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2,4-Dinitrotoluene (2,4-DNT) is a nitro aromatic compound used as a raw material for trinitrotoluene (TNT)

explosive synthesis along with several other industrial applications. Easy, rapid, cost-effective, and selective

detection of 2,4-DNT is becoming essential due to its hepato carcinogenic nature and presence in surface

as well as ground water as a contaminant. Keeping this in view, this research, for the first-time, reports the

synthesis of novel ZnO–Ag2O composite nanoflowers on a gold (Au) substrate, to fabricate an

electrochemical sensor for label-free, direct sensing of 2,4-DNT selectively. The proposed ZnO–Ag2O/

Au sensor exhibits a sensitivity of 5 mA mM�1 cm�2 with a low limit of detection (LOD) of 13 nM, in

a linear dynamic range (LDR) of 0.4 mM to 40 mM. The sensor showed reasonably high re-usability and

reproducibility, with reliable results for laboratory and real-world samples.

Introduction

Nitro aromatic compounds are classied as a group of organic

molecules consisting of an aromatic ring with at least one nitro

group (–NO2) attached and are part of the volatile organic

compounds (VOCs) family. Nowadays, these compounds are

among the most widely used industrial chemicals, nding

extensive applications in drugs, pesticides, explosives, and

chemical industries. Because of their extensive use, these

compounds lead to severe air, soil and groundwater contami-

nations. Just as an example, approximately 5.1 and 1.1 metric

tons of nitrobenzene and 2,4-dinitrotoluene respectively were

released into the soil only in USA in 2002.1 These chemicals are

mutagenic, carcinogenic and acutely toxic in nature.1 2,4 Dini-

trotoluene (2,4-DNT) is a nitro aromatic compound used as an

intermediate for the synthesis of urethane foam, in airbags of

automobiles, in munition industries as a modier for smoke-

less powder and also as a starting material for the synthesis of

explosive 2,4,6 trinitrotoluene.2 The DNT is commonly found in

soil, surface water and ground water from hazardous debris

buried at and around ammunition waste sites. The 2,4-DNT is

generally discharged into the environment due to the process

and manufacturing facilities and therefore may signicantly

contaminate the surface and ground water during run offs.2

Additionally, the detection of 2,4-DNT from aqueous samples is

of high signicance due to its heptocarcinogenicity.3 The envi-

ronmental protection agency (EPA) has found the screening

levels of 2.4 � 10�1
mg L�1 for 2,4-DNT regarding tap water.4

Various sensing techniques such as electrochemical

sensing,5 uorimetric detection,6 bacterial bioreporters,7

surface enhanced-Raman scattering (SERS),8 are in practice for

the quantitative and qualitative determination of 2,4-DNT.

Among these techniques, electrochemical sensing is an easy,

cost effective and reliable method for the detection of organic

pollutants from the aqueous medium. Various kinds of mate-

rials, like the metal and metal oxide-based nanomaterials,9–12

carbon-based nanomaterials,13 molecular imprinted polymers

(MIP),14 and aptamer-based materials,15 have been utilized to

modify the electrode surface in order to enhance the sensing

performance of the electrochemical sensors. Bimetallic nano-

particles, metal and metal oxide-based nanoparticles and

nanocomposites, etc. show quantum effects, greater catalytic

activities, and low electron transfer resistance on the solid

electrode surface. Such properties possessed by these materials

can be attributed to a large surface area to volume ratio,

resulting in the surface having a greater number of active

atoms.16–18 Nanostructured metal oxides have also shown great

potential in biosensing applications.19,20 Hence, metal oxide-

based nanocomposites can be used as suitable materials for

electrode modication. Recently, ZnO-based nanocomposites

have gained considerable attention among scientic commu-

nity.21 ZnO is an n-type (II–IV) semiconductor material with

a wide band gap (3.37 eV) and large exciton binding energy (�60
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meV).12 It has gained wide consideration due to its multifunc-

tional properties, rendering it a suitable material for applica-

tions like solar cells, electronics, sensors and actuators.12

Nowadays, ZnO-based nanomaterials are being used as efficient

materials for the fabrication of highly selective and sensitive

electrochemical sensors.22,23 ZnO nanoparticles have also been

used in efficient biosensors due to their high catalytic efficiency,

nontoxicity, high surface area.24,25 To improve the electrical,

semiconducting and other physico–chemical properties of ZnO

nanomaterials, various methods like doping with metal ions,

and noble metals, formation of nanocomposites, loading with

other p- or n-type metal oxide nanomaterials have been sug-

gested in numerous reports.26 Ag2O is a p-type semiconducting

material with a band gap �1.3 eV. In previous reported litera-

ture, the Ag2O has been utilized for nanocomposite formation

with ZnO. In their work, Ma et al. have synthesized ZnO/Ag2O

heterostructures, and explored their UV and visible photo-

catalytic activities. This heterostructured material displayed

enhanced photocatalytic activity due to the formation of a p–n

nanoheterojunction between the p-type Ag2O and the n-type

ZnO nanomaterials.27 In another report, Kadam et al. have

investigated ZnO/Ag2O nanocomposite-based highly efficient

visible light photocatalyst for the degradation of methyl orange

dyes.28 Thus the photocatalytic performance of the ZnO/Ag2O

nanohybridmaterials have been well scrutinized, but to the best

of our literature knowledge, the electrocatalytic properties of

such nanocomposites are still open to be explored in detail.

In the present work, we have attempted to study the elec-

trocatalytic properties of a composite nanomaterial of ZnO and

Ag2O. We have synthesized novel ZnO–Ag2O composite nano-

owers using a cost-, energy- and time-efficient chemical

synthesis method (without the use of any capping or stabilizing

agent). The synthesis was carried out in an aqueous medium,

without the use of any toxic organic solvents, which is a greener

approach to synthesize herein proposed nanoparticles.16 As

mentioned above, the detection of 2,4-DNT from water sources

is of utmost importance. Keeping this in view, the ZnO/Ag2O

composite nanoowers were utilized, for the rst time, for the

electrochemical sensing of 2,4-DNT in aqueous samples, using

cyclic voltammetric (CV) and differential pulse voltammetric

(DPV) techniques. In previous works, Toh et al.,29 and Yew

et al.,30 have reported the electrochemical detection of 2,4 DNT

in aqueous media, but the efficient electrocatalytic activity was

observed under alkaline conditions. Similarly, Fierke et al.,31

Dutta et al.,32 and Caygills et al.,33 have displayed the detection

of 2,4 DNT in neutral (pH 7) aqueous samples, but the observed

limit of detection value was higher than reported in this present

work. In our present work, the electrode modied by ZnO/Ag2O

composite nanoowers exhibited an effective detection of 2,4-

DNT in neutral pH aqueous samples, with a very low limit of

detection as compared to previous reports, and it also exhibited

competent performance in real water samples. Hence, ZnO/

Ag2O composite nanoowers have been utilized as potential

electro-catalyst for the detection of 2,4-DNT. Thus, this present

research work explores the scope for utility of such metal oxide

composite nanomaterials for the electrochemical detection of

nitroaromatic explosive compounds.

Experimental section
Chemicals

Silver nitrate (AgNO3,$99%), zinc acetate dihydrate (C4H6O4Zn,

$98%), 2,2-bis(4-hydroxyphenyl)propane (bisphenol A, (CH3)2-

C(C6H4OH)2, $99%), Naon® per uorinated resin solution,

sodium phosphate monobasic (NaH2PO4, $99%), sodium

phosphate dibasic (Na2HPO4, $99.95%), 2,4-dinitrotoluene

(2,4-DNT, CH3C6H3(NO2)2 ¼ 97%), resorcinol (C6H4-1,3-(OH)2,

$99%), hydroquinone (C6H4-1,4-(OH)2, $99%), pyrocatechol

(catechol, C6H4-1,2-(OH)2, $99%), potassium ferricyanide

(C6N6FeK3, $99%) and sodium chloride (NaCl, $99%) were

bought from Sigma-Aldrich, India. Zinc sulphate (ZnSO4$7H2O

$ 99%) was purchased from Qualikems Fine Chem Pvt. Ltd.,

India; potassium chloride (KCl, $99.5%) was bought from

Qualigens Fine Chemicals, India. Calcium chloride (CaCl2),

sodium hydroxide (NaOH, $97%), hydrochloric acid (HCl) and

sulphuric acid (H2SO4) were purchased from Fisher Scientic.

Ethanol was bought from Changshu Yangyuan Chemical Co.

Ltd., China. All the experiments were performed using double

distilled water (DDW).

Instrumentation for characterization

Different techniques were used to resolve the optical, structural

and compositional properties of the synthesized nanoparticles.

The particle size and morphology estimation were performed

using high resolution-transmission electron microscopy (HR-

TEM; JEM-2100 Plus electron microscope, JEOL Ltd.), the

morphology was further determined using eld emission

scanning electron microscopy (FE-SEM; Hitachi SU8010). The

elemental composition was analyzed using energy dispersive

spectroscopy attached with the FE-SEM (EDS; Bruker Quantax

XFlash® 6|30). The purity and crystalline nature of nano-

particles was determined by powder X-ray diffractometry (XRD;

PAN analytical Xpert Pro) in the range of 0� to 90�, utilizing Cu-

Ka (l ¼ 0.154 nm) radiation. Identication of the nanoparticles

was done using Fourier transform infrared spectroscopy (FT-IR;

Perkin Elmer-Spectrum RX-IFTIR) at room temperature in

a range of 400 cm�1 to 4000 cm�1. The optical properties of the

nanomaterials were determined using photoluminescence

spectrometer (PLS; Shimadzu spectrouorophotometer (RF

5301PC)). The UV-Visible spectrum measurements of the

nanoparticles were completed using JASCO V-530 UV-Visible

spectrophotometer. Particle size and dispersion estimation

was carried out using dynamic light scattering (DLS; Malvern

Zetasizer Nano-S90). The nanomaterials were synthesized using

a microwave (MW) with 800 W power.

Synthesis of Zno–Ag2O composite nanoowers

50 ml solutions each of 0.02 M zinc acetate dihydrate and

0.018 M silver nitrate were prepared in DDW. A solution of silver

nitrate was added drop wise to the zinc acetate dihydrate

solution and the mixture was kept for 20 minutes of stirring.

50 ml of 0.05 M NaOH solution was added drop wise to the

mixture with constant stirring followed by 2 hours of stirring at

room temperature (25 �C). Then the resulting precipitates were

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27764–27774 | 27765
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allowed to settle overnight. These precipitates were centrifuged

and washed several times with DDW and ethanol followed by

drying at 100 �C for 4 hours to obtain the nanoparticles. Pure

Ag2O and ZnO nanoparticles were also synthesized by the

similar method. A schematic synthesis procedure owchart is

represented in Scheme 1.

The initial nanoower formation process begins with the

precipitation of Zn(OH)2. These Zn(OH)2 species being consid-

erably soluble in water, dissolves to form Zn(OH)4
2� ions. When

the concentration of these ionic species exceeds the critical

super saturation level, precipitation of ZnO nuclei starts.34 This

process is shown below:

Zn2+ + 2OH�
/ Zn(OH)2(ppt)

Zn(OH)2 + 2OH�
/ Zn(OH)4

2�

Zn(OH)4
2�
/ ZnO(ppt) + H2O + 2OH�

Initially, the single ZnO nuclei crystals are aggregated

together. Subsequently, each nucleus in the aggregate

undergoes anisotropic growth, which results in the arrange-

ment of a ower-like structure.35 The concentration of NaOH

plays an important role in deciding the nanostructure

morphology. When the pH value is kept basic (9–11), enough

OH� is supplied desired for the nucleation of ZnO and the

anisotropic growth of crystals for the nanoower formation.

The ower-like nanostructure formation is also facilitated by

water as a solvent, because this reaction medium helps to

homogeneously distribute the reactants, and it also controls the

extent of individual nucleus formation, and preferable direction

for nucleus growth.36 The silver nitrate (AgNO3) precursor reacts

with OH� to form AgOH, which result in the formation of

spherical Ag2O nanoparticles as shown below:

AgNO3 + OH�
/ AgOH

2AgOH/ Ag2O + H2O

These nanoparticles attach on the of ZnO nanoower

surface, resulting in the formation of ZnO–Ag2O composite

nanoowers.

Fabrication of the Zno–Ag2O composite nanoowers coated

electrochemical sensor

The gold electrode was polished using an electrode polishing

kit, and then cleaned with dilute H2SO4 solution, acetone and

DDW using ultrasonication. The electrode was modied by

coating the electrode using optimized amount (5 mL) of slurry

prepared by a solution of ZnO–Ag2O composite nanoowers (1

mg) in ethanol (0.225 ml), and 10 mL naon as a binder. The

electrode was dried completely at 60 �C. The details of the

process used for optimization of the amount of coating have

been provided in the ESI and have been given in Fig. 1S.†

Electrochemical sensing of 2,4-DNT

Electrochemical measurements were performed using differ-

ential pulse voltammetry (DPV) and cyclic voltammetry (CV)

techniques using m-Autolab PGSTAT (Metrohm) attached to

a PC with NOVA 1.10 soware. The three-electrode system

consisting of a working electrode (bare and nanoparticles

coated gold electrode), an Ag/AgCl, KCl (3 M) reference elec-

trode, and a platinum counter electrode were used for the

measurements. All the experiments were carried out in tripli-

cates. The electrode area was calculated by recording the CV at

different scan rates (20–150mV s�1) using themodied working

electrode for solution of 0.1 mM potassium ferricyanide (in

0.1 M KCl) and then plotting the peak current (Ip) versus the

square root of the scan rate (n1/2). The slope value obtained from

this plot was used for the electrode surface area calculation,

using the Randles–Sevcik equation. Detailed information for

this process, including the scan rate voltammograms and an Ip
versus n1/2 plot, are shown in Fig. 2S(a and b) (ESI†). All the DPV

measurements were carried out at conditioning potential of

0.00 V, conditioning time of 5 seconds, modulation time 0.05

seconds, step potential �0.005 V and modulation amplitude

Scheme 1 Schematic flowchart showing the synthesis of ZnO–Ag2O composite nanoflowers.
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0.025 V. All the electrochemical measurements were done in

0.1 M phosphate buffer solution (PBS, pH 7) as supporting

electrolyte, unless otherwise stated. Real water samples were

ltered and diluted with 0.1 M phosphate buffer solution (25

ml) prior to the real sample studies.

Results and discussions
Morphological evaluations of ZnO–Ag2O composite

nanoowers

To evaluate the nanostructure morphology, eld emission

scanning electron microscopy (FE-SEM, as Fig. 1a and b)

imaging was conceded, which showed the formation of well

dispersed and crystalline nanoparticles comprising a ower-like

morphology. The images also revealed nanoparticles with

consistent and uniform particle distribution. Formation of pure

nanocomposite without the presence of any other impurities

was analyzed using energy dispersive spectroscopy (EDS)

attached with the FE-SEM, and it showed peaks only associated

with Zn, Ag, and O (Fig. 1c). Further, the uniformly distributed

nanoowers were clearly visible via low magnication high

resolution transmission electron microscope (HR-TEM) images

as shown in Fig. 1d. At higher magnication, it was observed

that the spherically shaped silver oxide (Ag2O) nanoparticles

(average diameter 25–30 nm) were strongly attached on the

petals of the zinc oxide (ZnO) nanoowers, thus forming the

ZnO–Ag2O heterostructure (Fig. 1e). The petals had a rough

surface with average length of 150–200 nm and width of 100–

120 nm. The strong attachment of the Ag2O nanoparticles was

evident as the particles were still attached to the surface of the

petals aer the ultrasonication for more than 30 minutes.

Lattice fringes of ZnO and Ag2O were visible for the composite

nanoowers (Fig. 1f) and these were measured to give the

interplanar spacing of �0.27 nm corresponding to the (002)

plane for ZnO (hexagonal wurtzite) and �0.24 nm, which could

correspond to the (200) plane of cubic phase of Ag2O.
37

The X-ray diffraction (XRD) patterns of the pure nano-

particles and composite nanostructure were recorded at room

temperature to evaluate structural properties and purity. The

XRD patterns of pure ZnO, Ag2O nanoparticles and the ZnO–

Ag2O composite nanoowers are exposed in Fig. 2a. The

reection planes at 33.03�, 38.28�, 55.25�, 65.77� observed in the

XRD spectrum of Ag2O correspond to 111, 200, 220 and 311

crystal planes respectively, showing the fabrication of pure Ag2O

nanoparticles of cubic symmetry (JCPDS 75-1532).38 Besides

ZnO nanoparticles exhibited diffraction peaks at 2q ¼ 31.71�,

34.27�, 36.12�, 47.66�, 56.58�, 62.96�, 66.46�, 67.9�, 69.02�,

72.7�, 77.2� correspond to 100, 002, 101, 102, 110, 103, 112, 201,

004, 202 crystal planes respectively of hexagonal wurtzite ZnO

(JCPDS 36-1451).39

In case of ZnO–Ag2O composite, no major shis in the peak

positions were located as compared to pure ZnO and Ag2O

nanoparticles. This conrms that the composite comprises

both the hexagonal wurtzite phase of ZnO and the cubic phase

of Ag2O. The peak intensity (in the composite spectrum) reects

a greater presence of the cubic phase Ag2O as compared to the

ZnO phase in the nanocomposite. Also, the nonappearance of

any additional peaks in the XRD spectra shows the absence of

any other kind of impurities in the ZnO–Ag2O composite

nanoowers. The Debye Scherrer formula (eqn (1)) was used for

the most intense peak (111) to calculate the average crystallite

particle size.

D ¼ kl/b cos q (1)

Fig. 1 FE-SEM images of ZnO–Ag2O composite nanoflowers at (a) 500 nm resolution, (b) 100 nm resolution. (c) EDS spectrum of ZnO–Ag2O

composite nanoflowers. HR-TEM images of ZnO–Ag2O composite nanoflowers at (d) 200 nm (e) 50 nm (f) 5 nm resolutions.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27764–27774 | 27767
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Here, b denotes the full width at half maximum (FWHM) and

q represents Bragg's angle (in radians), D is the mean particle

diameter for the most intense XRD peak (111), k is the shape

factor (0.94 for spherical shapes), and l denotes the wavelength

of X-rays used for the analysis (0.154 nm). The mean crystallite

particle size was found to be 34.61 nm.

Fourier transform infrared (FTIR) spectra of synthesized

ZnO–Ag2O composite nanoowers and the pure Ag2O and ZnO

nanoparticles are shown in Fig. 2b. The peaks near 550 cm�1

could be attributed to the Zn–O and Ag–O vibrations. Peaks near

850 cm�1 were due to the bending vibrational modes of coor-

dinated water molecules and those from 1350 cm�1 to

1500 cm�1 were due to absorbed water molecule H–O–H

bending vibrations. For pure ZnO nanoparticles and ZnO–Ag2O

composite nanoowers, the peaks near 3000 cm�1 to 3500 cm�1

and 1600 cm�1 displayed stretching and bending vibrations of

physically absorbed water respectively.28,40

To evaluate the effect on the optical properties of pure ZnO

nanoparticles with the composite formation between ZnO and

Ag2O, photoluminescence (PL) spectra of pure ZnO and

composite nanoowers were compared as shown in Fig. 2c. The

spectra were recorded with an excitation wavelength of 325 nm.

It was observed that pure ZnO nanoparticles exhibited a band

edge emission peak near 381 nm, which is attributed to the

radiative recombination of free excitons.41 The intensity of this

band was highly quenched with the formation of composite

nanoowers, as Ag2O particles on the surface of ZnO can result

in extraction of electrons from the ZnO conduction band, and

they also act as a sink for the photogenerated electrons. This

can block both trap-related and direct charge carrier pathways,

resulting in the enhancement of nonradiative relaxation of the

excitons generated in ZnO.27 In addition, a small peak at 467 nm

and a green emission or deep-level emission at 541 nm were

also observed for pure ZnO nanoparticles. The mechanism of

green emission is still not well understood. This defect-related

visible emission can be caused by different types of defects,

like zinc vacancies, oxygen vacancies, and donor–acceptor pairs.

ZnO contains oxygen vacancies, and a recombination between

deep levels formed by these vacancies and free electrons can

result in this green emission.42 The decrease in the oxygen

vacancies due to a surface modication of ZnO in the presence

of Ag2O NPs can result in the quenching of the green emission.

Thus, the PL studies show the strong interaction between the

ZnO and Ag2O resulting in the drastic variation of optical

properties between pure ZnO nanoparticles and ZnO–Ag2O

composite nanoowers.

The UV-Visible spectra for pure Ag2O and ZnO nanoparticles

and the ZnO–Ag2O composite nanoowers are sketched in

Fig. 2d. For pure ZnO nanoparticles, an absorption peak at

359 nm is observed, which is red-shied to 364 nm in case of the

composite nanoowers. On the other hand, the pure Ag2O

nanoparticles exhibited a broad absorption peak towards visible

region, therefore the absorption of the composite nanoowers

displayed a shi of absorption towards higher wavelengths. The

Fig. 2 (a) XRD pattern, and (b) FT-IR spectra for pure Ag2O and ZnO nanoparticles and ZnO–Ag2O composite nanoflowers. (c) Photo-

luminescence spectra of pure ZnO nanoparticles and ZnO–Ag2O composite nanoflowers. (d) UV-Visible spectra. (e) Tauc's plot of pure Ag2O,

ZnO nanoparticles, and ZnO–Ag2O composite nanoflowers.
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Fig. 3 DPV for (a) bare and a coated electrode for 2,4-DNT (20 mM in pH 7, 0.1 mM PBS) and a coated electrode for blank 0.1 mMPBS solution. (b)

2,4-DNT (20 mM in pH 7, 0.1 mM PBS) with pure Ag2O and ZnO nanoparticles and ZnO–Ag2O composite nanoflowers coated electrode. (c) CV

for 2,4-DNT (20 mM in 0.1 mM, pH 7 PBS) at different scan rates (20–300 mV s�1). (d) Current vs. square root of scan rate (n1/2) plot. (e) Plot of log

current (I) vs. log scan rate (n) for reduction peaks R1 and R2.

Scheme 2 Mechanism for the stepwise nitro groups reduction in nitroaromatic compounds.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27764–27774 | 27769
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nanocomposite band gap energy also changes as compared to

that of pure ZnO nanoparticles. A band gap energy (Eg) calcu-

lation for the nanoparticles was acessed using the Tauc's model

eqn (2)

ahn ¼ a
0(hn � Eg)

n (2)

where a (absorption coefficient) ¼ 4pk/l (k ¼ absorbance, l ¼

wavelength (nm)), a0 ¼ band tailing parameter (constant), Eg ¼

optical band gap energy, hn (photon energy) ¼ 1240 eV/l (h ¼

plank's constant, n ¼ radiation frequency). n ¼ power factor for

transition mode, it has values 1/2, 2, 3/2 and 3 for different type

of transition i.e., allowed, not allowed and forbidden respec-

tively.43,44 In this study, n ¼ 1/2 gave the best t of our experi-

mental data, so the value of Eg was obtained by plotting (ahn)2

vs. hn as shown in Fig. 2e. The Eg value for the nanocomposite

was found to be 2.9 eV as compared to the Eg values of 3.2 eV

and 1.8 eV for the pure ZnO and Ag2O nanoparticles respec-

tively. Thus, the nanocomposite formation resulted in

a decrease in the band gap energy of the pure ZnO nano-

particles. The decrease in the bang gap energy, as compared to

pure ZnO nanoparticles, can be attributed to the introduction of

an impurity band in the energy gap, which could be a result of p-

type formation in the nanocomposite due to the presence of

Ag2O. Thus, the p-type conductivity in the ZnO–Ag2O nano-

composite can be related to the decrease in the band gap.45

From the DLS, the polydispersity index (PDI) obtained was

0.2 showing moderate polydispersity of the nanoparticles.

Electrochemical measurements of 2,4-DNT

For a comparison of the electrochemical behavior of the

modied gold electrode with the bare gold electrode, DPV

responses were recorded (for bare and modied gold electrode

with 2,4-DNT (20 mM) in PBS; Fig. 3a). It was found that two

reduction peaks at a potential of �0.22 V (R1) and �0.43 V (R2)

were obtained in case of the nanocomposite modied electrode,

due to a stepwise reduction of two nitro groups in 2,4-DNT,46–48

whereas only one reduction peak at �0.24 V was obtained for

the bare gold electrode. The response of the modied electrode

in the presence of 2,4-DNT (20 mM) in PBS was also compared to

that of blank PBS without 2,4-DNT (Fig. 3a). A small reduction

peak near �0.6 V was obtained in the case of the blank buffer

solution, but no peaks were observed as obtained in presence of

2,4-DNT. The DPV measurements for 2,4-DNT (20 mM in PBS)

with pure ZnO and Ag2O nanoparticles gold electrode were also

taken and compared with the response of equal amount of

ZnO–Ag2O composite nanoowers modied electrode as shown

in Fig. 3b. It was realized that the composite nanoower

Table 1 Comparison of performance of modified electrode with other 2,4-DNT sensors

Material Technique LODg (mM) LDRf (mM) Ref.

G–LiClO4
d DPV 14.98 — 30

G–Na2SO4
e 31.4 —

Functionalized 3DOM carbon electrodesl SWVj 3 — 31
Pd–Pth DPVc 0.82 10–100 32
Disposable SPEi CV 0.7 0–200 33
Ag/Ca CVb 5 — 53
ZnO–Ag2O composite nanoowers modied gold
electrodek

DPV 0.013 0.4–40 This work

a Ag/C: zero valent silver modied carbon ber material. b CV: cyclic voltammetry. c DPV: differential pulse voltammetry. d G–LiClO4: lithium
perchlorate exfoliated graphene sheet. e G–Na2SO4: sodium sulphate exfoliated graphene sheet. f LDR: linear detection range. g LOD: limit of
detection. h Pd–Pt: palladium–platinum nanostructures. i SPE: screen printed electrode j SWV: square wave voltammetry. k ZnO–Ag2O: zinc
oxide–silver oxide l 3DOM: three dimensionally ordered macroporous.

Fig. 4 (a) DPV measurements for 2,4-DNT in 0.1 mM pH 7 PBS for different concentrations (0.4–120 mM). (b) Current vs. concentration cali-

bration curve.
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revealed a much better response as compared to the pure

nanoparticles. This is due to the modication of the properties

of nanoowers which are caused by the formation of p–n het-

erostructure between p-type Ag2O and n-type ZnO resulting in

a synergistic catalytic activity for electrochemical sensing. To

perceive the effect of scan rate, CVmeasurements were taken for

2,4-DNT (20 mM in PBS) as shown in Fig. 3c.

It was realized that the current response increased with the

higher scan rate due to formation of the diffusion layer closer to

the electrode and more ux in case of faster scan rates as

compared to the slower scan rates. Plot of peak current (Ip) vs.

square root of scan rate (n1/2) (Fig. 3d) was sketched for both R1

and R2 and they showed linearity with respective linear regres-

sion equations: y¼�0.621x � 0.55; R2
¼ 0.999 and y¼�0.627x

� 0.52; R2
¼ 0.998. To know the diffusion/adsorption-controlled

nature of the process, log of Ip vs. log of n was plotted for R1 and

R2 (Fig. 3e) and following equations were obtained respectively:

y ¼ 0.459x � 0.0817; R2
¼ 0.997 and y ¼ 0.44x � 0.105; R2

¼

0.995. The slope values 0.459 and 0.44 for both the peaks

indicate the diffusion-controlled nature of the process.49 From

Ip vs. n1/2 plot, the number of electrons involved in the irre-

versible reduction R1 and R2 were calculated using the Nich-

olson and Shain equation (eqn (3))50

Ip ¼ (2.99 � 105) n (ana)
1/2
ACD

1/2
n
1/2 (3)

where, n ¼ the number of electrons, A ¼ electrode area (cm2), Ip
¼ peak current value (amperes; A), C ¼ concentration (mol

cm�3), D ¼ diffusion coefficient (cm2 s�1), and n ¼ scan rate (V

s�1), a ¼ transfer coefficient, na ¼ number of electrons involved

in the charge transfer step.

The value of a was calculated using eqn (4)51

ana ¼ 0.048/(Ep � Ep/2) (4)

where, Ep and Ep/2 are the potentials corresponding to Ip and the

potential at half height respectively. They were found to be 6.1

and 5.8 for R1 and R2 respectively which is approximately equal

to 6, hence, the reduction of both the nitro groups involve 6e�

transfer for each nitro group. Based on these calculations and

previous literature, the electrochemical process involves the

reduction of 2–4 dinitrotoluene to 2,4-diaminotoluene, and the

possible mechanism for the stepwise nitro group reduction in

the nitro aromatic compounds47 is presented as eqn (5)–(7) and

the overall reaction is represented in eqn (8) and shown in

Scheme 2.

Fig. 5 DPV response (a) 2,4-DNT (20 mM) at different pH (4–10) in 0.1 mM PBS (b) tap water (c) hand pump water (d) sewage water spiked

samples.

Table 2 Comparison 2,4-DNT concentrations in spiked samples (standard deviation is indicated by error bars with n ¼ 3)

No. Sample details
Spiking amount of DNT
(mmol dm�3)

Calculated amount of
DNT by proposed technique (mmol dm�3)

1 Tap water (P.U., Chandigarh, India) 12 12.48 � 1.2
2 Hand pump water (Una, Himachal, India) 16 16.08 � 0.462
3 Sewage water (Chandigarh, India) 16 16.55 � 0.07

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27764–27774 | 27771
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Ar–NO2 + 2e� + 2H+
/ Ar–N–(OH)2 (5)

Ar–N–(OH)2 + 2e� + 2H+
/ Ar–NH–OH (6)

Ar–NH–OH + 2e� + 2H+
/ Ar–NH2 (7)

Ar–NO2 + 6e� + 6H+
/ Ar–NH2 (8)

The effect of the analyte concentration was standardized by

recording the DPV readings for different concentrations of 2,4-

DNT (0.4 mM to 120 mM) as shown in Fig. 4a. The current vs.

concentration calibration curve was plotted for peak R2 using

the values obtained from the concentration studies are shown

in Fig. 4b.

The calibration curve showed linearity with the linear

regression equation: y ¼ 0.154x + 1.12; R2
¼ 0.98. From this

calibration curve, sensor sensitivity was calculated (dividing

calibration curve slope by the surface area of working electrode

(0.033 cm2)) and found to have a good sensitivity of 5 mA mM�1

cm�2. Formula 3Sa/b (b ¼ calibration curve slope, Sa ¼ standard

deviation value of the response)52 was used to calculate the limit

of detection (LOD), and it was found to have a low LOD of

13 nM. The linear dynamic range (LDR) was established to be

0.4 mM to 40 mM. A comparison of the performance of modied

electrode and other 2,4-DNT sensors is given in Table 1.

To know the effect of pH on the sensor response, the DPV

measurements were taken for 2,4-DNT (20 mM) in different pH

PBS (4–10) as shown in Fig. 5a, the pH of PBS was adjusted

using HCl (0.5 M) and NaOH (1 M).

It was observed that the reduction peak current values

increased with a decrease in the pH value showing that lower

pH facilitate the reduction process due to more availability of

protons. But as the sensor also showed a good response in

neutral pH 7, and most of the real water samples also have

a neutral pH, therefore pH 7 was chosen for all the electro-

chemical experiments.

Real water sample analysis

Real water sample analysis was done for spiked samples by DPV

measurements using the modied sensor. Real environmental

water samples from various sources (tap, hand pump, sewage)

were collected and spiked with known amount of DNT, then

analyzed by DPV technique. The DPV responses of the modied

electrode in real water sample are shown in Fig. 5b–d. A good

response was observed for the modied sensor with the real

water samples. The sample details, spiking amount and the

amount calculated from the standardized technique are

provided in Table 2.

Selectivity, reproducibility and reusability

The inuence of other organic and inorganic species (resor-

cinol, hydroquinone, catechol, bisphenol A, Na+, Ca2+, K+, Zn2+,

Cl�, SO4
2�) on electrochemical response of modied electrode

was determined by the DPV measurement of 10 mM DNT in PBS

buffer in the presence and absence of 50 folds higher concen-

tration of these compounds (Fig. 6a). It was found that there was

no signicant interference of these chemicals on the electro-

chemical response for 2,4-DNT in the selected potential range,

thus, showing good selectivity for 2,4-DNT.

In order to determine the sensor reproducibility, all the DPV

measurements were carried out in triplicates. The relative

standard deviation value (RSD) was found to be 1.8%. Reus-

ability of the modied sensor was determined by using the

sensor for detection of 20 mM DNT in PBS buffer using DPV,

repeatedly for one week. The sensor was washed with DDW and

stored at 4 �C aer each use. Aer one week, the sensor

response was found to be 89% of that of the rst day response,

thus showing appreciable reusability (Fig. 6b).

Conclusion

Novel ZnO–Ag2O composite nanoowers were synthesized in an

aqueous medium without the use of any stabilizing or capping

agent, by an easy, cost effective and fast synthesis method.

These composite nanoowers were used for the gold working

electrode modication, and this modied electrode was further

employed for the electrochemical sensing of 2,4-DNT in water

samples. Different parameters for the detection process were

studied using CV and DPV electrochemical techniques. The

ZnO–Ag2O composite nanoowers modied sensor showed

Fig. 6 (a) DPV response for 2,4-DNT (10 mM in 0.1 mM pH 7 PBS) with and without possible interferents. (b) Reusability measurements for 2,4

DNT (20 mM in 0.1 mM pH 7 PBS) for the modified electrode.
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a stepwise reduction of the two nitro groups of 2,4-DNT. Due to

the synergistic effect of Ag2O and ZnO in the nanocomposite,

there was an enhancement of the electrocatalytic properties of

composite nanoowers resulting in a much better electro-

chemical response than the pure ZnO and Ag2O nanoparticles

modied sensors. The sensor showed selectivity for 2,4-DNT in

the presence of other interferents and displayed reproducible

results with a good sensitivity (5 mA mM�1 cm�2), a very low LOD

(13 nM), a wide linear dynamic range (0.4 mM to 40 mM) and

good reusability. The modied sensor also revealed satisfactory

results with real water samples along with the laboratory

samples at a neutral pH. Thus, the synthesized nanocomposites

can be used as a suitable material for the sensing of 2,4-DNT in

aqueous samples.
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