
Electrochemical Detection of 4‑Nitrophenol Using a Novel SrTiO3/
Ag/rGO Composite
Arularasu M. Visagamani,* Moussab Harb, Kasinathan Kaviyarasu, Appusamy Muthukrishnaraj,
Manikandan Ayyar, Khalid A. Alzahrani, Raed H. Althomali,* and Saja Abdulrahman Althobaiti

Cite This: ACS Omega 2023, 8, 42479−42491 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this study, an eco-friendly strategy was used to prepare a novel SrTiO3/
Ag/rGO composite. A SrTiO3/Ag/rGO composite-modified screen-printed carbon
electrode (SPCE) was applied for the electrochemical detection of 4-nitrophenol. A
simple ultrasonic method with an ultrasonic frequency of 20 kHz was used for the
synthesis of SrTiO3/Ag/rGO composite material. The obtained SrTiO3/Ag/rGO
composite was characterized by X-ray diffraction, Fourier transform infrared, Raman
spectroscopy, field emission electron microscopy, and UV−visible spectroscopy.
Electrochemical impedance spectroscopy was used to determine the electrical conductivity
of the SrTiO3/Ag/rGO composite. The electrochemical properties of the modified
electrode were studied using cyclic voltammetry as well as linear sweep voltammetry
techniques. In comparison to SrTiO3/SPCE, SrTiO3/Ag/SPCE, and SrTiO3/rGO/SPCE
electrodes, SrTiO3/Ag/rGO/SPCE demonstrates a considerable increase in 4-nitrophenol
redox peak current. At optimum conditions, a large linear response range of 0.1−1000 M,
with a relatively low limit of detection (0.03 M), outperforms the previously published modified electrode for 4-nitrophenol.
Moreover, the SrTiO3/Ag/rGO/SPCE electrode-based 4-nitrophenol sensor is distinguished by good selectivity, high stability, and
repeatability. Furthermore, SrTiO3/Ag/rGO/SPCE contributed to the detection of 4-nitrophenol in river water and drinking water
with the recovery range from 97.5 to 98.7%. The experimental finding was supported by density functional theory calculation.

1. INTRODUCTION
Over the few decades, due to growing industrialization, organic
compounds such as aromatic compounds are among the most
and largest important groups of pharmaceutical and industrial
chemicals to create various pollutions.1−3 The EPA (United
States Environmental Protection Agency) has listed aromatic
nitro compounds as potential environmental pollutants
because of their toxic effects on aquatic life, plants, and
animals in addition to humans because these compounds are
highly soluble in the aquatic environment and have a low rate
of degradation.4,5 The 4-nitrophenol molecule is one of the
aromatic nitro compounds found in the water of various
environments, which is regarded as a dangerous chemical
pollutant and is a common precursor used in dye, pesticide,
pharmaceutical, and leather industries.6−8 In particular, 4-
nitrophenol causes inflammation and irritation in the eyes
damages the liver.9−12 Therefore, it is important for the
detection and removal of 4-nitrophenol from agriculture and
wastewater or at least convert it to a less-toxic substance that is
vital. The results of earlier studies show that a variety of
methods have been employed to detect 4-nitrophenol in
environmental samples, including UV−vis spectrophotometry,
capillary electrophoresis, gas chromatography, high-perform-
ance liquid chromatography, and fluorescence.4,6,13 However,
all of these detection performances are quite expensive and

time-consuming, which caused difficulties in monitoring 4-
nitrophenol in agriculture and wastewater. Electrochemical
methods are useful for analyte monitoring because they are
affordable and have rapid response time, have excellent
selectivity and sensitivity, and are viable for real-time sample
analysis.
Perovskite materials are generally studied for their

application in energy storage, sensors, catalysts, etc., because
of their several physical properties.14 Among the perovskites,
strontium titanate (SrTiO3) has good optical and electronic
properties, thermal stability, superior reliability, and non-
toxicity.15,16 Composites based on SrTiO3 are gaining
popularity in a variety of applications, including energy storage
as well as conversion devices, sensors, optical fibers, and
photocatalysts.17 However, with the large bandgap of 3.2 eV,
SrTiO3 cannot contribute full applications in sensor, electronic,
and energy storage devices. Therefore, internal modification of
SrTiO3 is necessary for the fatal defect; until now, various
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strategies have been employed such as coupling with other
semiconductors, doping, and organic species sensitization.18,19

On the other hand, graphite, amorphous carbon, graphene
oxide, and fullerene have been employed extensively in sensing,
catalysis, and energy storage application.20,21 Among these,
reduced graphene oxide (rGO) is a carbon allotrope, has been
hailed as a viable candidate for usage in electrochemical
sensors due to its large surface area, and ability to act as an
electron receptor.22,23 For the preparation of SrTiO3,
numerous approaches are well documented, namely, sol−gel,
high-temperature solid-state, coprecipitation, hydrothermal,
ultrasonication, etc.24−26 For the ultrasonication method, the
primary physical phenomena associated with sonochemistry in
acoustic cavitation are in the liquid phase (i.e., the formation
growth and subsequent implosive collapse of bubbles) and
nebulization. This route promotes and improves solute
diffusion, therefore, triggers the product to provide narrow
size distribution and fast reaction rate, as well as enhances the
crystallization process without using the high-temperature
crystallization process; furthermore, it can be easily scalable to
industrial needs.27,28

In this study, a SrTiO3/Ag/rGO composite-modified
electrode was developed for the effective detection of 4-
nitrophenol in actual samples. SrTiO3/Ag/rGO/SPCE-modi-
fied electrode electrochemical studies were performed by CV
(cyclic voltammetry) and LSV (linear sweep voltammetry).
Electrochemical studies revealed that SrTiO3/Ag/rGO/SPCE
exhibits excellent analytical performance toward the 4-
nitrophenol sensor. The novelty is as follows: (i) this is the
first report to develop on the ultrasonic synthesis of the
SrTiO3/Ag/rGO composite, (ii) SrTiO3/Ag/rGO/SPCE-
modified electrode first time developed for electrochemical
detection of 4-nitrophenol, and (iii) furthermore, first-time
report of density functional theory (DFT) analysis to the
SrTiO3/Ag/rGO composite.

2. EXPERIMENTAL SECTION
2.1. Reagent and Materials. Strontium hydroxide

octahydrate (Sr(OH)2·8H2O) (95%), titanium(IV) butoxide
(Ti (OCH2CH2CH2CH3)4) (97%), silver nitrate (AgNO3)
(99%), rGO, absolute ethanol (C2H6O) (99.8%), potassium
ferricyanide (K3Fe(CN)6) (99%), potassium hexacyanoferrate
trihydrate (K3Fe(CN)6·3H2O) (98.5%), potassium chloride
(KCl) (99%), sodium phosphate dibasic (Na2HPO4) (99%),
sodium phosphate monobasic (H2NaO4P) (99%), 4-nitro-
phenol (C6H5NO3) (99%), 2-nitroaniline (C6H5N2O2) (98%),
magnesium hydroxide (Mg(OH)2) (95%), calcium hydroxide

(Ca(OH)2) (95%), and copper hydroxide (Cu(OH)2)(95%)
are obtained from Sigma-Aldrich and used as received.
2.2. Instrumentation. The morphological and elemental

composition of materials was obtained by field emission
electron microscopy (FE-SEM) (HITACHI S-3000N, Japan,
at an accelerating voltage 0.3−30 kV) with an energy-
dispersive spectrometer. X-ray diffraction (Shimadzu XRD
6000, Japan using Cu Kα radiation 1.54 Å) analysis is used to
determine the formation, crystalline size, and crystalline phase
of synthesized materials. The functional group analysis of the
samples was measured with PerkinElmer Fourier transform
infrared (FT-IR) spectroscopy (JASCO FT/IR-6600 spec-
trometer). Raman spectra were recorded using a Micro-Raman
spectroscope (RENISHAW in via system, U.K) using a 514
nm excitation light source. Electrochemical characterization
was conducted by CV, LSV using a conventional three-
electrode system, and a CHI6116E electrochemical work-
station was employed for all electrochemical measurements.
Silver/silver chloride (Ag/AgCl) served as the reference
electrode, a platinum wire served as the counter electrode,
and the screen-printed carbon electrode (SPCE) as it had been
created served as the working electrode.
2.3. Preparation of SrTiO3/Ag/rGO Composite. In a

typical synthesis process, 2.6 g of Sr(OH)2 was first dispersed
in 50 mL of ethanol while kept in a sonic bath for 15 min.
Additionally, 3.4 g of Ti(C4H9O)4 was added dropwise into
the above solution during the sonication. Finally, 20 mL of DI
water was introduced to the above solution; along with it, a
white suspension was achieved. Second, 2 g of rGO was added
into the above solution under sonication for a further 15 min.
Third, 2.6 g of AgNO3 powder was added to the solution for
the final homogeneous suspension. After that, the precursor
solution was treated with ultrasonic irradiation technique
(operating frequency 20 kHz, 500 W, Sonics-VCX 500,
Taiwan, per cycle 20 s) for 1 h. The final SrTiO3/Ag/rGO
composite was obtained by washing with distilled water and
deionized water and finally dried under vacuum at 100 °C for
12 h. The fabrication process for the SrTiO3/Ag/rGO
composite is outlined in Scheme 1. For the synthesis of pure
SrTiO3, SrTiO3/Ag, and SrTiO3/rGO, the same procedure is
followed without rGO/Ag, rGO, and Ag, respectively.
2.4. Fabrication of Electrode. To prepare the modified

electrode, SrTiO3/Ag/rGO/SPCE, the drop-drying method
was used. One mg of SrTiO3/Ag/rGO was dispersed in 10 mL
of DI water, followed by drop-casting 5 μL on SPCE and
drying it in an oven at 50 °C for 15 min. SrTiO3/SPCE,
SrTiO3/Ag/SPCE, and SrTiO3/rGO/SPCE were prepared in
the same way.

Scheme 1. Schematic Diagram of Preparation of SrTiO3/Ag/rGO Composite
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2.5. DFT Studies. Quantum chemistry calculations have
been performed using Gaussian 09 W software and DFT
(B3LYP) methods utilizing the LANL2DZ/6-311++G (d, p)
foundation set.29 Since no fictional frequency mode could be
generated at the ideal form for the aforementioned molecule, a
true minimum on the possible energy surface was found. The
scaling factors have been included into the estimated
experimental data using least-squares optimization in order
to match theoretical wavenumbers with the experimental
results. In order to get visual animation and to confirm the
assignment of the normal modes, the Gauss view Program30,31

has been taken into consideration.

3. RESULTS AND DISCUSSION
3.1. Morphological and Structural Examination of

Synthetic Materials. FE-SEM characterization was per-
formed to study the morphological analysis of the SrTiO3,
SrTiO3/Ag, SrTiO3/rGO, and SrTiO3/Ag/rGO composite
materials. Pure SrTiO3 had irregular spherical shapes and had
considerable agglomeration, as can be seen in Figure 1a. The
FE-SEM images of SrTiO3/Ag are shown in Figure 1b, which
shows less agglomeration than pure SrTiO3. Figure 1c shows
the crumbled layered structure of rGO along with the high
density of spherical SrTiO3 that were unevenly deposited on
rGO. Notably, from the FE-SEM images of the SrTiO3/Ag/

Figure 1. FE-SEM images and histogram of (a) SrTiO3, (b) SrTiO3/Ag, (c) SrTiO3/rGO, and (d) SrTiO3/Ag/rGO composites.
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rGO composite (Figure 1d), most of the stratiform rGO
covered with numerous SrTiO3/Ag can be observed because
SrTiO3/Ag particles are densely populated in the composite.
The presence of a clear sphere-like structure can be evidenced
by the successful synthesis of SrTiO3/Ag/rGO composite by
the ultrasonic method. As a result, the morphology of SrTiO3
is changed by adding Ag and rGO. Figure S1 indicates the EDS
analysis and percentage of elements of pure SrTiO3, SrTiO3/
Ag, SrTiO3/rGO, and SrTiO3/Ag/rGO composite. The
elementary composition of all samples is pure because no
other signals were obtained in the EDS analysis. A typical TEM
image of SrTiO3/Ag/rGO composites at two different
magnifications are shown in Figure 2. As can be seen in
Figure 2, the Ag and SrTiO3 spherical particles are spread over
the rGO sheet.

Figure 3 displays the powder XRD patterns of the SrTiO3,
SrTiO3/Ag, SrTiO3/rGO, and SrTiO3/Ag/rGO composites.

According to the XRD findings, the distinctive peaks appeared
at the plane (100), (110), (111), (211)s and (310) correspond
to 2θ values 19.70, 32.30, 39.90, 58.10, and 72.10, respectively,
which indicate the cubic phase of pristine SrTiO3.

17 The XRD
pattern showed that the whole SrTiO3/Ag, SrTiO3/rGO, and
SrTiO3/Ag/rGO composites correspond exactly to the
diffraction peak values of pure SrTiO3. Additionally, the
characteristic peaks of Ag and rGO were not observed in the
SrTiO3/Ag and SrTiO3/rGO composites, respectively, due to
not influencing the crystal structure of pure SrTiO3 and low
concentration of Ag and rGO beyond the detection limit by
the diffractometer. Furthermore, the intensity peak of (110)
for the SrTiO3/Ag/rGO composite was suppressed compared

to pure SrTiO3, SrTiO3/Ag, and SrTiO3/rGO composites,
which represents the high crystallinity of the SrTiO3/Ag/rGO
composite than other samples. The average particle size of
ultrasonic-assisted synthesis of SrTiO3/Ag/rGO composite for
the (110) plane is found to be 14.3 nm, which was calculated
using the Scherrer equation.32

3.2. FT-IR Analysis. In Figure 4a, the FT-IR spectra of pure
SrTiO3, SrTiO3/Ag, SrTiO3/rGO, and SrTiO3/Ag/rGO
composites are displayed. For SrTiO3, an absorption peak
appeared at 563 and 853 cm−1, which corresponded to the Ti−
O−Ti stretching vibration of the Sr−O bond. The C−H
bending vibration is thought to be the cause of the absorption
peak at 1471 cm−1.33,34 The two bands that appeared at 1645
and 3437 cm−1 was due to C�C stretching vibration and
bending vibration of the O−H bond, respectively, which
confirms that some water molecule is present in the
product.35,36 563 cm−1 peaks appeared in SrTiO3/Ag,
SrTiO3/rGO, and SrTiO3/Ag/rGO composites, confirming
that SrTiO3 is present in all composites. A close look at the
pure SrTiO3 and SrTiO3/Ag FT-IR peak intensity reduced to
Ag-loaded SrTiO3, which might be a chemical interaction
between Ag and SrTiO3. In the FT-IR spectrum of SrTiO3/
rGO and SrTiO3/Ag/rGO composites compared to pure
SrTiO3, the Ti−O−Ti stretching vibration intensity appeared
weaker, which is represented by the incorporation of C atom to
form rGO into SrTiO3 and create the Ti−C bond.37

Additionally, that 1645 cm−1 peak somewhat migrated to the
1550 cm−1 wavelength, showing that the rGO sheets’ skeletal
structure had been affected. The 1381 cm−1 peak that was seen
is attributed to the rGO’s C−O stretching vibration.38 Finally,
the FT-IR spectra confirm the formation of SrTiO3/Ag/rGO
composite successfully, with the chemical bond of SrTiO3/Ag
on rGO.
3.3. Raman Spectra Results. Figure 4b shows the Raman

spectra of pure SrTiO3, SrTiO3/Ag, SrTiO3/rGO, and
SrTiO3/Ag/rGO composites. The band occurred in two
main areas about 250−500 and 600−850 cm−1, which are
connected to the first- and second-order Raman scattering
demonstrating the production of SrTiO3, respectively. Peaks
around 151, 431, 873, and 1060 cm−1 are categorized as TO3,
LO3, LO4, and A2g degrees of order−disorder, respec-
tively.39−41 Furthermore, the peaks appeared at 151 cm−1 as
well as 431 cm−1 are ascribed to first-order modes, whereas the
peaks at 873 and 1060 cm−1 have been attributed to second-
order modes. For the SrTiO3/rGO and SrTiO3/Ag/rGO
composites, two additional peaks appeared at 1359 and 1556
cm−1 corresponding to the D band and G band arising due to
in-plane sp3 defects and sp2 domine in carbon, respectively.42,43

The 431 and 873 cm−1 peaks slightly changed to 375 and 759
cm−1, respectively, which could be attributed to the interaction
between rGO and SrTiO3. The coexistence of main Raman
peaks of both SrTiO3 and rGO, as found in SrTiO3/rGO and
SrTiO3/Ag/rGO composites, further confirms the composite
formation.
3.4. UV−Visible DRS Spectra. Figures S2 and 5 show the

UV−visible DRS results of the pure SrTiO3, SrTiO3/Ag,
SrTiO3/rGO, and SrTiO3/Ag/rGO composites. According to
T−M theory (Tauc−Mott), we have calculated the bandgap
(Eg) of pure SrTiO3, SrTiO3/Ag, SrTiO3/rGO, and SrTiO3/
Ag/rGO composites as 2.33 2.19, 2.13, and 2.03 eV,
respectively. The calculated bandgap of pure SrTiO3 is well
correlated with the literature. The bandgap for pure SrTiO3
and SrTiO3/Ag/rGO composites showed a slight change from

Figure 2. TEM images of (a,b) SrTiO3/Ag/rGO composite.

Figure 3. XRD pattern of SrTiO3, SrTiO3/Ag, SrTiO3/rGOs and
SrTiO3/Ag/rGO composites.
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2.33 to 2.03 eV in the UV−visible DRS spectra; the following
consequence is accounted for the variation in the bandgap: (i)
when adding Ag, rGO in SrTiO3 which creates defects and
stress within SrTiO3 and further changed the Fermi level,
further boosts e/h pair, (ii) the inclusion of Ag particles and
rGO produces charge-transfer complexes in the SrTiO3 matrix,
which cause the reduction of bandgap, and (iii) due to changes
in morphology.37,44

3.5. Electrochemical Studies. Generally, EIS (electro-
chemical impedance spectroscopy) analysis was used to
measure the conductivity as well as the interfacial electro-
chemical characteristics of the electrode materials. EIS was
performed at a 100 mV ac potential and 5.5 kHz frequency.
Figure 6a demonstrates the Nyquist plot of bare SPCE,
SrTiO3/SPCE, SrTiO3/Ag/SPCE, SrTiO3/rGO/SPCE, and
SrTiO3/Ag/rGO/SPCE in the presence of 5 mM Fe(CN)63−/4

and 0.1 M KCl with 100 μM concentration of 4-nitrophenol.
As demonstrated in Figure 6a, the Nyquist plot of the bare
SPCE revealed a semicircle with a larger diameter than the
other modified electrode, indicating a high charge-transfer
resistance (Rct). However, the Rct values of SrTiO3/SPCE,
SrTiO3/Ag/SPCE, SrTiO3/rGO/SPCE, and SrTiO3/Ag/
rGO/SPCE significantly decrease, respectively, suggesting the
redox reaction taking place successfully at the electrode
surface. The fact that SrTiO3/Ag/rGO/SPCE exhibits the
shortest semicircle when compared to other modified electro-
des suggests that the integration of rGO and Ag can alter the

electrical properties of a SrTiO3. The smaller Rct values were
observed for the SrTiO3/Ag/rGO composite because of the
diffusion control reaction occurred at the electrode−electrolyte
interface, transfer efficiency, electronic conductivity, and large
surface area.44−47 Therefore, the SrTiO3/Ag/rGO composite
provides excellent electrochemical activity compared to other
samples.
Cyclic voltammetry (CV) analysis was performed in the

presence of PBS (pH 7.0) using a scan rate of 50 mV s−1 with a
concentration of 4-nitrophenol of 100 M. The electrochemical
characteristics of SrTiO3/SPCE, SrTiO3/Ag/SPCE, SrTiO3/
rGO/SPCE, and SrTiO3/rGO/SPCE as well as bare SPCE
have been examined using CV analysis. Figure 6b exhibits the
CV reduction peak current signals of 4-nitrophenol at bare
SPCE, SrTiO3/SPCE, SrTiO3/Ag/SPCE, SrTiO3/rGO/SPCE,
as well as SrTiO3/Ag/rGO/SPCE; results could be observed
that SrTiO3/Ag/rGO/SPCE exhibit the cathodic peak current
signals that illustrate the synergistic effect for 4-nitrophenol
detection. The bare SPCE surface’s poor adsorption
capabilities and the CV analysis for the bare SPCE revealed
the lowest reduction peak for the 4-nitrophenol reduction. For
the other modified electrode, a reduction peak is observed
between −0.8 and −1.2 V, and no oxidation peak is observed
in the reverse scan, representing that 4-nitrophenol undergoes
an irreversible reduction process on the modified electrode.
Fascinatingly, SrTiO3/SPCE has shown a reduction peak
current of −21.3 μA, SrTiO3/Ag/SPCE has shown a reduction
peak current of −50.8 μA, SrTiO3/rGO/SPCE has shown a
reduction peak current of −54.4 μA, and SrTiO3/Ag/rGO/
SPCE shows a high peak current of −66.5 μA in the presence
or absence of 100 μM 4-nitrophenol with a slight potential
shift. The increased current response owing to excellent
electronic characteristics, high active surface area, good
conductivity ability, and π interaction between rGO and
SrTiO3 in SrTiO3/Ag/rGO/SPCE among other modified
electrodes was used for further investigation. The CVs of
various concentrations (2, 4, 5, 6, and 8 μL) of the SrTiO3/
Ag/rGO composite solution are shown in Figure 6c. The
reduction peak current response rises synchronously as the
concentration of SrTiO3/Ag/rGO/SPCE increases. However,
6−8 μL concentration of the composite’s current response is
shown to somewhat drop, which may be due to the thick layer
of SrTiO3/Ag/rGO with a greater volume produced on the
SPCE, which may have prevented the diffusion of 4-

Figure 4. (a) FT-IR spectra and (b) Raman spectra of SrTiO3, SrTiO3/Ag, SrTiO3/rGO, and SrTiO3/Ag/rGO composites.

Figure 5. UV−visible DRS spectra of the SrTiO3/Ag/rGO composite.
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nitrophenol, which might be the cause of the drop of current.
Therefore, a 5 μL concentration of SrTiO3/Ag/rGO was
chosen for the following studies.
3.5.1. Effect of Scan Rate and Electrolyte pH on 4-

Nitrophenol Reduction. For practical application, some
criteria including concentration, the impact of pH, scan rate,
and the presence of interfering chemicals are influencing the
electrochemical analysis. By measuring CV at various scan rates
(10−200 mV s−1) while using a 100 M concentration of 4-
nitrophenol in PBS (pH 7.0), it is possible to determine the
effect of scan rate upon the electrochemical determination of
4-nitrophenol, as shown in Figure 7a. Scan rate test was
conducted to determine whether the electrode’s reactivity was
regulated by diffusion or was surface-controlled. In this work,
the cathodic peak current for 4-nitrophenol detection gradually
increases with an increase in scan rate from 10 to 200 mV s−1

along with a slight change in the maximum potential toward
the positive direction, which describes the involvement of
protons while the reaction as well as the irreversible behavior
occurs at the electrode, respectively. The linearity plot based
on various scan rates is shown in Figure 7b using the regression
equation with a correlation coefficient of y = −0.2468x −
42.882 and R2 = 0.9932. The adsorption process used in the
electrochemical reduction process by the SrTiO3/Ag/rGO/
SPCE-modified electrode was shown by the aforementioned
results.
The CV measurements taken using the pH range between

3.0 and 11.0 are shown in Figure S3a, and each pH value,
potential, and its related histogram are displayed in Figure S3b,
and were carried out to achieve the highest possible efficiency
of the electrochemical sensor used for detection of 4-
nitrophenol. When it comes to 4-nitrophenol, the reduction

peak current progressively increases from pH 3.0 to pH 7.0;
however, the peak current abruptly reduced after pH 7. From
the results, pH 7.0 was considered the optimal pH for all
electrochemical analyses for this work. The decrease of
reduction peak current could be explained based on the
reduction mechanism, which involves proton transfer,48,49 as
described in Scheme 2. During the electrochemical detection
of 4-nitrophenol, reduction occurs in 4-nitrophenol to p-
(hydroxyamino)-phenol when direct reduction occurs when
the four-electron and four-proton transfer process is involved
due to the H+ ion concentration which participates in the
electrochemical reduction mechanism,50 while increasing pH >
7, the shift of the cathodic peak potential is negative and
decreases peak current because of increasing OH− ion
concentration; as a result, electrochemical regulation occurs
between 4-nitrophenol and SrTiO3/Ag/rGO/SPCE.
3.5.2. Electrochemical Sensing Behavior of 4-Nitrophenol

on the Modified Electrode. In order to explore the analytical
performance of the SrTiO3/Ag/rGO/SPCE electrode, an LSV
analysis of 4-nitrophenol under optimized conditions was
carried out. LSV is a technique that can play an important role
in electrochemical sensors to determine the varied concen-
tration of toxic analytes with high sensitivity. Figure 7c,d show
that the LSV cathodic peak current increased without
significant change of peak potential shift with increasing 4-
nitrophenol two different concentrations from 0.1 to 1 and 100
to 1000 μM. Figure S4a,b represents the corresponding
calibration plot and provides the correlation equation of R2

= 0.9927. The limit of detection (LOD) has been calculated
using the following equation: LOD = 3Sb/S, where Sb is the
standard deviation of the first five blank values and S is the
slope value. From these data, the LOD of the modified

Figure 6. (a) EIS plot of bare SPCE, SrTiO3/SPCE, SrTiO3/Ag/SPCE, SrTiO3/rGO/SPCE, and SrTiO3/Ag/rGO/SPCE in a 0.1 M KCl solution
containing 5 mM of Fe(CN)63−/4− with 100 μM concentration of 4-nitrophenol; (b) CV plot for the bare SPCE, SrTiO3/SPCE, SrTiO3/Ag/SPCE,
SrTiO3/rGO/SPCE, and SrTiO3/Ag/rGO/SPCE in the presence of PBS (pH 7.0) and a scan rate of 50 mV s−1 with 100 μM concentration of 4-
nitrophenol; and (c) CV response of 2, 4, 5, 6, and 8 μL concentration of SrTiO3/Ag/rGO SPCE with 100 μM concentration of 4-nitrophenol.
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electrode was determined to be 0.03 μM. Furthermore, in
Table 1, a comparison of the 4-nitrophenol detection limit,
LOD, and linear range values is shown compared with the

previous and current studies. From Table 1, it is concluded
that the developed sensor based on SrTiO3/Ag/rGO/SPCE
holds a remarkably low detection limit and excellent sensitivity
toward the detection of 4-nitrophenol.
3.5.3. Repeatability, Long-Term Stability, and Test

Stability. The SrTiO3/Ag/rGO/SPCE electrode’s repeatabil-
ity, reproducibility, and stability were assessed using LSV in the
presence of a 100 M 4-nitrophenol-containing PBS (pH 7.0)
buffer. The repeatability of the SrTiO3/Ag/rGO/SPCE
electrode was performed 50 replicate measurements, and the
RSD (relative standard deviation) was obtained with a very low
value of 1.4%, indicating good repeatability (Figure 7e). The

Figure 7. (a) CV response upon a various scan rate (10−200 mV s−1) at SrTiO3/Ag/rGO/SPCE, (b) linear plot of the current vs scan rate, (c)
LSV obtained for SrTiO3/Ag/rGO/SPCE having a concentration of 4-nitrophenol from 0.1 to 1 μM, (d) LSV obtained for SrTiO3/Ag/rGO/
SPCE having a concentration of 4-nitrophenol from 100 to 1000 μM, and (e) plot of stability for repeated cycling of SrTiO3/Ag/rGO/SPCE
against the cyclic number (1−50 cycles).

Scheme 2. 4-Nitrophenol Electrochemical Reduction
Method on SrTiO3/Ag/rGO/SPCE
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SrTiO3/Ag/rGO/SPCE-modified electrode was kept in PBS at
room temperature during the stability measurements. The
stability was examined by examining its current response after
2 weeks, and the calculated RSD value of 3.1% thus exhibited
good long-term stability (Figure S4c). Furthermore, to assess
the repeatability for the SrTiO3/Ag/rGO/SPCE-modified
electrodes, five separate SrTiO3/Ag/rGO/SPCE-altered elec-
trodes were employed to electrochemically detect 4-nitro-
phenol, yielding an RSD of 4.3% (Figure S4d). Thus, the
results proved that the electrode offers excellent reproduci-
bility. Based on these results, the SrTiO3/Ag/rGO/SPCE-
modified electrode has excellent repeatability, stability, and
reproducibility, and hence, it can be preferably applied for the
sensing of 4-nitrophenol real-time electroanalytical application.
3.5.4. Selectivity Studies. Due to the potential impact of

some interfering compounds present in actual samples,
selectivity is regarded as a significant criterion in selecting a
modified sensor with practical use. The selectivity experiments
were conducted with 2-nitroaniline, dimethylaniline, Mg2+,
Cu2+, and Ca2+ substances along with 100 μM 4-nitrophenol,
which were investigated by LSV measurement. The results
showed that several inorganic ions, such as 100-fold
concentrations of Mg2+, Cu2+, and Ca2+, did not significantly
affect the detection of 100 M 4-nitrophenol and that a 50-fold
concentration of an aromatic molecule had no impact on the
detected signals of 4-nitrophenol. In the interference experi-
ment, a SrTiO3/Ag/rGO/SPCE-modified electrode was
noticed, and the interferents had no obvious influences for
the determination of 4-nitrophenol. It can be seen in the bar
diagram in Figure S5 that the peak current responses display
selectivity in the interference study. Figure S5 clearly shows
that the SrTiO3/Ag/rGO/SPCE-modified electrode has an
outstanding anti-interference ability.
3.5.5. Real Sample Analysis. Practical applications of the

SrTiO3/Ag/rGO/SPCE-modified electrode were explored in
the drinking water and river water samples by the standard
addition method using LSV. Tap water was directly applied
without any pretreatment, while the river water was filtered
using filters before use, and their pH values were adjusted to
pH 7.0. The recovery test was carried out by LSV response
using real samples spiked with 0, 5, and 10 μM 4-nitrophenol,
and the results were recorded three times for each spiked
concentration under the same condition to confirm the
practicability. As shown in Table 2, the obtained recovery
results were between 97.5 and 98.7%, and this result exhibits
that this electrochemical sensor is a reliable method to
determine 4-nitrophenol in real samples.

3.6. DFT Studies. DFT was used to investigate the Ag
incorporation effect in SrTiO3 in SrTiO3/Ag and its character-
istics. The Ag basis set’s coefficients were tuned for precision.
Since Ag enhances SrTiO3’s optical absorption qualities and
therefore creates new technological opportunities, it is an
excellent metal for doping in SrTiO3. These groundbreaking
results imply that rGO has the ability to function as the ligand
for reactive metal−oxygen (SrTiO3/Ag) radicals with new
shapes and ionic states (Figures 8 and S6).

3.6.1. Frontier Molecular Orbitals. Frontier molecular
orbitals (FMOs) are defined as the highest- and lowest-lying
occupied and empty molecular orbitals, respectively (FMO).
The electric and optical characteristics, as well as quantum
chemistry, are all significantly influenced by the FMOs. The
optical polarizability, chemical reactivity, kinetic stability, and
chemical hardness−softness of a molecule are all governed by
the energy difference between HOMO and LUMO. The rigid

Table 1. Comparison of Some Characteristics of Different Electrochemical Sensors for the Detection of 4-Nitrophenol

type of materials LOD (nM) linear range (μM) method reference

rGO-HNT-AgNPs 0.0486 0.1−363.9 DPV 51
FeOx/TiO2@mC 0.183 5−310 DPV 52
rGO 42 50−800 CV 53
ZnFe2O4/g-C3N4/GCE 0.00417 0.015−724.17 amperometry 54
γ-Fe2O3−N-rGO 0.1 0.1−100 DPV 55
multiwall carbon nanotubes−nafion/GCE 0.04 0.1−10 DPV 56
Co3O4@BVFC 0.005 0.1−140 DPV 2
rGO−HNT−AgNP/SPCE 0.0486 0.1−363.9 DPV 6
MgFe2O4/GCE 0.03 3−302 DPV 8
BSO-gCN/GCE 1 1.6−50 LSV 57
SrTiO3/Ag/rGO/SPCE 0.03 0.1−1000 LSV present work

Table 2. 4-Nitrophenol Determination in Real Samples
Using a Modified SrTiO3/Ag/rGO/SPCE Electrode

sample
spiked
(μM) found (μM)

recovery range
(%)

RSD (%)
n = 3

tap water 0 0
100 96.4 (±0.5) 97.5 3.25
150 148.8 (±1.2) 99.2 3.21

river water 0 0
100 98.7 (±0.9) 98.7 3.27
150 147.4 (±1.5) 98.3 3.21

Figure 8. Optimized 3D structure of the SrTiO3/Ag/rGO composite.
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molecules are no more polarizable compared to soft ones since
they need an abundance of energy in order to excite them. To
evaluate the energy behavior exhibited by the SrTiO3/Ag
composite (with rGO as a ligand), we ran calculations in the
gas phase. The energies of the lowest while the second-lowest
unoccupied molecular orbitals (LUMO and LUMO + 1), the
second-highest along with the highest occupied molecular
orbitals (HOMO and HOMO − 1), and the lowest as well as
the second-lowest unoccupied molecular orbitals (HOMO and
HOMO − 1) were calculated using B3LYP/LANL2DZ/6-
311++G (d, p). The HOMO − 1, HOMO, LUMO, and
LUMO + 1 orbitals of the SrTiO3/Ag/rGO composite
molecules (in the gas phase) estimated for the B3LYP/
LANL2DZ/6-311++G (d, p) levels are plotted in three
dimensions in Figure 9.
The figure clearly shows that the LUMO is notably

concentrated on the ring, in contrast to the HOMO, which
is essentially distributed across the entire molecule. Antibond-
ing types make up the majority of the possible orbitals from the
HOMO and LUMO families. The HOMO’s computed energy
levels in the gas phase are −9.39033 eV. The LUMO energy
values are −6.9444 eV, too. The molecule’s chemical stability
is shown by the energy difference between HOMO and
LUMO. The energy difference between the HOMO and
LUMO in this molecule is 2.446 eV in the gas phase (similar to
the obtained bandgap in the solid phase), respectively. The
Koopmans’ theorem and the total energies are used to
calculate the molecule’s electronic properties. The energy
difference between the compound’s (radical cation’s) energy
and that of the corresponding neutral compound yields the
ionization potential.
The nature of reactivity of the molecule and certain chemical

reactivity describe the hardness (η), chemical potential (μ),
softness(s), electrophilicity index (ω), and electronegativity
(χ) defined by HOMO and LUMO energy values for a
molecule. By applying Koopmann’s theorem to the equations
for closed-shell molecules (eqs 1−5), we may get HOMO and
LUMO.

= I A( )/2 (1)

= +I A( )/2 (2)

=S 1/ (3)

= +A I( )/2 (4)

= /22 (5)

The gas-phase values for the title molecule’s electronegative,
chemical hardness, softness, and electrophilicity index are
8.1674, 1.2229, 0.8178, and 0.9145 eV, respectively. A further
significant electrical characteristic of a molecule is its dipole
moment. For instance, the intermolecular interactions will be
greater with larger dipole moment. Table 3 also includes the

computed dipole moment values for the compounds. These
charge distributions are in accordance and confirm that
SrTiO3/Ag can be an efficient electron donor for the
electrochemical reduction of 4-nitrophenol (4-nitrophenol
acts as an electron acceptor to convert p-(hydroxyamino)-
phenol).
3.6.2. Molecular Electrostatic Potential, Total Electron

Density, and Electrostatic Potential. Molecular electrostatic
potential (MEP), electron density (ED), and electrostatic
potential (ESP) of SrTiO3/Ag (in this work, we consider rGO
as a ligand, so we run all DFT work-based metal-oxide
frameworks) are shown in Figure S5 of the current work. The

Figure 9. HOMO 1, HOMO, LUMO, and LUMO + 1 of SrTiO3/Ag have specific atomic orbitals and energies.

Table 3. Frontier Orbital Energies η, μ, S, χ, and ω of the
SrTiO3/Ag/rGO Combination Were Computed Using
B3LYP/6-31G++(d,p) Levels

parameters LANL2D2/B3LYP/6-31G++(d,p)

SCF energy (a.u) −459.9595
EHOMO (eV) −9.3903
ELUMO (eV) −6.9444
ΔEGAP (eV) 2.446
EHOMO−1 (eV) −9.99756
ELUMO+1 (eV) −6.5337
ΔEGAP (eV) 3.4639
EHOMO−2 (eV) −10.1646
ELUMO+2 (eV) −5.3355
ΔEGAP (eV) 4.5292
χ (eV) 8.1674
μ (eV) −8.1674
η (eV) 1.2229
S (eV) 0.8178
ω = μ2/2η 0.9145
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MEP, a depiction of ESP projected onto the surface of
constant ED given that an approaching electrophile would be
drawn to negative areas where the electron distribution effect is
predominant, is a valuable feature to research reactivity. In the
majority of MEP, the most positive region chose the site for
nucleophilic attack symptoms as blue, while the most negative
region preferred the location for electrophilic attack indications
as red. The significance of MEP lies in the simultaneous display
of positive, negative, and neutral ESP regions, molecular size,
and shape in terms of color grading (Figure 10). MEP is also
very helpful in the research of molecular structure with its
physiochemical property relationship. The resultant surface
shows the ESP value, molecule size, and shape all at once. Red,
blue, and green depict the regions with the most negative
potential, most positive potential, and zero ESP, respectively,
while the varied values of the ESP at the MEP surface are
shown by different hues. These maps include color codes that
range from −0.337 au (deepest red) through 0.337 au (deepest
blue), whereas blue indicates the strongest attraction and red
indicates the sharpest repulsion. Regions that are negative V(r)
are frequently connected with the only pairs of atoms that are
electronegative. According to the MEP map of the molecule
shown in the title, the positive potential regions are located
over the (Sr) atom, while the negatively charged regions are
located around the electronegative oxygen atoms. According to
these findings, the Sr atom shows the most attraction, whereas
the (O−Ti−O) atoms show the strongest repulsion. From the
DFT studies, the SrTiO3/Ag/rGO composite provides a
nucleophilic and electrophilic site, which involves a proton-
transfer reaction during electrochemical detection of 4-
nitrophenol.

4. CONCLUSIONS
To summarize, the SrTiO3/Ag/rGO composite was success-
fully prepared at a minimal temperature through an ultrasonic-
assisted technique. The ultrasonic-assisted synthesized
SrTiO3/Ag/rGO composite material possesses distinctive
properties, including spherical morphology onto rGO layers.
Composite formation and elemental presence of SrTiO3/Ag/
rGO were in agreement with spectroscopic studies as XRD,
EDAX, and Raman analysis. The SrTiO3/Ag/rGO/SPCE-
modified electrode shows an efficient electron mediator for the
electrochemical reduction of 4-nitrophenol in neutral buffer
solution due to excellent electronic characteristics, facile
electron transfers, and good conductivity ability. The LSV
approach stands out as an excellent electrochemical sensor for
practical use, and it exhibited a lower LOD value of 0.03 M
with stronger selectivity even in the chemicals that can

interfere. Moreover, the real sample analysis of tap water and
river water proved the successful practicability of the SrTiO3/
Ag/rGO/SPCE-modified sensor. Further, computational stud-
ies reveal that the HOMA and LUMO energy difference is
2.446 eV in the SrTiO3/Ag/rGO composite, and the MEP
mapping also reveals the electron donor characteristic during
the electrochemical process. As a result, the SrTiO3/Ag/rGO/
SPCE-modified electrode provides a good candidate for
analytical application.
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