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s: exploring uncharted territory in
anisotropic gold nanostructure-oligomer
composites synthesis and electrocatalytic
performance towards environmental pollutants†

Veeramani Mangala Gowri, *ab Theelada Panleam,a Jayant Giri, cdef

Nattapong Srithongkul,a Krishnamoorthy Shanmugaraj,g Amanullah Fatehmullah

and Sirikanjana Thongmee*a

The synthesis of polymer/oligomer-stabilized metal nanostructures (MNS) opens up a wide range of

possibilities, from fundamental materials science to practical applications in domains such as medicine,

catalysis, sensing, and energy. Because of the versatility of this synthetic approach, it is a dynamic and

ever-changing field of study. These polymers/oligomers have precise control over the nucleation and

growth kinetics, allowing the production of mono-disperse MNS with well-defined properties. The

protective coating provided by polymers or oligomers increased the stability and colloidal dispersity of

MNS in these oligomer-MNS composites. As a result, the current research reports the electrocatalytic

reduction of nitrobenzene (NB) utilizing oligomeric aminomercaptotriazole (oligo AMTa) and oligo

(AMTa-AuNS) modified glassy carbon (GC) electrodes developed via a wet chemical technique. UV-

visible spectroscopy, Fourier-transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy

(XPS), high resolution mass spectroscopy (HR-MS), and high-resolution transmission electron

microscopy (HR-TEM) approaches were used to confirm the development of oligomer and AuNS. After

that, the GC electrode was directly linked to the oligo AMTa and oligo AMTa-AuNS by dipping them in

the appropriate solutions. Scanning electron microscopy (SEM), electrochemical impedance

spectroscopy (EIS), and cycle voltammetry (CV) were all employed to confirm the fabrication of oligo

AMTa and oligo AMTa-AuNS. Eventually, the electrochemical reduction of NB occurred using the

fabricated electrodes. The catalytic activity of oligo AMTa-AuNS has been observed to be more than that

of the other modified electrode. As an outcome, the film was employed to determine the sensitivity level

of NB, and a limit of detection (LOD) of 2.8 nM was found. The straight-forward method's practical utility

was proven by measuring NB in lake sample water.
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1. Introduction

In light of their numerous uses in catalysis, sensing, optoelec-
tronics, surface-enhanced Raman scattering (SERS), and other
elds, as well as their unique properties (optical, electric,
catalytic, biocompatible, distinct size-related electronic
behavior, and good conductivity), metal nanostructures (MNS)
have drawn a lot of focus recently.1–3 Because of their mechan-
ical strength, electrical conductivity, and corrosion stability,
conducting polymer/oligomer applications have garnered
considerable attention during the last three decades. They have
found widespread application in optoelectronics, solar cells,
light-emitting diodes, articial muscle, super capacitors,
corrosion protection, and biosensors.3–8 Researchers are now
enthusiastic about the study of polymers/oligomers incorpo-
rating MNS. The combination of conducting polymers/
oligomers and MNS is predicted to improve catalytic activity.3–8
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chemical methods were mostly used for developing MNS-
conducting polymers/oligomers composites in general.3–8

Several studies have explored methods for synthesizing gold
nanostructures (AuNS) using oligomers and polymers,
including uoroalkyl end-capped oligomers, block copolymers,
and biopolymers, for enhanced stability and functionality.
Techniques such as sonochemical synthesis, self-assembly,
interfacial polymerization, and template-free approaches have
enabled the development of diverse nanostructures, including
core–shell and yolk–shell composites. There are few publica-
tions in AuNS conducting oligomers, such as Sawada et al., who
synthesized gold nanoparticles (AuNPs) utilizing uoroalkyl
end-capped oligomers.9 Schubert and coworkers revealed the
use of poly(ethylene oxide)-block-poly(a-caprolactone) copoly-
mers to produce stable AuNPs.10 By using a sonochemical
technique, Atobe and colleagues synthesized poly(pyrrole)-
AuNPs nanocomposites.11 Self-assembly was used to produce
end-capped oligomers, which were then used to synthesize
uorinated oligomeric nanocomposites.12 Cooper and
coworkers developed poly(acrylic acid) and poly(methacrylic
acid) stabilized AuNPs in aqueous media in a single-step
process.13 Pradeep and coworkers described the chemical
synthesis of an oligoaniline-capped gold nanostructure (AuNS)
with HAuCl4 as an oxidant.4 To stabilize the AuNPs, biopoly-
mers (a,u-dithiol poly(N-isopropylacrylamide)) and poly(-
ethylene glycol) were utilized.14 Kannan and John developed
gold-5-amino-2-mercapto-1,3,4-thiadiazole core–shell nano-
particles and used them for the electrochemical detection of L-
cysteine.15 Taniguchi and co-workers used potassium persulfate
as an initiator for producing poly[2-(N,N0-dimethyl amino)ethyl
methacrylate] core–shell AuNPs.16 Efficient interfacial poly-
merization was used to develop a core–shell composite with
polypyrrole (PPy) covering on Au nanorods which exhibits good
photostability and high two-photon photothermal efficiency.17

Hou et al. described how to ne-tune the LSPR response of the
GNR–PANI core–shell nanoparticles by covering the PANI
nanoshells in a thickness-controlled manner.18 In contrast to
the widely employed sacricial template approach, the recom-
mended sacricial template-free procedure develops PANI–Au
yolk–shell nanostructures.19 Yang et al. reported gold nano-
particle–graphene nanohybrids (Au–GR) and 3-amino-5-
mercapto-1,2,4-triazole-functionalized multiwall carbon nano-
tubes (MWCNT–SH) were synthesized. A novel hybrid material,
MWCNT–SH@Au–GR, was formed through the interaction
between the gold nanoparticles in the two-dimensional (2D)
Au–GR and the SH groups in the one-dimensional (1D)
MWCNT–SH.20 In accordance with our goal of developing reli-
able and effective sensing platforms, this study adopted and
followed Pradeep and colleagues'4 description of the chemical
synthesis of an oligoaniline-capped AuNS using HAuCl4 as an
oxidant, enabling the synthesis of anisotropic AuNS specically
designed for electrocatalytic detection of environmental
pollutants.

Considering that nitrobenzene (NB) is used extensively in
industrial processes and that it is toxic, carcinogenic, and
persistent in the environment, posing serious risks to ecosys-
tems and human health, its measurement is essential. For the
© 2024 The Author(s). Published by the Royal Society of Chemistry
purpose of evaluating pollution, maintaining regulatory
compliance, and averting hazardous exposure, NB level moni-
toring is crucial.21–23 Compared to more conventional chemical
and analytical procedures like spectrophotometry or
chromatography,24–26 electrochemical methods27–32 provide
a number of advantages. This method is extremely sensitive,
detecting trace amounts of NB with rapid response times and
low detection limits. This method is also inexpensive, require
little sample preparation, and can be used with portable sensors
for in-place and real-time monitoring. Furthermore, electro-
chemical techniques are adaptable, allowing for the simulta-
neous detection of multiple pollutants and the use of tailored
electrode materials to enhance selectivity and sensitivity,
making them an excellent choice for NB determination in
a variety of environmental and industrial circumstances.27–32

Establishing oligomer and anisotropic oligomer-capped gold
nanostructures (AuNS) with 3-amino-5-mercapto-1,2,4-triazole
(AMTa) as a monomer is the purpose of this investigation.
The developed oligo AMTa and oligo AMTa-AuNS were subse-
quently investigated on glassy carbon (GC) electrodes for their
electrocatalytic performance of NB reduction. We chose AMTa
as a monomer because its electropolymerized lm has excep-
tional electrocatalytic characteristics, as revealed in our lab
publication.33 There are no reports are available for the prepa-
ration of oligomer capped AuNS using AMTa as monomer. Both
reduction of metal ion and oxidation of monomer taking place
simultaneously. In this preparation, AMTa can act as both
reducing agent as well as capping agent. HAuCl4 was act as
oxidizing agent which oxidizes the monomer to oligomer. The
prepared oligo AMTa-AuNS were highly stable for several
months. The main advantage of the work is to prepare the
anisotropic oligo AMTa-AuNS without the aid of any template or
shape directing agent like polyvinylpyrrolidone (PVP) and
cetyltrimethylammonium bromide (CTAB). Here, the monomer
was acting as templating agent. Through Michael's nucleophilic
addition reaction,27,32,34 the oligo AMTa and oligo AMTa-AuNS
were assembled on the GC electrode by simple immersion
without the need for any linker. UV-visible spectroscopy and
HR-TEM studies were used to characterize the development of
anisotropic AuNS. The fabricated electrode was subsequently
effectively utilized for NB monitoring. An assessment of the NB
concentration in a lake water sample demonstrated the prac-
tical implications of the oligo AMTa-AuNS modied electrode.
2. Experimental
2.1. Materials and methods

Citric acid (CA), 3-amino-5-mercapto-1,2,4-triazole (AMTa), N-
methyl-2-pyrrolidone (NMP), sodium dihydrogen phosphate
dihydrate (NaH2PO4$2H2O) and disodium hydrogen phosphate
dihydrate (Na2HPO4$2H2O) were purchased from Merck, India
and were used as received. Glassy carbon (GC) plates were
purchased from Alfa-Aesar. Na2HPO4 and Na2H2PO4 were used
to prepare phosphate buffer (PB) solution (pH 7.2). Double
distilled (DD) water was used to prepare the solutions used in
the present work.
RSC Adv., 2024, 14, 40234–40246 | 40235



Scheme 1 Synthetic strategy of (A) oligo AMTa and (B) oligo AMTa-AuNS by wet chemical method.
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Absorption spectra were measured using PerkinElmer
lambda 35 and JASCO V-750 UV-visible spectrophotometer. XPS
measurement were done by using PHI 5000 VERSAPROBE
scanning ESCA Microscope. The FT-IR measurements were
carried out in JASCO FT-IR-460 plus model. High resolution
transmission electron microscopy (HR-TEM) images were taken
from JEOL JEM 2100 (200 kV). High resolution-mass spectros-
copy (HR-MS) were obtained on an Agilent 6530 Q-TOF-MS
(Agilent Technologies, USA). Electrochemical measurements
were carried out with CHI model 643B (Austin, TX, USA) Elec-
trochemical analyzer. The measurements were performed in
a conventional two-compartment three electrode cell with
a polished 3 mm glassy carbon electrode (GCE) as a working
electrode, a platinum wire as a counter electrode and NaCl
saturated Ag/AgCl electrode as a reference electrode. All the
electrochemical experiments were carried out under the
nitrogen atmosphere at room temperature. Scanning electron
microscope (SEM) measurements were carried at VEGA3 TES-
CAN, USA. For SEM and EDAX analysis GC plate was used as
a substrate.

2.2. Synthesis of oligo AMTa and oligo AMTa-AuNS by
chemical method

In 35 mL of DD water, 400 mL of the 0.01 M AMTa aqueous
solution was dissolved to produce the oligo AMTa. The mixture
was agitated for thirty minutes at ambient temperature.
40236 | RSC Adv., 2024, 14, 40234–40246
Following that, the reaction mixture was mixed with 500 mL of
25 mM HAuCl4. Aer an hour of stirring the reaction mixture,
a brownish-black colored solution appeared, signifying the
synthesis of oligo AMTa. Aer centrifuging the mixture at
4300 rpm, 5 mL of NMP solvent was used to dissolve the oligo
AMTa powder, which had a brownish-black appearance. Aer
several months at room temperature, the solution remained
quite stable.

Aer dissolving 25mg of citric acid in 35 mL of DD water and
keeping the mixture at 80 °C, 0.5 mL of 25 mM HAuCl4 was
added to produce the oligo AMTa-AuNS. Aer ten minutes, the
color transformed from yellow to pink. Following that, 400 mL of
0.01 M aqueous AMTa and 500 mL of 25 mM HAuCl4 were
added. The production of oligo AMTa-AuNS was demonstrated
by the emergence of a colloidal bluish-pink color solution aer
ve minutes of heating. Then, the solution was centrifuged for
4300 rpm and the obtained black color powder was dissolved in
5 mL NMP solvent. The solution was stored at room tempera-
ture and it was highly stable for several months. Scheme 1
illustrates the synthetic strategy of oligo AMTa and oligo AMTa-
AuNS by wet chemical method.

2.3. Preparation of oligo AMTa and oligo AMTa-AuNS
modied GC electrode

By direct immersion, the resulting oligo AMTa-AuNS and oligo
AMTa were modied on the surface of GC electrode. For 12
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hours, the freshly washed GC electrode was placed in the oligo
AMTa and oligo AMTa-AuNS solution (Scheme S1†). GC/oligo
AMTa-AuNS electrode was a label assigned to the electrode.
Following Michael's nucleophilic addition of the amine group
to the olenic bond in the electrode, the amine group attaches
itself to the GC electrode.27,32,34 Aer that, DD water was used to
wash the electrodes. Scheme S1† depicted how the oligo AMTa
and oligo AMTa-AuNS were attached to the GC electrode.
3. Results and discussion
3.1. Different techniques for characterization of oligo AMTa
and oligo AMTa-AuNS

Thep–p* transition of the heterocyclic triazole ring induced the
absorption band of AMTa monomer in NMP solvent to be
noticed at 317 nm (Fig. 1A). The resulting oligo AMTa's UV-
visible spectrum in NMP solvent is displayed in Fig. 1B. It
shows the sharp absorption peak at 301 nm. The absorption
peak of oligo AMTa-AuNS in NMP solvent was observed at 304,
555 and 846 nm (Fig. 1C). The p–p* transition of AMTa's
heterocyclic ring was responsible for the absorbance peak
detected at 304 nm. The results of the UV-visible spectrum
indicate that AMTa most likely serves as a stabilizing agent as
well as a reducing agent during the synthesis of AuNS. Consis-
tent peak morphologies and absorbance, which represent
Fig. 1 UV-visible spectra of (A) AMTa, (B) oligo AMTa and (C) oligo AMT

© 2024 The Author(s). Published by the Royal Society of Chemistry
prevention of aggregation, suggest stability, whereas the
distinctive surface plasmon resonance peaks of AuNPs indicate
the reducing effect. Oxidation of AMTa generates the electrons
which reduces the auric ions into ‘Au’ atoms and simulta-
neously.4 The reduced auric acid was oxidized the AMTa into
oligo AMTa. The absorption band that appeared at 555 nm is
caused by the surface plasmon resonance (SPR) band of AuNS.
The anisotropic structure of AuNS is responsible for the
absorption band at approximately 846 nm. HR-TEM (Fig. 3)
analysis provided more evidence for the anisotropic structure of
AuNS.

Also, FT-IR spectroscopy was applied to evaluate the ob-
tained oligo AMTa and oligo AMTa-AuNS powders. Fig. S1†
demonstrates the FT-IR spectra of the formed oligo AMTa and
oligo AMTa-AuNS, as well as the solid AMTa monomer. Table
S1† provides an overview of the IR bands for oligo AMTa and
oligo AMTa-AuNS as well as their assignments. In contrast to
AMTa, the oligo AMTa and oligo AMTa-AuNS demonstrate
a new peak at 1449 and 1435 cm−1, respectively (curves b and c).
Curve a show an insignicant stretching doublet for AMTa at
3298 and 3268 cm−1. Curves b and c show that these bands do
not occur for oligo AMTa and oligo AMTa-AuNS, demonstrating
that –NH2 groups are involved in the oligomerization
process.33,35 Therefore, oligo AMTa and oligo AMTa-AuNS
exhibit a stretching band at 1449 and 1435 cm−1, respectively,
a-AuNS solutions.

RSC Adv., 2024, 14, 40234–40246 | 40237
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corresponding to –N]N–,33–37 demonstrating that during olig-
omerization, –NH2 groups were converted into –N]N– groups;
in contrast, oligo AMTa did not exhibit this peak. The curve
a further show that the AMTa has a peak at 2615 cm−1, corre-
lating to the –SH group. This peak disappeared at oligo AMTa
and oligo AMTa-AuNS, indicating that S–S23,33 linkage is the
mechanism by which oligomerization occurs (curves b and c).
Beyond the peak displayed by the AMTa with greater shi, the
oligo AMTa and oligo AMTa-AuNS exhibit a peak at 1678 and
1680 cm−1 (curves b and c), respectively.33 The peaks at 1678
and 1680 cm−1 demonstrate the C]N stretching vibration. The
C–N stretching vibration is apparent by the peak that both oligo
AMTa and oligo AMTa-AuNS present at 1282 and 1296 cm−1,
respectively.33

The XPS spectra for oligo AMTa and oligo AMTa-AuNS are
displayed in Fig. S2† and 2. The AMTa molecule and Au particles
are present on the surface of oligo AMTa-AuNS, as shown by the
acquired XPS spectra. Two peaks, separated by 3.7 eV, may be
observed in the Au 4f spectrum at 87.6 and 83.9 eV. These peaks
are consistent with Au's zero valent nature and demonstrate its
4f7/2 and 4f5/2, respectively38 (Fig. 2e). The gold atom appears as
Au0 since there is no binding energy (BE) at 84.9 eV, which
corresponds to Au3+ (Fig. 2e).38,39 This suggests that nano-
structures have successfully formed. However, 84.8 eV in the case
of oligo AMTa suggests that the gold atom does not exist as Au0

(Fig. S2d†). It veries that no gold nanoparticle has been devel-
oped. At 163.8 and 167.9 eV, the S2p region of the oligo AMTa-
AuNS deconvoluted into two component peaks, which were
linked to sulfur bound to AuNS and heterocyclic sulfur, respec-
tively39 (Fig. 2d). The secondary amine nitrogen (–NH–) and
positively charged nitrogen (–N+H–) of the oligo AMTa-AuNS were
responsible for the two component peaks that were deconvoluted
into the XPS for N 1s spectra (Fig. 2b).39 These peaks were located
at 399.9 and 403.3 eV, respectively. The secondary amine nitrogen
(–NH–) and imine nitrogen (]NH) are responsible for the two
Fig. 2 XPS spectra of powder oligo AMTa-AuNS: (a) C 1s, (b) N 1s, (c) O

40238 | RSC Adv., 2024, 14, 40234–40246
component peaks at 399.9 and 396.7 eV in the oligo AMTa N 1s
spectra, respectively39 (Fig. S2b†). The O 1s spectrum of oligo
AMTa-AuNS revealed two major peaks at 531.2 and 533.2 eV, and
these are associated with hydroxyl (C–O) and carbonyl (C]O),
respectively (Fig. 2c). Two component peaks at 285.0 and
287.0 eV, which were linked to C–N and C]N, respectively,39were
identied using deconvolution of the oligo AMTa C 1s spectra
(Fig. S2a†). The C 1s spectra for oligo AMTa-AuNS were tted into
two peaks at 285.3 and 287.3 eV (Fig. 2a). At 285.3 eV, C–N was
demonstrated to be the predominant BE. The C]N is repre-
sented by the tiny peak at 287.3 eV (Fig. 2a). The chemical olig-
omerization in both scenarios proceeds via –NH and N]N, as
evidenced by the lack of BE at 284.0 eV for C–C or C]C.39

HR-TEM was utilized to analyze the morphology of the oligo
AMTa and oligo AMTa-AuNS. The resulting oligo AMTa and
oligo AMTa-AuNS powders have been dissolved in NMP solvent,
drop cast onto copper grid, and then dried for HR-TEM exam-
ination. The HR-TEM images of oligo AMTa and oligo AMTa-
AuNS at several magnications are displayed in Fig. 3. The
HR-TEM images exhibit the cloud-like structure of oligo AMTa
(Fig. 3a–c). The oligomeric network was also seen in the back
ground of the TEM image. The HR-TEM image reveals that
AuNS are in pyramid, boat, rod, triangular, pentagonal and
hexagonal shapes (Fig. 3d–f). Fig. S3† shows the SAED pattern of
the oligo AMTa and oligo AMTa-AuNS. The SAED pattern oligo
AMTa indicates the crystalline nature of the oligo AMTa
(Fig. S3a†). Fig. S3b† displays the crystallinity nature of oligo
AMTa-AuNS as demonstrated by its SAED pattern. The crystal-
linity nature increases from oligo AMTa to oligo AMTa-AuNS
was also seen in the SAED pattern. This is due to the exis-
tence of metal nanostructure on the surface of the oligo AMTa
which increase the crystalline nature of the oligomer.

To achieve optimized and controlled growth of anisotropic
AuNS, the study varied the concentration of the monomer AMTa
and the reaction temperature. Initially, AMTa concentrations of
1s, (d) S 2p and (e) Au 4f regions.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 TEM images of oligo AMTa (a–c) and oligo AMTa-AuNS (d–f).

Paper RSC Advances
500 mL, 1 mL, and 2 mL were tested at a constant synthesis
temperature of 80 °C. HR-TEM images showed that using 500
mL of AMTa at 80 °C produced AuNS with distinct and controlled
shapes, such as pyramidal, triangular, rod, spherical, boat, and
hexagonal forms (Fig. 4a–i). This concentration appeared to
support balanced and directed growth along certain crystallo-
graphic axes, likely due to an optimal interaction between AMTa
and the gold surface that favours anisotropic shapes. However,
at higher AMTa concentrations (1 mL and 2 mL), the images
(Fig. 5a–d) revealed irregular and uncontrolled growth,
producing undened structures. The higher concentrations
may lead to excessive nucleation and random deposition,
resulting in uneven shapes due to the saturation of binding
sites on the nanostructures' surface, which disrupts controlled
anisotropic growth.

The study also explored the effects of reaction temperature
by adjusting it to 60 °C, 80 °C, and 100 °C while keeping the
AMTa concentration constant at 500 mL. The optimized
temperature of 80 °C yielded controlled anisotropic shapes, but
deviations from this temperature produced uneven, irregular
structures (Fig. 5e–h). At 60 °C, lower reaction kinetics may
hinder directed growth, causing incomplete and less dened
structures, while at 100 °C, faster reaction rates likely lead to
rapid, random growth, also resulting in poorly dened shapes.
Additionally, a control experiment synthesizing pure gold
nanoparticles (AuNPs) without AMTa conrmed that, in the
absence of AMTa, gold naturally forms spherical particles, as
shown in Fig. 5i and j. This result highlights the critical role of
AMTa in promoting anisotropic growth by selectively binding to
certain facets of gold, particularly under the optimized
© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions of 500 mL AMTa at 80 °C. Thus, the results empha-
size that both monomer concentration and reaction tempera-
ture signicantly inuence the controlled growth of anisotropic
AuNS, with the optimal conditions being crucial to achieving
the desired shapes and stability.4,9–20 The controlled growth of
anisotropic AuNS is achieved by optimizing the monomer
(AMTa) concentration and reaction temperature. At 500 mL
AMTa and 80 °C, HR-TEM reveals well-dened pyramidal,
triangular, and hexagonal shapes due to balanced interactions
guiding anisotropic growth. Higher AMTa concentrations or
non-optimal temperatures disrupt this control, leading to
irregular structures, while the absence of AMTa results in
spherical particles, emphasizing its critical role.

Furthermore, HR-MS was employed to investigate the
resulting oligo AMTa and oligo AMTa-AuNS. The HR-MS of oligo
AMTa and oligo AMTa-AuNS is displayed in Fig. 6. The
measured m/z peaks range from 285 to 1420, which are indic-
ative of distinct molecular ion species. molecular mass of AMTa
monomer (m/z = 116) was absent in the HR-MS spectrum sug-
gesting that AMTa may be converted to oligomer or polymer.
Fig. 6a shows the HR-MS of oligo AMTa. The peak at m/z =

564.08 corresponds to the molecular ion of ve monomers
attached in a chain indicating the formation of oligomeric
AMTa. In addition, the presence of tetrameric form of AMTa was
conrmed from the m/z peak at 435.03. The presence of m/z
peaks at 685.43 and 784.49 were corresponds to molecular ion
of four and ve monomers attached with metallic gold respec-
tively. Fig. 6b shows the HR-MS of oligo AMTa-AuNS. The peaks
observed at 581.18 and 857.23 were corresponds to molecular
ion of pentameric form and heptameric form of AMTa
RSC Adv., 2024, 14, 40234–40246 | 40239



Fig. 4 HR-TEM images for (a–c) controlled shapes of anisotropic oligo AMTa-AuNS synthesized by 500 mL AMTa addition at 80 °C reaction
temperature and (d–i) HR-TEM images of magnified view of (d) triangle, (e) rod, (f) pyramid, (g) hexagonal (h) spherical and (i) boat shaped
anisotropic oligo AMTa-AuNS.
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respectively. In addition, the presence of m/z peaks appeared at
784.49 which conrmed ve monomers was attached with
metallic gold respectively. The HR-MS spectra clearly showed
that polymeric AMTa was not formed. Scheme S2† shows the
schematic representation of oligo AMTa-AuNS.

The role of oligo AMTa in the synthesis of AuNS is crucial for
understanding their formation and subsequent applications,
particularly in electrocatalysis. AMTa serves not only as a stabi-
lizing agent but also as a shape-directing agent that inuences the
morphology of AuNPs. The unique chemical structure of AMTa,
which includes thiol groups, allows it to interact strongly with
gold surfaces.15,20 This interaction enables selective adsorption on
specic crystallographic facets of the growing nanoparticles,
leading to anisotropic growth patterns.15,20 The mechanism by
which AMTa promotes anisotropic growth can be attributed to its
ability to cap certain facets while allowing others to grow unim-
peded. The selective adsorption of AMTa modies the growth
dynamics of gold atoms during nucleation and subsequent
growth phases. As gold is deposited, the presence of AMTa creates
a kinetic barrier that hinders the addition of gold atoms to the
capped facets, allowing for a greater deposition rate on unpro-
tected facets. This differential growth rate results in a non-
40240 | RSC Adv., 2024, 14, 40234–40246
uniform particle shape, with specic orientations and geome-
tries that are characteristic of anisotropic nanoparticles.15,20

3.2. Analysis of GC substrates modied with oligo AMTa and
oligo AMTa-AuNS using SEM

SEM was used to further evaluate the modied GC plate con-
taining oligo AMTa and oligo AMTa-AuNS. The resulting oligo
AMTa and oligo AMTa-AuNS powders were dissolved in NMP
solvent for the SEM analysis, and the GC plate was cleaned and
immersed in each solution for 12 hours. The SEM pictures of
the coated oligo AMTa and oligo AMTa-AuNS on GC plates are
displayed in Fig. S4.† The SEM picture of the GC plate coated
with oligo AMTa reveals spherical particles covering the entire
region (Fig. S4a†). It was discovered that the particles were 2.6
mm in size. The morphology altered from an anisotropic to an
aggregate-like shape aer the oligo AMTa-AuNS was attached to
the GC substrate (Fig. S4b†).

3.3. Electrochemical characterization of oligo AMTa-AuNS
on GC electrode surface

The CVs obtained in 0.2 M PBS (pH 7.2) for the GC/oligo AMTa-
AuNS electrode is displayed in Fig. S5.† The reduction peak
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 HR-TEM images uncontrolled growth of anisotropic oligo AMTa-AuNS synthesized by (a and b) 1 mL AMTa at 80 °C, (c and d) 2 mL AMTa
at 80 °C, (e and f) 500 mL AMTa at 60 °C, (g and h) 500 mL AMTa at 100 °C and (i and j) pure AuNPs.
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appears at 0.42 V and the oxidation peak appears at 0.98 V on
the GC/oligo AMTa-AuNS electrode.40,41 In the PB solution, the
attachment of gold oxide develops redox peaks. To access the
electronic relationship between the GC/oligo AMTa, GC/oligo
AMTa-AuNS, and unmodied GC electrodes, a further
[Fe(CN)6]

3−/4− redox probe was employed. The CVs recorded in
0.2 M PB solution (pH 7.2) containing 1 mM K3[Fe(CN)6]/
K4[Fe(CN)6] for unmodied GC, GC/oligo AMTa, and GC/oligo
AMTa-AuNS electrodes are displayed in Fig. S6.† The unmodi-
ed GC electrode demonstrates a peak separation of
[Fe(CN)6]

3−/4− of 70 mV (curve a). With an increase in peak
current, the GC/oligo AMTa electrode demonstrates a peak
separation of 140 mV for [Fe(CN)6]

3−/4− (curve b). Nevertheless,
[Fe(CN)6]

3−/4− (curve c), the GC/oligo AMTa-AuNS electrode
improved both the peak current and peak separation, by
185 mV. This indicates that the oligo AMTa and oligo AMTa-
AuNS enhanced the redox probe's electron transport. This
result conrmed by the successful attachment of the oligo
AMTa and oligo AMTa-AuNS on GC electrode surface.

The electroactive surface area (EAS) for the unmodied GC,
GC/oligo AMTa, and GC/oligo AMTa-AuNS electrodes were
determined using the Anson equation.42,43 The EAS for
unmodied GC, GC/oligo AMTa and GC/oligo AMTa-AuNS
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrodes were appeared at 0.06, 0.23, and 0.55 cm2, respec-
tively. The discrepancy in EAS was ascribed to the varied shape
of oligo AMTa-AuNS composites resulting from the direct
immersion. The surface area of the oligo AMTa-AuNS modied
electrode was 9.2 and 2.4 times greater than unmodied GC and
GC/oligo AMTa electrodes, respectively. Among the various
modied electrodes, oligo AMTa-AuNS modied electrode
outperforms than other electrodes in terms of EAS.

3.4. Characterization of oligo AMTa-AuNS modied GC
electrode by EIS

Further, electrochemical impedance spectroscopy (EIS) was
used to characterize the resulting GC/oligo AMTa, GC/oligo
AMTa-AuNS electrodes. The Nyquist plots for unmodied GC,
GC/oligo AMTa and GC/oligo AMTa-AuNS electrodes in 0.2 M PB
solution (pH 7.2) containing 1 mM K3/K4[Fe(CN)6] are shown in
Fig. 7. The charge transfer resistance (RCT) values of 18, 10 and 4
kUwere found for unmodied GC, GC/oligo AMTa and GC/oligo
AMTa-AuNS electrodes, respectively. Using the previously re-
ported equation,43,44 the electron transfer rate constant (ket)
value for unmodied GC was 2.09, 3.65 for GC/oligo AMTa and
8.36 × 10−4 cm2 for GC/oligo AMTa-AuNS electrode. The
acquired ket values demonstrated that the electron transfer
RSC Adv., 2024, 14, 40234–40246 | 40241



Fig. 6 HR-MS of (a) oligo AMTa and (b) oligo AMTa-AuNS.
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reaction of composite modied electrode was easier than that of
other modied electrodes.
3.5. NB reduction using GC/oligo AMTa-AuNS electrode

Utilizing unmodied GC, GC/oligo AMTa, GC/AuNPs and GC/
oligo AMTa-AuNS composite electrodes in 0.2 M PBS (pH 7.2)
(Fig. 8), 0.5 mM NB was reduced. For the unmodied GC elec-
trode, the reduction peak was found at −0.70 V in the scruti-
nized potential range (curve b). The electrocatalytic activity of
gold nanoparticles (AuNPs) without an oligomer was also
Fig. 7 A Nyquist plot for (a) unmodified GC, (b) GC/oligo AMTa, and (c)
GC/oligo AMTa-AuNS electrodes in 1 mM K3[Fe(CN)6]/K4[Fe(CN)6]
containing 0.2 M PB solution (pH 7.2) at scanning frequencies from
0.01 to 100 000 Hz.

40242 | RSC Adv., 2024, 14, 40234–40246
investigated for the comparison study. In contrast, the GC/oligo
AMTa, GC/AuNPs and GC/oligo AMTa-AuNS electrodes
demonstrate a substantial reduction in the peak at−0.62,−0.63
and−0.65 V, respectively, when 0.5 mMNB is present (curves c–
e). Curve a demonstrates that there is no peak in the scrutinized
potential range, indicating the absence of 0.5 mM NB at the GC/
oligo AMTa-AuNS electrode. There is a 30 mV reduction
potential shi was observed between GC/oligo AMTa and GC/
oligo AMTa-AuNS electrode, which indicates the reduction
reaction is more facile in GC/oligo AMTa electrode. The
unmodied GC, GC/oligo AMTa, GC/AuNPs and GC/oligo
AMTa-AuNS electrodes exhibit a reduction current for NB at
−11, −40, −58 and −84 mA, respectively. The reduction current
for the NB in the oligo AMTa-AuNS modied electrode was 7.6,
2.1 and 1.4-fold greater than unmodied GC, GC/oligo AMTa
and GC/AuNPs electrodes, respectively. Its larger EAS value may
have contributed to the GC/oligo AMTa-AuNS electrode's greater
reduction current than the other modied electrodes.

The electrocatalytic properties of AuNS are markedly
enhanced due to their unique morphology, which increases the
effective surface area and exposes a greater number of active
sites for catalytic reactions.4,9–20 AuNS oen exhibit improved
catalytic activity compared to their isotropic counterparts,
owing to the high-index facets present in these structures,
which can provide more favorable adsorption sites for
reactants.4,9–20 This enhanced surface reactivity can signicantly
improve the kinetics of electrochemical reactions, such as the
reduction of NB.32 Furthermore, the anisotropic shapes can
facilitate charge transfer processes, leading to faster electron
transfer rates during reactions.32
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 CVs obtained for (a) GC/oligo AMTa-AuNS electrode in the
absence of NB and (b) unmodified GC, (c) GC/oligo AMTa, (d) GC/
AuNPs and (e) GC/oligo AMTa-AuNS electrodes (solid line: first cycle
and dotted line: after five cycle) in the presence of 0.5 mM NB con-
taining 0.2 M PB solution (pH 7.2) at a scan rate of 50 mV s−1.

Fig. 9 DPVs obtained for each increment (curves b–o) of 100 nM NB
at GC/oligo AMTa-AuNS electrode in 0.2 M PB solution (pH 7.2). (a)
GC/oligo AMTa-AuNS electrode in the absence of NB. (Inset): Plot of
current vs. concentration of NB.
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NB reduction was accomplished by a diffusion-controlled
method. This is supported by the accomplished linear plot of
current vs. square root of NB concentration (Fig. S7†). Further-
more, a more substantial increase in the current of NB was re-
ported in pH 7 when the pH was adjusted from 3 to 11.
Consequently, NB was determined at a pH of 7.2, which is quite
near to 7.0 (Fig. S8†).
3.6. Sensitive and selective determination of NB

NB was detected by differential pulse voltammetry (DPV) in
a sensitive and selective manner. In 0.2 M PBS pH 7.2, Fig. 9
displays the DPVs of the stepwise addition of NB at the GC/oligo
AMTa-AuNS electrode. When 100 nM NB was administered,
a NB peak was seen at −0.60 V (curve b). Progressively the
concentration of NB raised from 200 to 1400 nM (curves c–o),
and the reduction current raised further while the reduction
potential remained constant (a linear plot of NB reduction
current versus concentration was obtained with R2 = 0.9978)
(Fig. 9: inset). Furthermore, the GC/oligo AMTa-AuNS electrode
was employed to introduce NB in concentrations ranging from
50 nM to 1 mM for wide-range detection (Fig. S9†). The NB
current increases steadily as concentration increases (R2 =

0.9983; Fig. S9:† inset), with a limit of detection (LOD) of 2.8 nM
(S/N = 3). The current modied electrode's performance was
compared to that of previously published polymer and metal
nanomaterials and composite modied electrodes (Table S2†).
The sensitivity of the GC/oligo AMTa-AuNS electrode proved to
be greater than that of sensors based on other polymer and
metal nanoparticles materials.41,45–53
© 2024 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the selective detection of 5 mM NB containing
the primary interferences was examined at the GC/oligo AMTa-
AuNS electrode (Fig. S10†). When 100 mM aniline, benzene and
different phenolic compounds are administered, the electro-
chemical response of NB remains unaltered. The electro-
chemical activity of NB was unaltered when 700 mM sodium,
copper, chloride and nitrate ions were introduced into the same
solution. These ndings suggest that the GC/oligo AMTa-AuNS
electrode is suitable to monitor NB in a sensitive and selective
manner.
3.7. Stability and practical application

The GC/oligo AMTa-AuNS electrode's practical applicability was
proved by measuring NB in lake water (Fig. S11†). Before
starting the experiment, the lake water was diluted 14 times
with 0.2 M PBS (pH 7.2). The GC/oligo AMTa-AuNS electrode
showed no electrochemical signal for lake water (curve a).
However, adding 100 nM NB to the real sample solution, on the
other hand, results in a peak potential at −0.63 V (curve b).
Table S3,† demonstrates that raising the amount of NB in lake
water improved the reduction current, leading to a successful
recovery.

Moreover, the GC/oligo AMTa-AuNS electrode's durability
was evaluated by measuring the DPV of 100 nM NB at 20
minutes intervals. The NB peak at−0.63 V retains identical aer
eight consecutive measurements, with a relative standard
deviation (RSD) of 1.3% (0.07%), demonstrating that the fabri-
cated electrode is stable. All of these results conrm the GC/
oligo AMTa-AuNS electrode's long-term storage stability.
Furthermore, the reduction current was measured using ve
RSC Adv., 2024, 14, 40234–40246 | 40243
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different GC/oligo AMTa-AuNS electrodes. The modied elec-
trode has an RSD of 1.4% (0.05%), indicating that it is excep-
tionally long-lasting and repeatable.
4. Conclusions

This study demonstrated an affordable and easily reproducible
method for template free preparation of oligomer capped AuNS
and preparing a GC electrode with oligoAMTa-AuNS for sensi-
tive NB detection. The oligo AMTa and oligo AMTa-AuNS were
synthesized chemically and studied using UV-visible spectros-
copy, FT-IR, HR-MS, and XPS. Images obtained by HR-TEM
depict the evolution of anisotropic oligo AMTa-AuNS struc-
tures. The oligo AMTa-AuNS was then coated on a GC surface
and evaluated using SEM CV, and EIS investigations. The
fabricated electrode was later employed to efficiently measure
NB in neutral medium. Furthermore, in contrast to the
unmodied and GC/oligo AMTa electrodes, the GC/oligo AMTa-
AuNS electrode demonstrated a greater reduction current of NB.
The lm was employed to determine the sensitivity level of NB,
and the LOD of 2.8 nM (S/N = 3) was found. A sample of lake
water was successfully tested for an NB analysis using the
fabricated electrode that is presently in use.
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