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Abstract

Novel indium oxide (In,O3) nanobricks have been prepared by template-less and surfactant-
free hydrothermal synthesis method and were characterized by X-ray diffraction (XRD), Raman
spectroscopy, Photoluminescence (PL) spectroscopy and field emission scanning electronic
microscopy (FESEM). The synthesized In,0O3 nanobricks were successfully immobilized on the
surface of glassy carbon electrode for the detection of Parabens (butylparaben). Owing to the
unique structure and intriguing properties of these In,O3 nanobricks, the nanostructured thin-film
electrode has shown an obvious electrocatalytic activity for the detection of butylparaben (BP).
The detection limit (LOD) was estimated as 3s/m and the sensitivity (LOQ) was calculated as 10
s/m and were found to be 0.08 uM and 0.26 pAnM™ cm respectively. This sensor showed high
sensitivity compared with the reported electrochemical sensors for the detection of BP. The
fabricated sensor was successfully applied for the detection of butyl paraben in real cosmetic

samples with good recovery ranging from 96.0% to 100.3%.
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1. Introduction

Indium oxide (In,O3) nanostructures are n-type semiconductors having wide band gap
(ca.3.6 eV) and are extensively explored in recent years due to their excellent electronic and
optical properties in optoelectronic devices, solar cells, gas sensors and biosensors [1, 2]. Up to
now, various methods (vapor transport and wet chemistry) have been employed for the synthesis
of In,O3 nanostructures [3, 4]. Compared with the vapor transport methods, the solution based
hydrothermal synthesis is demonstrated to be environmentally benevolent and is able to produce
In,O3 nanostructures in large scale which includes quantum dots, nanowires, nanotubes and 3-D
assembled nanostructures [5]. In,O; nanostructures have been immensely used for detecting
various chemical species (C,HsOH, HCHO and NHs;) due to their improved sensing properties
[6-9].

The European Commission during the conference in June 2012, on “Endocrine
Disruptors (EDCs): Current challenges in science and policy” listed Parabens as category 1
priority phenolic endocrine disruptor substances, based on evidence that they obstruct hormonal
functioning. Parabens are designed as esters of p-hydroxybenzoic acid and are extensively used as
antimicrobial preservatives in food ingredients, cosmetic products (deodorants, antiperspirents,
skin moisturizes, body creams, body sprays and suncare) as well as pharmaceutical preparations.
The parabens present in these products are incessantly released into the aquatic media by
domestic wastewater. Therefore, there is growing concern in relation to their potential long-term
effects on humans and wild life [10-14].

Literature survey reveals various techniques for parabens detection, such as high
performance liquid chromatography [15], capillary electrochromatography [16], gas
chromatography [17], flow injection system combined with chemiluminescence [18], solid phase
extraction (SPE) and supercritical fluid extraction (SFE) [19, 20]. Although these techniques have
high accuracy with low detection limits, but they are expensive, time-consuming and due to the
intricacy of the environmental matrices, pre-concentration of the samples are needed for the
analysis [21]. Electrochemical sensors with potential for environmental applications have been a
subject of tremendous interest in recent past [22—-24]. Recently nanostructured electrodes attracted
huge attention for ultrafast phenolic compound detection [25, 26]. The present work describes an
unpretentious method based on a thin film electrode consisting of synthesized In,O3; nanobricks

coated on glassy carbon electrode (GCE) for the detection of trace amounts of BP. This thin film
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electrode showed an exceptional electrocatalytic activity due to significant drop in the anodic
overpotential and notable improvement of the anodic current of BP compared with the
electrochemical performances obtained at a GCE.

2. Experimental

2. 1 Synthesis of In,03 nanobricks

The typical experiment for the synthesis of In,O3 nanobricks involves a 100 mL capacity
autoclave with a Teflon liner filled with InCl;.4H,O (0.5 mM) dissolved in distilled water
(100 mL). Then, hexamethylene tetramine (HMTA) (10 mM) was added into the autoclave and
the reactive mixture was stirred robustly for 30 min. After stirring autoclave was sealed and
upheld at 150 °C for 14 h in an oven. Then autoclave was cooled down to room temperature
naturally and the light yellow sample was collected and washed several times with ethanol,
acetone and distilled water to eliminate the probable residual ions in the sample. The products
were dried in a vacuum at 80 °C for 4 h and calcined at 400°C to obtain In,O3 nanobricks.

3. Results and Discussion

The crystalline structure of the synthesized indium oxide nanobricks was investigated by
X-ray diffraction (XRD) (Shimadzu XRD 6100 Cu Ka (0.15419 nm) technique (Figure 1). All the
peaks were indexed to the pure cubic phase with lattice parameter a = 1.011A (JCPDS No.
89-4595), indicating that pure cubic phase of In,Os3 is obtained. The synthesized indium oxide
nanobricks were also characterized by Raman spectroscopy and Photoluminescence (PL)
spectroscopy, which indicates high crystallinity with a large amount of oxygen deficiency of
cubic In,03 nanobricks (Supporting information).

Surface morphological features of indium oxide nanobricks were investigated by field
emission scanning electronic microscope (FESEM) equipped with EDX. Figure 1B (a-d) shows
various FESEM magnification micrographs of In,O3 nanobricks. A panoramic view of FESEM
micrographs shows that the sample consists exclusively of uniform nanobricks without impurity
particles or aggregates. The nanobricks have well defined uniform dimensions with edge length
ranges from 400-600 nm and height ranges from 200-250 nm. The top surface shows some cracks
at the midst of each box might be caused by mass transport across other side surfaces, which also
resulted in fewer nanoparticle formations around each brick. Their edges are sharp and sides and

top surface are extremely smooth.
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Before sensor fabrication, the GCE surface was polished with PK-4 polishing kit, BASI
MF-2060 consecutively followed by washing systematically with redistilled deionized water until
a mirror like finish was obtained. It was then dipped in a beaker containing 0.2 mol/L H3PO,4
solutions to remove the adhered powder, rinsed with distilled water and dried at room temperature
for 10—15 minutes. Stock solution of indium oxide nanobricks in form of an ink (1.0 mg/mL) was
prepared in 50% dimethyl sulfoxide (DMSO) by ultrasonication for 30 minutes. Then 8 uL of this
solution was deposited onto the surface of GCE using a microsyringe and dried under IR lamp.

Electrochemical measurements  were performed using a  p-Autolab
Potentiostat/Galvanostat PGSTAT from Metrohm (Netherlands), integrated with a PC provided
with the NOVA 1.8 software. A three-electrode cell was used which consists of In,Os/GCE as
working electrode, Ag/AgCI as reference electrode and a graphite rod as an auxiliary electrode.
All working solutions for electrochemical measurements were de-aerated for 10-15 min. with
purified nitrogen gas. All pH-metric measurements were made on a Decible DB-1011 digital pH
meter fixed with a glass electrode and a saturated calomel electrode as reference, which was
previously standardized with buffers of known pH [27].

The electrode fabrication was characterized by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). Nyquist plot of EIS shows semicircle part and diameter of
semicircle equals the charge-transfer resistance (Rg). The R¢ value for the
1.0 mM KsFe (CN)g® ™ redox probe obtained at In,03/GCE was 195Q (Figure 1C  (curve c)
was less than 686Q Figure 1C (curve b) achieved at GCE implied that charge transfer resistance
of the electrode surface decreased and the charge transfer rate increased on the fabrication of
sensor. This may be due to high conductivity and large surface area of the In,O3 nanobricks at the
surface of GCE. This assumption was further verified by studying the cyclic voltammetry (CV) of
redox probe K3[Fe(CN)s] to characterize the property of modified electrode. Figure 1D shows the
CVs obtained at bare GCE (curve b), In,03/GCE, (curve c) in 1.0 mM Kj3[Fe(CN)g]. The apparent
microscopic areas of these modified electrodes was calculated using Randles-Sevcik equation; i,
= (2.69 x 10°) n*2 ACy*Dy"? v!2. Where |, = current maximum in amps, n = number of electrons
transferred in the redox event, A = electrode area in cm?, F = The Faraday Constant in C moL™,
D = diffusion coefficient in cm?/s, C = concentration in moL/cm® and v = scan rate in V/s. For
Ks[Fe(CN)e]; n=1and D = 7.6 x10 ® cm%s and the microscopic areas of GCE and In,0s/GCE
was calculated and was found to be (0.02 cm?) and (0.042 cm?) respectively. Evidently, the In,Os
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modified electrode (In,O3/GCE) had almost twice the surface area compared to GCE and thus acts
as a better electrocatalyst for the oxidation of BP. Furthermore, negative shift in peak position of
Fe'' oxidation reveals fast charge transfer on In,03/GCE, which is same in accordance with EIS

observation.

Figure 1

The electrocatalytic activity of In,O3/GCE sensor for the oxidation of 2.4 uM BP
(0.1 mM BP stock solution in ethanol; BP was purchased from Sigma-Aldrich, Belgium) was
studied in phosphate buffer (pH 7.0) by cyclic voltammetry. A typical CV of BP exhibits a single
well-defined anodic peak at 0.85 V (vs. Ag/AgCI) assigned to the oxidation of phenolic (OH)
group and no corresponding cathodic peak was obtained indicating the irreversibility of electrode
process. The mechanism involves single electron oxidation of phenolic group (OH) of BP, which
results in formation of benzoquinone (Scheme 1). It was also observed that modification of GCE
surface by a thin film of In,03 remarkably improved the sensitivity of In,03/GCE towards the BP
detection. The reason for better performance of In,O3/GCE sensor may due to the nanometer
dimensions of In,03, electronic structure, topological and high surface area of In,0Os
nanostructured thin film. Figure 2 illustrates the voltammograms, CV (Figure 2A) and SWV
(Figure 2B) of 2.4 uM BP at a bare GCE and In,O3/GCE and it is clear that fabricated In,O3/GCE
sensor increase the oxidation peak current of BP and also results in decrease of the over potential.

This confirms the electrocatalytic effect of In,03/GCE for faster and better detection of BP.

Scheme 1
Figure 2

The quantitative analysis of BP using In,O3;/GCE was performed by squarewave
voltammetry (SWV). The SWV peak current was measured as a function of BP concentration at
least three times under the optimized operational parameters (Figure 3). The calibration plot of
concentration versus peak current was found to be linear over the range of 0.14 uM to 2.4 uM.
The detection limit (LOD) was estimated as 3s/m and found to be 0.08 pM and the sensitivity
(LOQ) was calculated as10s/m and was found to be 0.26 pAnM™ cm™ (s representing the standard
deviation of the peak currents (n = 3) and m is the slope of the calibration curve).

Figure 3



158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183
184

185
186
187
188

The validation of the developed In,O3/GCE sensor was carried out to evaluate the
selectivity and specificity in presence of some potential interfering substances having similar
structure as BP. Under optimal conditions, the interference test was performed in the presence of
100—fold concentration of various endocrine disruptors’ viz., phenol, and bisphenol-A. The
results obtained indicates that they do not interfere on the signals of 2.4 uM BP with RSD value
of 3.5% indicates that the fabricated sensor is suitable for detection of BP. The In,O3/GCE sensor
showed good stability and reproducibility for the detection of BP (Supporting information).

The real sample analysis for the detection of BP was done by analysis of commercial
product True match cream ® (LOREAL). A 0.1 g of cream was dissolved in 25 mL of ethanol by
ultrasonic agitation for 30 min and then the sample solution was centrifuged for 10 min in order to
remove the excipients and finally transferred into 100 volumetric flask and make up with
phosphate buffer of pH 7.0 to obtain 10 mg mL™ solution of cosmetic sample. The amount of BP
present in the cream was determined by standard addition method at the developed sensor
In,O3/GCE. According to the peak current, the total concentration of BP was calculated with an
average regression equation, which was found to be 0.53 pM in this 10 time diluted sample
(equilent to 5.3 pM , 0.12%) and is within the permissible limit of 0.19 % BP in cosmetics
according to the European scientific committee (SCCS) on consumer safety on 22 March 2011
(SCCS/1348/11). The reliability of the proposed method was verified by calculating the recovery
by standard addition method using three different standard samples (0.5, 1.0 and 1.5 uM). The
average recovery was obtained in the range of 95.8% to 108.5% with the RSD value less than 5%
(Table 1) indicates high accuracy and precision of the developed method for the determination of

BP in cosmetic samples.

Table 1

4. Conclusion

The present study reports synthesis of the In,Os; nanobricks by simple and low
temperature hydrothermal method and characterized by FESEM and XRD techniques. A versatile
electrochemical sensor was developed based on deposition of In,03 nanobricks on GCE for the
detection of BP and its analytical performance was relatively studied with bare GCE. The
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obtained results show that a nanocomposite film of In,O3 nanobricks provided notable advantages
over GCE in accomplishing faster response, tremendous electrocatalytic activity, superior
repeatability, lower background current, and low detection limit, which could be accredited to its
larger specific surface area and greater electron transfer rate. The detection limit (LOD) and
sensitivity (LOQ) was found to be 0.08 uM and 0.26 pAnM™ cm™ respectively This developed
sensor becomes an on-field realistic device for expedient detection of other phenolic endocrine

disruptors in ecological matrices.
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Figure and table captions

Figure 1. (A) XRD spectrum of In,O3 nanobricks, (B) low and high magnification FESEM
images of In,03 nanobricks, (C) Nyquist plots (Inset: Randles equivalent circuit of the GCE and
In,O3/GCE to fit the impedance data) and (D) cyclic voltammograms of 1.0 mM Kj3[Fe(CN)g]
obtained at GCE (curve b) and In,O3/GCE, (curve c); scan rate of 20 mVs™,

Figure 2: (A) Cyclic voltammetric and (B) Squarewave voltammetric behavior obtained at
(a) Blank, (b) 2.4 uM BP at GCE and (c) 2.4 uM BP at In,03/GCE; scan rate 20 mVs™.

Scheme 1: Mechanism of the oxidation of BP at In,O3/GCE sensor.

Figure 3: Linearity of squarewave voltammetric peak current of different concentrations of BP at
In,O3/GCE, (a) Blank (b) 0.14 uM (c) 0.39 uM (d) 0.78 uM (e) 1.04 uM (f) 1.45 pM
(9) 1.98 uM (h) 2.4 uM ; Inset a calibration graph represents the variation of current with the
concentration of BP. The error bars shows the standard deviation obtained for three separate
experiments.

Table 1: Recovery studies of BP by standard solutions in cosmetics using fabricated sensor (n=3)
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Table 1

Sample | Added (uM) | Found® (uM) | Actual (uM) | RSD % | Recovery %
True match
0 0.512 -- 2.2
Cream
True match
0.5 0.970 1.012 3.4 95.8
Cream
True match
1.0 1.461 1.512 3.1 96.6
Cream
True match
15 2.185 2.012 49 108.5
Cream

®average of three replicates
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