearly shows tiny particles of about 10—
20 nm size. SAED shows the presence of distinct and good diffraction rings at different
planes, which supports the presence of a polycrystalline structure. The difference in
size can be due to the measurement method as SEM constructs an image based on the
scattered electron profile, while TEM gives an electron-transmission-based image.
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Fig. 1 (a) SEM image of the synthesized powder and (b) TEM image of the synthesized powder
with SAED pattern.

The BET surface area, measured with N, adsorption, is found to be ~3.95 m?/g. The
zeta measurement was carried out to understand the dispersibility of the synthesized
powder. A zeta potential of —31.5 mV is noted from the measurement indicating that the
synthesized particles can give fairly uniform dispersion stability and are less prone to
coagulation.

The FTIR spectrum of the synthesized powder is shown in Fig. 2(a), where the
presence of two absorption bands is seen at 674 and 547 cm™' corresponding to the
stretching vibrations of Ni—O and Sn—O bonds, respectively. Asymmetric and symmetric
absorption bands due to Sn—O-Ni are observed at 1384 and 944 cm!, respectively.
The occurrence of bands at 3375 and 1627 cm™ is due to the vibration and deformation
frequencies, respectively, of the OH group since the synthesis was water-based.?*

The XRD pattern of the synthesized powder is shown in Fig. 2(b), where a mixed
phase is observed to contain peaks related to the NiSnO, phase (JCPDS-28-0711) and
Sn,0; phase (JCPDS-25-1259). The sharp diffraction peaks indicate the crystalline
nature of the synthesized powder. The average particle size calculated using the Scherer
formula is about 82 nm, which is close to that observed from SEM images [Fig. 1(a)].

Furthermore, the thermal analysis was carried out to understand the changes in
phase purity after the removal of surface impurities with annealing temperature, and the
corresponding thermogram is shown in Fig. 2(c). The initial weight loss seen as the first
step is due to the removal of unbound water at 100—130 °C followed by the removal of
volatile materials from the particle surface at 130-250 °C, and this finally leads to the
formation of crystalline NiSnO, nanoparticles with phase purity at 545 °C as illustrated
by the presence of an endothermic peak.529
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Fig.2 (Color online) (a) FTIR spectrum of the synthesized powder, (b) XRD pattern of the
synthesized powder, and (c) thermogravimetric data of the synthesized powder.

3.2 HQ sensing characteristics

The HQ sensing characteristics are determined through electrochemical
characterization, thereby obtaining the CV in the voltage range of —1.5 to 1.5 V with a
scan rate of 50 mV/s, and are shown in Fig. 3. For this, films of the powder were used
as the working electrode of a SPE. Figure 3(a) shows typical CV curves with anodic
and cathodic peaks of NiSnO, powder at different HQ concentrations (0-9 mM). In
the CV of PBS, an oxidation peak is seen at 0.4 V and a reduction peak is seen at 0.04
V, which may be due to the material itself being perovskite in nature. When the CV
curve was obtained with HQ, the effect is seen as the appearance of a new redox peak

50
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Fig.3  (Color online) (a) Typical CV of developed sensor when tested for buffer and 5 mM of
HQ in buffer obtained with applied voltage range of —1.5 to 1.5 V at a scan rate of 50 mV/s. (b)
CV curves as a function of HQ concentration from 0 to 9 mM of HQ. (c) Variation in the redox
peak currents with different HQ concentrations. The dotted line shows the linear fit data.

at 0.1 and —0.48 V in addition to those observed in PBS. The redox peaks are found to
be separated with a separation potential (AE,) of 0.58 V. It is also noted that the redox
peak current ratio is greater than unity indicating a reversible process of HQ interaction
with NiSnO,.0® A variation in the CV envelope can be seen in Fig. 3(b) with increasing
HQ concentration from 0 to 9 mM of HQ in buffer solution (0.1 M, pH = 7.1). Figure
3(c) shows the variation in the redox peak current at different HQ concentrations. A
systematic increase in the peak currents is observed with increasing HQ concentration.
The results were further analysed by plotting the oxidation and reduction peak currents
with HQ concentration, where increasing oxidation current and decreasing reduction
current are observed with increasing HQ concentration. It is noted that the sensor is
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highly sensitive up to 7 mM of HQ and shows a slight deterioration in the performance
at a higher concentration. It can be considered that the sensor can sensitively detect
the presence of HQ within the safe limit designated as 5 mM.(21318  The sensitivity
estimated from this curve is 6.03 pA/mM (46.38 pA/mMcm2) in the case of oxidation
current and —9.31 pA/mM (71.61 pA/mMcm™) in the case of reduction current values
with a linearity over 90%, as estimated from the linear fit equation.

From the literature survey, it is noted that NiSnO; has not been used for HQ sensing
purposes, however, the sensor performance is compared with some of the reported work
and listed in Table 1. Most of the sensors reported are based on graphene or CNTs, with
varying sensor parameters, which makes it difficult to compare the material superiority.
However, it is clear that the developed sensor has comparable performance with reported
sensors in the literature.839

4. Discussion

To understand the charge transfer characteristics of the sensor material, a scan rate
study was carried out and CVs were obtained at various scan rates (20, 30, 40, 50, 60,
70, 80, and 90 mV/s) in a 5 mM HQ solution. A systematic change in the oxidation/
reduction peak current is observed with increasing scan rate as shown in Fig. 4(a), which
shows a linear variation (increasing with consistency) with the scan rate indicating that
the redox reaction at the working electrode is a surface-controlled process since the
adsorption-controlled current contributes majorly to the peak current. To understand the
diffusion-controlled process, the peak currents were plotted as square root of the scan
rate (v'?), which exhibited a progressive response (linearly increasing with scan rate)
indicating a diffusion-controlled process due to a fast electron transfer mechanism, as can
be seen in Fig. 4(b). Furthermore, the variation in the redox peak current with natural log
of scan rate (Inv) shows a linear relationship [/ogasion = —57.85 +43.37 (Inv) with R>= 0.9783,

Table 1
Comparison with reported hydroquinone sensors fabricated using various materials as mediators.
. Sensitivi Limit of detection
Materials (LA UM ! Ct;’fz) M)
Dinuclear copper (II) complex in carbon paste®” — 3.0x107
Graphene modified GCE®® — 1.5x10°8
L-Cys/Au SAMs® — 4.0 x 107
Poly(thionine) modified GCE®? 1.8 30 x 1073
MWCNT modified GCEGY — 75 x 10#
Platinum and graphene modified GCE®? 1.38 1.2x107
Reduced graphene oxide and MWCNT modified GCE®» — 2.6 x 107
Graphene modified GCE®% 1.38 12 x 107

NiSnO; nanopowder (present work) 46.38 x 1073 78 x 1073
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Fig. 4 (Color online) (a) Variation in the redox peak current with different scan rates at 5 mM of
HQ, (b) variation in the redox peak current with square root of scan rate at 5 mM of HQ, and (c)
variation in the redox peak current with natural log of scan rate at 5 mM of HQ.

estimated from the linear fitting of the curve] between peak currents and scan rate (Inv),
as shown in Fig. 4(c), indicating that the electrode reaction is diffusion-controlled. To
confirm the diffusion-controlled process, a logarithmic plot of peak current and scan rate
was plotted and the plot shows a linear relationship with a linearity of 92% and a slope of 0.56,
which is close to the theoretical value of 0.5, confirming that the electrode reaction is a
diffusion-controlled process.'¥

As seen from XRD data, the material is a mixed phase of NiSnO; and Sn,O;, which
can be easily oxidized by the adsorption of atmospheric oxygen. The metal ions on the
surface can further facilitate this process and provide better sensing characteristics.?” The
adsorbed oxygen will provide an oxygen species that will help in the oxidation/reduction
of the material upon interaction with HQ. The performance of the developed sensor is
comparable to that of the reported sensors,(2)) presenting a possibility of exploring new
materials for sensing applications.
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5. Conclusions

Green synthesis was used to synthesize the perovskite structure of nickel and tin
oxide as NiSnO,. The synthesis resulted in tiny nanoparticles of about 10-20 nm size
with polycrystalline nature. FTIR and thermogravimetric studies were conducted to
confirm the functional properties and phase purity of the synthesized nanoparticles. An
electrochemical sensor in the form of SPE for HQ detection properties was investigated
from 0-9 mM of HQ in buffer solution. The developed sensor exhibited a linear
response up to 7 mM of HQ, which is above the safe limit of HQ usage. The charge
transfer studies indicated that the reaction at the working electrode is a diffusion-
controlled process. It is realized that the synthesized material can be used as a promising
material for various electrochemical sensing applications.
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