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This study explores the development of novel gold nanoparticle (AuNP) and multi-walled carbon nanotube
(MWCNT) nanocomposites for methylene blue (MB) dye detection, leveraging both green (Augm) and
chemical (Auchm) synthesis methods. A thorough analysis of the nanomaterials synthesized using green
and chemical routes was performed utilizing Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), and transmission electron microscopy (TEM), revealing particle sizes of 13.66
nm and 14.86 nm for Auchm and Aug, respectively. UV-visible spectroscopy (UV) and X-ray diffraction
(XRD) reveal crystallite sizes ranging from 536 nm to 21.26 nm. Electrochemical analysis via cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and square-wave voltammetry (SWV)
revealed distinct current responses among the synthesized materials. EASA, which is the electrochemical
active surface area of the electrodes was calculated, and the values were 0.053 cm? (AUchm/MWCNTS),
0.031 cm? (AUg/MWCNTS), 0.024 cm? (MWCNTSs), 0.006 cm? (Augn). 0.005 cm? (Auchm), and 0.002
cm? (bare). EIS showed R values in the following order: 32.20 Q < 34.02Q <36.61Q < 3.4 x 10°Q < 3.7
x 10° Q < 5.6 x 10° Q for Augn/MWCNTs, MWCNTS, Auchm/MWCNTS, Auchm, Augrm, and bare electrode,
respectively, which correlated with CV oxidation peaks in FeCN, except for the bare electrode due to the
n-value of 0.87. The oxidation current response in MB decreased in the order of 124.29 uA for MWCNTSs,
114.77 pA for Augm/MWCNTSs, 60.85 pA for Auchm/MWCNTSs, 18.96 pA for Auchm, 2.81 pA for bare, and
2.08 pA for Augm. The limits of detection (LOD) and quantification (LOQ) were determined to be 20.62
nM and 62.51 nM for Auc,m/MWCNTs and 20.23 nM and 61.30 nM for Aug,,/MWCNTSs, respectively,
indicating slightly superior sensitivity for Augn/MWCNTSs. Analysis of real-life environmental samples
demonstrated the practical applicability of the synthesized electrodes, with recovery percentages
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DOI: 10.1035/d5n200396b ranging from 90% to 107% (n = 3). These findings underscore the dependability and sensitivity of the

rsc.li/nanoscale-advances developed nanocomposites for MB detection.

Moreover, the absence of practical solutions to mitigate the
sector's environmental impacts, including resource depletion,
greenhouse gas emissions, and the release of hazardous mate-

1 Introduction

Water pollution is a world challenge. Globally, water pollution is

a significant contributor to illness and death, with approxi-
mately 80% of diseases and half of all child fatalities attributed
to contaminated water." The second largest water-polluting
industry is the textile industry, which contributes about 17-20%
and 8% towards carbon emissions.” The textile industry's
excessive water usage leads to water scarcity, and its wastewater
discharge causes severe environmental degradation, affecting
agriculture, water sources, grasslands, and aquatic ecosystems.
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rials, exacerbates environmental and human health risks.* One
of the dyes produced and used by the textile industry is meth-
ylene blue (MB) dye, MB is a synthetic dye widely used in various
industries, including textiles, the food industry (as a food
additive), cosmetics, and pharmaceuticals. While MB has some
medicinal benefits when used safely and as prescribed, its
release into the environment through untreated wastewater
poses significant health risks. Human exposure to MB can lead
to serious health problems, such as cyanosis, tissue damage,
and nausea. Additionally, MB can harm plants, inhibit growth,
and reduce pigment and protein content. The environmental
impact of MB pollution is alarming, contributing to water
scarcity and the need for effective removal methods before
industrial discharge.* MB is a complex molecule that is
resistant to degradation due to its stability against light,
temperature, and chemicals. Its hydrophilic nature and
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persistence in water contribute to significant environmental
pollution.™

Since high concentration levels of MB dye has always been
a great concern to both human health and the environment,
various analytical methods were previously employed for its
detection such as spectrophotometry (UV-vis spec),** capillary
electrophoresis (CE),’® cation exchange chromatography
coupled to electrospray ionisation tandem mass spectroscopy
(CEC-ESI-MS/MA),"” liquid chromatography (LC),"®*® and
liquid chromatography-tandem mass spectroscopy (LC-MS/
MS).>* Even though these methods have done exceptional
work for the determination of MB, they also have several
disadvantages, which include extensive labour requirements
in sample preparation, requiring highly trained personnel for
implementation, low sensitivity as a result of their complexity
level, and long processing time.** Electrochemical sensors are
some of the devices used to detect MB dye. Several challenges
impede the efficacy of sensors, including sensitivity and
selectivity issues, wherein the differentiation between target
analytes and interfering substances proves difficult, thereby
compromising sensitivity.”»** Since electrochemical sensors
are used for detecting various analytes, such as metronidazole
(MTZ), which is an antibiotic, the electrodes used play
a crucial role in determining their effectiveness. For instance,
the nitro group (-NO,) in MTZ is readily reduced at bare
electrodes like gold, glassy carbon, and carbon paste elec-
trodes. However, these bare electrodes are prone to MTZ
adsorption, leading to surface contamination by reducible
species, which compromises the feasibility, sensitivity,
detection limit, repeatability, and selectivity of the redox
reactions. To address these issues, modified electrodes
incorporating metal oxides, nanoparticles, nanocomposites,
conducting polymers, or redox mediators have been
employed, showcasing improved electrocatalytic properties,
larger surface areas, reduced interference, and enhanced
sensitivity, reproducibility, and selectivity. This highlights the
need for surface modification to achieve reliable and accurate
detection of analytes like metronidazole, similar to the chal-
lenges observed with dye in water.”**® Moreover, the accuracy
and reproducibility of these sensors can be further compro-
mised by non-specific adsorption of interfering species,
complex sample matrices, and variability in nanomaterial
synthesis, which can lead to inconsistent sensor performance
across different batches.?>?*2¢

Electrochemical sensors are advanced tools that convert
chemical reactions or the presence of specific molecules into
a measurable electrical response, enabling the detection and
quantification of target species.”” The convergence of nano-
science and nanotechnology has transformed the landscape of
electrochemical sensors, enabling the creation of nano-
materials that dramatically enhance their performance.
Leveraging the distinct properties of nanomaterials, such as
exceptional conductivity and expansive surface areas, has yiel-
ded numerous advantages, including bolstered stability,
streamlined electron transfer, augmented catalytic capabilities,
intensified signal output, efficient biomolecule immobilization,
and remarkably improved selectivity and sensitivity.”*** To
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overcome sensor-related challenges, electrochemical sensors
employ a multifaceted approach to overcome challenges related
to sensitivity, selectivity, non-specific adsorption, and matrix
effects. To enhance sensitivity and selectivity, advanced mate-
rials like MWCNTs and graphene are utilized to modify elec-
trodes, improving the electrocatalytic activity and reducing
interference. Surface functionalization with specific polymers
or ligands prevents non-specific adsorption, while multi-elec-
trode systems with varied modifications enable better discrim-
ination of target analyte signals against background noise.***”
Furthermore, advanced signal processing techniques, including
machine learning and methods like Square Wave Voltammetry
(SWV) and differential pulse voltammetry, are employed to
analyze complex data patterns and improve the detection
accuracy. The use of three-electrode systems and in situ regen-
eration of the sensor surface also contribute to minimizing
interference and maintaining sensitivity over time. By inte-
grating these strategies, electrochemical sensors can achieve
high sensitivity, selectivity, and accuracy, even in complex
matrices.>®3336-41

Bare electrodes often exhibit limited electrochemical
activity, sensitivity, stability, and reproducibility compared to
modified electrodes. To enhance the sensing performance,
modifications with metal oxides (such as Fe, W, and Ti oxides),
metal nanoparticles (Ag, Au, and Cu), and carbon-based
materials like MWCNTs and graphene have been explored.*
MWCNTs offer a large surface area, high conductivity, and
abundant active sites, making them suitable for electro-
chemical sensing applications. When combined with metal
nanoparticles or metal oxides, these nanocomposites can
exhibit improved electrocatalytic properties, stability, and
sensitivity, enabling more accurate detection of analytes.
MWCNTs exhibit outstanding properties that render them
exceptionally suitable for electrochemical sensors, particularly
in the detection of MB.**** Their unique combination of high
electronic conductivity, extensive surface area, and robust
chemical stability synergistically enhances sensitivity and
selectivity, enabling detection limits as low as 0.21 nM for MB.
Functionalization of MWCNTs with amino groups significantly
increases electrocatalytic activity, while their large surface area
facilitates increased interaction with MB molecules.®®***
Furthermore, MWCNTSs demonstrate remarkable regeneration
potential, allowing for repeated use after treatment, and
exhibit cost-effectiveness due to their relatively low production
costs compared to single-walled carbon nanotubes. The
adsorption of MB onto MWCNTs is mainly governed by elec-
trostatic attraction between the positively charged MB mole-
cules and the negatively charged functional groups on the
MWCNT surface, leading to improved adsorption efficiency
and kinetic rate. Supplementing these interactions are mech-
anisms such as m-m stacking and hydrogen bonding, which
collectively contribute to the outstanding performance of
MWCNTs in capturing MB from aqueous solutions, under-
scoring their potential for environmental monitoring and
industrial applications.***¢

Chemically synthesized gold nanoparticles (AuNPs) exhibit
several advantageous properties for electrochemical sensors,
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particularly in detecting MB dye. These properties include high
electrocatalytic activity, stability, and uniformity, which enable
improved sensitivity and response time.*** The high surface-to-
volume ratio of chemically synthesized AuNPs provides
increased binding sites for target analytes, enhancing detection
capabilities.*®* Furthermore, the physicochemical properties of
these AuNPs can be adjusted by varying synthesis conditions,
allowing for optimization in sensor applications. This control
over size and shape leads to more stable and uniform nano-
particles that reduce aggregation and maintain high
reactivity.*””** In contrast, green synthesized AuNPs offer
distinct benefits, including eco-friendliness, cost-effectiveness,
simplicity, and scalability.**** This method utilizes non-toxic,
biodegradable materials, reducing the environmental impact
and lowering production costs. Green synthesized AuNPs also
exhibit enhanced biocompatibility, making them suitable for
biomedical applications. Moreover, the electron transfer rate of
green synthesized AuNPs is significantly enhanced, facilitating
rapid electron transfer between the electrode and analyte. This
improvement is attributed to increased conductivity, electro-
catalytic activity, and lower charge transfer resistance.”*>*

Regardless of the synthesis method, AuNPs possess unique
properties that make them ideal for electrochemical sensors.
Their high surface-to-volume ratio contributes to increased
reactivity, sensitivity, and optimal functionalization.®*>* The
localized surface plasmon resonance (LSPR) effect, resulting
from this ratio, enables efficient signal transduction mecha-
nisms. Additionally, AuNPs exhibit excellent electrocatalytic
activity, improving sensitivity in detecting analytes like MB,
with limits of detection as low as 2.935 pM, as reported earlier.
They also facilitate faster electron transfer, leading to increased
reaction rates for redox processes, and amplify the current
response in electrochemical measurements. Overall, the inte-
gration of AuNPs in electrochemical sensors offers a promising
approach for enhancing the sensitivity, selectivity, and stability
in various applications.>**°

The integration of AuNPs and MWCNTs in electrochemical
sensors yields composites with enhanced electrocatalytic
performance, electron transfer capabilities, and stability.***
The synergistic effect of AuNPs decorating MWCNTS increases
the electroactive surface area, leading to improved electron
transfer rates and overall sensor sensitivity. This combination
also promotes covalent bonding between AuNPs and MWCNTSs,
strengthening the composite structure and reducing the likeli-
hood of MWCNT aggregation and degradation. The binding
between AuNPs and MWCNTs is facilitated through multiple
mechanisms, including covalent bonding via thiol groups,
electrostatic interactions between charged functional groups,
and -7 stacking interactions between the aromatic structures
of MWCNTs and the surface of AuNPs. These mechanisms
collectively create a robust interface between AuNPs and
MWCNTs, enhancing their performance in electrochemical
sensors. The resulting AuNP/MWCNT composites exhibit
improved sensitivity, mechanical strength, and electrochemical
properties, making them suitable for sensing
applications.®**® The increased surface area and electroactive
sites enable better detection of analytes, while the stability and

various
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adaptability of the composites ensure consistent performance
in complex environments.%>%*¢”

This research paper offers a novel contribution to the field of
nanotechnology and environmental sensing by providing
a comprehensive comparison of the properties and perfor-
mance of Au/MWCNT nanocomposites synthesized via chem-
ical and green routes. The study's focus is on synthesizing Au/
MWCNTs using green and chemical synthesis routes, charac-
terizing the nanomaterials by UV-vis spec, FTIR, XRD, SEM, and
TEM analyses, and determining their electrochemical proper-
ties using CV, EIS, and SWV. Green and chemically synthesis
routes for Au/MWCNTs are compared, and their electro-
chemical properties in river water for monitoring MB dye are
compared. Using these nanocomposites addresses a critical
environmental issue, while the benchmarking of the sensors
against existing literature provides a nuanced understanding of
their potential for real-life applications. Moreover, the investi-
gation of green synthesis routes as a viable alternative to
traditional chemical methods adds a new dimension to the
field, highlighting the possibility of developing environmentally
friendly sensing materials that can mitigate the impact of toxic
dyes on aquatic ecosystems.

2 Methods and materials
2.1 Chemicals

Sodium phosphate monobasic NaH,PO, (99%) and sodium
phosphate dibasic Na,HPO, (99%), purchased from LABCHEM
and GlassWorld located in Johannesburg, South Africa for the
preparation of phosphate buffer solution, gold(i) chloride tri-
hydrate (99.9%) (HAuCl,-3H,0), aluminium oxide (Al,O;),
sodium hydroxide (NaOH) (98%), potassium hex-
acyanoferrate(m) (K;[Fe(CN)¢]) (99%) and potassium hex-
acyanoferrate(iv) (K,[Fe(CN)6]) (99%) for ferrocyanide solution,
hydrochloric acid (HCI) (32%), trisodium citrate dihydrate
(Na,CeH505-2H,0), methylene blue dye (C;6H;3CIN;S) (analyt-
ical-grade form), N,N-dimethylformamide (C;H7NO) (USA)
(99%), nitric acid (32%) (HNOj;), potassium chloride (99%)
(KCl), sodium borohydride (NaBH,) (95%), and multi-walled
carbon nanotubes (MWCNTs) obtained from Merck Pty Ltd
(Darmstadt, Germany).

2.2 Equipment

Characterization and analysis were carried out using various
equipment, including an X-ray diffractometer (Bruker DS,
Karlsruhe, Germany) for examining the crystalline structure
over a 26 Bragg's range of 0-90°. A Quanta FEG-250 field emis-
sion gun scanning electron microscope (Thermo Fisher Scien-
tific, USA) was used for structural characterization. Fourier
transform infrared spectroscopy was performed using an Opus
Alpha-P FT-IR spectrometer (Bruker Optics Incorporation, USA)
within the 4000-500 cm ™" wavenumber range. UV-vis analysis
was conducted using a Spectroquant Prove 600 spectropho-
tometer (Merck KGaA, Germany) over the 200-800 nm range.
Electrochemical studies were facilitated by an AUTOLAB
PGSTAT302N  potentiostat-galvanostat  (Eco Chemie,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Netherlands) with NOVA software, utilizing a three-electrode
system consisting of a platinum counter electrode, a glassy
carbon working electrode, and a Ag/AgCl reference electrode
with 3 M KCI (Metrohm, South Africa)

2.3 Gold nanoparticle chemical synthesis

0.1 g of HAuCl,-3H,0 and 0.1 g of Na,CsH50, were dissolved in
10 ml of water separately creating a 1% w/v solution for each
chemical. The HAuCl,-3H,0 solution was stirred vigorously
while slowly adding drops of NaBH, (0.05 g), which was
prepared in 5 ml of ice-cold distilled water until the gold solu-
tion turned pale yellow. After the solution turned pale yellow,
sodium citrate solution was added, and the mixture was
continued stirring for 30 min. The resulting mixture was placed
in a centrifuge for 10 min at 10 000 rpm. The supernatant was
washed with distilled water and dried at 60 °C in an oven to
obtain a gold nanoparticle powder.*®

2.4 Gold nanoparticle green synthesis

A straightforward green synthesis method was employed to
fabricate silver nanoparticles (AuNPs) using the Hypoxis hem-
erocallidae corm plant extract. The process began with boiling 5
g of powdered leaves in 250 ml of distilled water for 10 min,
followed by filtration and storage. Next, 40 ml of the plant
extract was combined with a 0.001 M silver nitrate solution at
room temperature and was allowed to react overnight, facili-
tating the formation of nanoparticles. Finally, the resulting
AuNPs were centrifuged at 1000 rpm for 15 min to yield purified
nanoparticles and were dried at 70 °C for 8 hours.*

2.5 Nanocomposite formation

For each synthesis route, three different ratios (1:1, 1:2, and
1:3) of MWCNTs:Au nanoparticles were prepared. The
proportion of Au nanoparticles was varied, while that of
MWCNTs was kept constant. MWCNTs and Au nanoparticles
were mixed in a vial, and 3 ml of DMF was added. The mixtures
of different ratios were stirred for 48 h. The resulting paste was
used in electrode optimization studies, and the ratio with the
highest current response was used for further electrochemical
studies for each synthesis route.”

2.6 Electrode pre-treatment process

To clean and activate the electrode, a mixture of 5 g Al,O; and 3
ml distilled water was prepared on the three-electrode cleaning
cloths of different textures. Infinity patterns were traced on the
surface of the electrode using an electrode cleaning material,
followed by immersion in a beaker of 35 ml distilled water,
placing in a sonicator for 5 min, then placing in a beaker con-
taining 35 ml of ethanol for 5 min, and again in the beaker of 35
ml distilled water for 5 min to remove all residues and impu-
rities. The clean and activated electrode was placed in an oven
for 5 min at 50 °C. To modify the electrode after drying, 0.1 ml of
Au/MWCNTs was drop-cast onto the 3 mm surface of the glassy
carbon electrode (GCE) using a Pasteur pipette, and it was dried
in an oven at 50 °C for 5 to 7 min.”®
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2.7 Optimal pH determination

The optimization of electrolyte and pH conditions was crucial
for enhancing the electrochemical performance of Auchm/
MWCNT and Aug,,/MWCNT electrodes. Initially, various elec-
trolytes (HCI, H,SO,, PBS, KCl, and NaCl) were screened at pH 4,
and HCI emerged as the optimal choice due to its superior
oxidation and reduction peaks for MB. Subsequently, a pH
optimization study was conducted using NaCl as the electrolyte,
with pH values ranging from 3.0 to 9.0. pH 5.0 yielded the
highest current response for both Auc,,/MWCNT and Augy,/
MWCNT electrodes. pH adjustments were made using NaOH
and HNO;. Therefore, pH 5.0 was used for further experiments.

2.8 Concentration studies

To evaluate the selectivity, limit of detection (LOD), and limit of
quantification (LOQ) of the Au/MWCNT nanocomposites,
square wave voltammetry (SWV) was employed using an Autolab
setup. The SWV parameters were optimized as follows:
a potential range of 0.0-1.0 V, potential amplitude of 0.01 V,
frequency of 10 Hz, and potential step of 0.01 V. Using this
optimized setup, the electrode was utilized to measure the
response of the Au/MWCNT nanocomposites to varying
concentrations of MB, ranging from 19.08 to 102.05 nM. This
allowed for the assessment of the sensitivity of the nano-
composites towards MB.

2.9 Interference studies

For the investigation of selectivity and electrochemical response
of the AuMWCNT nanocomposites synthesized via both green
and chemical methods, SWV was employed over a potential
range of —0.4 to 1.2. The SWV parameters were set as follows: an
amplitude of 0.01 V, a frequency of 10 Hz, and a step potential of
0.01 V. Using this optimized setup, the electrode was utilized to
measure the response of the Au/MWCNT nanocomposites to
varying concentrations of MO and SSY, ranging from 0.95 to
5.10 uM. This enabled the evaluation of the selectivity of both
green and chemically synthesized nanocomposites towards
these target analytes.

2.10 Analysis of real-life environmental samples

5 ml of river water sample was mixed with HCI solution (5 ml)
(pH 5.0) and agitated for 10 min to create a homogeneous
mixture. Subsequently, varying concentrations of MB were
added to the mixture to simulate spiked samples. The resulting
solutions, including the un-spiked control, were then analyzed
using both chemically and green synthesized Au/MWCNT
nanocomposites to quantify the MB concentrations.

3 Discussion of results
3.1 UV-vis spectral analysis

Fig. 1 presents the UV-vis spectra of all the nanocomposites and
their pristine nanoparticles. Fig. 1(a) shows a peak at 513.17 and
Fig. 1(b) shows a peak at 539.22 nm for Aucy, and Aug,
respectively, with the peak of Au.,,, being narrower than that of

Nanoscale Adv., 2025, 7, 6828-6850 | 6831
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Fig.1 The optical absorption spectra of (a) Auchm, (b) Augn, (€) Auchm/MWCNTS, and (d) Augn/MWCNTSs. The inserted images are the Tauc plots

for each nanomaterial.

Augr,, indicating the smaller particle size of chemically
synthesized AuNPs. The peaks at 513.73 and 539.22 nm are
attributed to surface plasmon excitation, a Au nanoparticle
characteristic.”*”* In Fig. 1(c) and (d), the spectra of the nano-
composites show the presence of peaks for AuNPs in the range
of 500-600 nm and for MWCNTs in the range from 200 to 300
nm;”° the peak at 254.24 nm in both spectra shows the efficient
functionalization of MWCNTSs because it is due to the 7 tran-
sition of the antibonding COOH group, and the peak at 276.02
nm is attributed to the m—w* transition of the sp>hybridized
C=C aromatic carbons in MWCNTSs,”*”*”* indicating the correct
and proper decoration of AuNPs on the surface of MWCNTSs.
However, the Auc,/MWCNT nanocomposite shows a red shift
in surface plasmon resonance (SPR), indicating an increase in
refractive index around AuNPs, suggesting a stronger interac-
tion between AuNPs and MWCNTSs, attributed to the covalent
bonds between AuNPs and the walls of MWCNTs. This inter-
action leads to a change in the local refractive index around the
AuNPs, causing a shift in the SPR band to longer wavelengths.
Similar observations have been reported in the literature, where
the attachment of AuNPs to MWCNTSs results in a red shift due
to the strong interaction between the two materials.” The Aug,/
MWCNTSs showed a blue shift in SPR, indicating a decrease in
the refractive index around AuNPs due to less interaction
between AuNPs and MWCNTSs, which also shows a reduction in
particle size.”””*" According to the literature, the decrease in the
dielectric constant near the AuNP surface can cause a blue shift
in the SPP peak. This decrease can occur when biomolecules are
desorbed from the AuNP surface (as observed in the case of

6832 | Nanoscale Adv,, 2025, 7, 6828-6850

citrate ions®), such as upon interaction with MWCNTSs. The
resulting change in the dielectric environment affects the elec-
tron cloud's oscillation frequency, leading to a blue shift,
consistent with the observed UV spectra.*® By extrapolating the
linear portion of («/v?) vs. (hv), the band gap energy was found
to be 3.44, 3.54, 4.57, 3.18, and 3.26 eV for Auchm, Augm,
MWCNTS, AUchm/MWCNTS, and Aug,,/MWCNTSs, respectively.
Both nanocomposites showed a lower bandgap energy than
their pristine nanoparticles, indicating that they are more
effective in catalysis, better conductivity and electric properties
as they can absorb a broader spectrum of light and improve the
charge carrier mobility as less energy is required to excite charge
carriers.®

3.2 FTIR analysis

FTIR spectra of Au/MWCNT nanocomposites and pristine
nanoparticles were recorded in the 4000 to 500 cm™' range.
Fig. 2(a) shows peaks at 588.04 cm ™, attributed to the Au-O
vibration, and 940.82 cm™', attributed to the C-O and C-C
stretching vibrations from citrate molecules adsorbed on the
AuUNP surface. Peaks at 1234.93 and 1633.59 cm™ ' represent —
COO™ symmetric and asymmetric stretching vibrations, indi-
cating the presence of carboxylate groups. The peak at 2130.04
em ™' indicates the presence of cyanide (Au-CN) stretching
vibration, coming from the decomposition of NaBH, and also its
reaction with HAuCl, influencing the stability of AuNPs, and the
peak at 3265.85 cm ' shows the presence of the hydroxyl group
of the citrate molecule.** Fig. 2(b) shows peaks at 568.49 cm ™

indicating the binding of AuNPs to oxygen-containing functional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The functional groups of (a) Auchm. (b) Augen, (C) Auchm/MWCNTS, and (d) Aug,/MWCNTSs in FTIR spectra.

groups, 1215.37, 1365.81, and 1639.62 cm ™" indicating the N-H
stretch, which represents the presence of amino group and
proteins, 1444.05 cm ™" indicating aromatic rings' C=C stretch-
ing, 1738.15 cm™ ' indicating C=0 from carbonyl groups such as
ketones, aldehydes, and carboxylic acids from the Hypoxis hem-
erocallidae corm plant extract, and 3272.62 cm™ " attributed to O-
H stretching indicating the presence of phenolics or alcoholic
compounds.®* Fig. 2(c) and (d) show peaks at 1540.90, 1788.78,
and 2340.35 cm ', which are for C=C representing the presence
of sp>hybridized carbons, C=0, and O-H introduced by the
functionalization of MWCNTs to alter the properties of carbon-
based materials.”*>*? Fig. 2(c) and (d) show proper synthesis of
both green and chemically synthesized Au/MWCNTSs, including
O-H, which plays a significant role in facilitating electron
transfer, stabilizing and dispersing Au on the surface of
MWCNTs preventing aggregation, and also bonding with the
nitrogen atom in MB dye increasing the adsorption of MB on the
Au/MWCNT surface.”*** According to the literature, the Fermi
level difference between AuNPs and MWCNTs drives sponta-
neous electron transfer from AuNPs to MWCNTSs.** This redis-
tribution reduces the surface charge of AuNPs, destabilizing
citrate ions (which act as capping agents) and leading to their
partial desorption (ions become desorbed when destabilized).*®
Since citrate contributes O-H groups via its carboxylate structure,
this desorption directly reduces the OH group intensity and
hence the reduction in the intensity of the O-H peak of Aucnm/
MWCNTs.

3.3 XRD

The crystallite size of the synthesized nanoparticles was
meticulously examined using X-ray diffraction (XRD) spectros-
copy. The corresponding XRD patterns are presented in Fig. 3(a)

© 2025 The Author(s). Published by the Royal Society of Chemistry

and (b), showcasing the distinct diffraction peaks characteristic
of the face-centered cubic (fcc) lattice structure. Specifically, the
diffraction peaks at 38.22, 44.30, 64.59, and 77.50° for Aucpm
and those at 38.69, 44.84, 64.98, and 77.97° for Aug, were
indexed to the (111), (200), (220), and (311) planes, respec-
tively.”**” Previous work done on Ag/MWCNTs reported that
prominent peaks for MWCNTs were observed at 20 = 25.70°
(002) and 42.96° (100).” Aug,,, showed better crystallinity in XRD
peaks, and this is attributed to the presence of phenolics from
the Hypoxis hemerocallidae corm plant extract, as observed by
the intense O-H peak in Fig. 2(b) and (c), which are not present
in TSC and NaBH, (phenolics) used in Auc,, synthesis.”®*
Upon decorating MWCNTs with AuNPs, the resulting nano-
composites, AUcpy,/MWCNTs and Aug,,/MWCNTs, retained the
characteristic peaks of AUchm, AUgm, and MWCNTs, with the
notable exception of the 25.70° (100) peak. Utilizing the Debye-
Scherrer formula, eqn (1), the average crystallite size of the
AuNPs was calculated, providing valuable insights into the
structural properties of the nanoparticles.'® A comprehensive
analysis of the XRD results revealed distinct variations in
particle size, crystallinity, and lattice structure among the green
synthesized AuNPs, chemically synthesized AuNPs, and their
respective nanocomposites with MWCNTSs. Notably, the green
synthesized AuNPs exhibited sharper and more pronounced
peaks, indicative of high crystallinity and a narrow particle size
distribution, with 8.698 nm particle size. In contrast, the
incorporation of MWCNTs into the green synthesized AuNPs
resulted in a subtle peak shift to the right, suggesting a slight
decrease in particle size or lattice contraction, accompanied by
a decrease in crystallinity, as evidenced by smaller peaks, with
a calculated particle size of 17.089 nm.”>*****> Conversely, the
chemically synthesized AuNPs displayed sharper peaks,
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Fig. 3 XRD diffractograms of (a) Aucnm, Augrn, MWCNTS, AUchm/MWCNTSs, and Aug,,/MWCNTSs. (b) Magnified view of (a) from 35 to 80°.

characteristic of high crystallinity, with a larger particle size of manifested by shorter peaks.”®'**'** These findings unequivo-
21.266 nm. Upon addition of MWCNTs, the particle size cally demonstrate that the incorporation of MWCNTs influ-
decreased to 18.73 nm, accompanied by a peak shift to the left, ences the particle size and crystallinity of AuNPs, with varying
indicating lattice expansion, and a decrease in crystallinity, as effects depending on the synthesis method.

EHT =20.00 kV .
Signal A = SE2 Mag = 30.00 KX
WD = 8.6 mm

Fig. 4 SEM images of (a) Auchm, (b) Augm, (€) AUchm/MWCNTS, and (d) Augn/MWCNTs.
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K2
D=
B cos 6

1)

where D is the average crystallite size (nm), K is the shape factor,
A is the wavelength of X-rays (nm), 8 is the full width at half-
maximum (FWHM) of peak (radians), and ¢ is the Bragg angle
(degrees).

3.4 SEM results

Fig. 4 presents the SEM images of Au/MWCNT nanocomposites
and their pristine nanoparticles. Fig. 4(a) shows agglomerated
spherical structures that were a bit flake-like produced by the
chemical reduction method using trisodium citrate dihydrate
and sodium borohydride. The non-uniform, rough-surfaced
AuNPs with intersections and varying nanogaps may outper-
form spherical and clustered nanoparticles due to enhanced
hotspots and effective LSPR-LSPR coupling, beneficial for
sensing and SERS applications. This unique morphology

View Article Online

Nanoscale Advances

creates plentiful hotspots, increasing local electromagnetic
fields and potentially leading to improved performance.'® In
contrast, Fig. 4(b) shows agglomerated spherical structures,
which enhance the sensor performance by their excellent
conductivity, high surface area, electrocatalytic properties,
stability, and durability. Their spherical shape allows uniform
film formation, improving reproducibility and signal
uniformity.*”*®196-1%  Fig 4(c) depicts a combination of
agglomerated spherical flake-like structures and tanged tubular
structures, while Fig. 4(d) shows less agglomerated spherical
structures spread across the surface of MWCNT tubular struc-
tures. MWCNTSs show tangled tubular structures similar to the
ones found in the literature.'” The aggregation of Auc,m, on the
surface of MWCNTs can reduce the number of electrochemi-
cally active sites, leading to decreased catalytic activity towards
MB detection. This aggregation also compromises the stability,
electron transfer, and dispersibility, ultimately affecting the
overall performance of the sensor."® This shows that Aug,/

d=13.66 nm

15 20
Particle size (nm)

d=14.86 nm

15
Particle size (nm)

Fig.5 The TEM images of (a) Auchm. (C) Augrn, (€) Auchm/MWCNTS, and (f) Aug,n/MWCNTSs. The average particle size histograms of (b) Aucnm and

(d) Augrn.
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MWCNTs has a possibility of outperforming Aucn,/MWCNTs
due to less aggregation of Aug,, on the surface of MWCNTS, due
to enhanced transfer of electrons between the analyte and the
electrode due to increased electrode surface area."*

3.5 TEM analysis

Transmission Electron Microscopy (TEM) was employed to
determine the particle size and observe the morphology of the
nanoparticles. The TEM images in Fig. 5(a) and (c) reveal that
AUchm and Aug, nanoparticles exhibit spherical shapes, with
average particle sizes of 13.66 nm and 14.86 nm, respectively.
Fig. 5(e) and (f) display the TEM images of Aucp,,/MWCNT and
Aug,,/MWCNT nanocomposites, where AuNPs are highlighted
with red circles, indicating successful decoration of AuNPs on
the MWCNT surface. The AuNPs are evenly distributed among
the tangled MWCNT structures, suggesting a good interaction
between the AuNPs and MWCNTs. This uniform distribution is
crucial for enhancing the electrochemical performance of the
nanocomposites. The TEM analysis provides valuable insights
into the structural characteristics of nanoparticles and nano-
composites, which is essential for understanding their electro-
chemical behaviour.

3.6 Voltammetry studies

3.6.1 Electrode optimization studies. Optimization and
characterization of Au:MWCNT nanocomposite electrodes
were performed to identify the optimal Au: MWCNTSs ratio and
investigate their electrochemical properties in 5 mM
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[Fe(CN)sJ>/*". Cyclic voltammetry (CV) studies were conducted
at three different ratios for both Auc,,m/MWCNT and Aug/
MWCNT nanocomposites. The redox probe was prepared in 0.1
M phosphate buffer (PB) solution at pH 7. The highest current
response was exhibited by the 1:3 ratio for the chemically
synthesized nanocomposite (Fig. 6(a) and (b)) and 1 : 2 ratio for
the green synthesized nanocomposite (Fig. 6(c) and (d)).

For electron transfer properties and electrochemical effi-
ciency, CV was used in 5 mM [Fe(CN)¢]>"*~ to investigate the
properties of AuUcp,,/MWCNTs and Au,,,/MWCNTSs over the
potential range of —0.4 to 0.8 V. The scan rate was set at 25 mV
s~'. In Fig. 7(a) and (b), the anodic peaks showed a decreasing
current response in the following order: Aucp,/MWCNTs
(415.591 pA) > AU, /MWCNTS (244.539 pHA) > MWCNTS (190.464
HA) > bare (36.538 pA) > AUg, (18.401 pA) > AUchm (4.507 pA).
Notably, the current response of Aug, and Auchy, was lower
than that of the bare electrode, indicating poor conductivity.
However, their nanocomposites exhibited significantly higher
current responses, demonstrating improved electrochemical
performance due to the high electric conductivity and larger
surface area of MWCNTS.'*>'**> The electrochemical reversibility
of the electrodes was evaluated based on the I,,/I;, values and
AE, values listed in Table 1. The results show that the reactions
were nearly reversible for bare, MWCNTS, AUch,/MWCNTS, and
Aug,/MWCNTSs, with I/, values of 0.899, 0.975, 1.067, and
1.155, respectively. In contrast, Au.y, exhibited high irrevers-
ibility with an I,,/I;, value of 3.558. The AE, values greater than
57 mV further supported the conclusion that the reactions were
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Fig. 6 Electrode optimization study of (a and b) Aucym : MWCNT and (c and d) Auge, : MWCNT.
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peaks of all electrodes.

Table 1 Comparative evaluation of the electrochemical behaviour of modified and unmodified electrodes in the redox probe

Electrode Ipa (nA) Ipe (nA) Ipa/Ipe (MA) Ep, (V) Epe (V) AE; (V)
Bare 35.538 —39.531 —0.899 0.312 0.122 0.217
MWCNTSs 190.464 —195.264 —0.975 0.281 0.159 0.220
Auchm 4.507 —1.265 —3.558 0.350 0.156 0.253
Augrn 18.141 — — 0.554 — 0.277
AUch/MWCNTSs 244.539 —229.156 —1.067 0.317 0.117 0.217
Aug,,/MWCNTs 415.591 —359.847 —-1.155 0.356 0.110 0.233

nearly reversible for the nanocomposites.”'** Eqn (2) was used
to calculate the EASA, which is an effective electroactive surface
area. The results showed that the EASA values were 0.053, 0.031,
0.024, 0.006, 0.005, and 0.002 cm* for AUhm/MWCNTS, AUgy/
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MWCNTs, MWCNTS, Aug,, bare, and Auchm, respectively. The
nanocomposites exhibited larger EASA values compared to their
pristine nanoparticles, demonstrating the benefits of deco-
rating the surface of MWCNTs, and the synergistic properties
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coming from the combination of MWCNTSs and AuNPs. Overall,
characterization studies demonstrated improved electro-
chemical performance and increased EASA for the AuMWCNT
nanocomposites.

I, = 2.69 x 10°%2*24AD"?Cv'"? (2)

The variables used in the calculation are: A (effective elec-
troactive surface area in em?®), C ([Fe(CN)s]> /*~ concentration
in mol cm ™), D (diffusion coefficient in cm” s™*), n (number of
transferred electrons), v (scan rate in Vs~ '), and I, (anodic peak
current in 4).”

3.6.2 Electrochemical impedance spectroscopy studies.
Electrochemical impedance spectroscopy (EIS) was used to

Table 2 Fitted circuit data of all electrodes
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determine the sensor properties of all nanomaterials, including
the bare electrode, in 5 mM [Fe(CN)e]*/*~ at 0.3 V. Fig. 8(b) and
(c) show the two equivalent circuits used to fit the Nyquist plot
in Fig. 8(a). The circuit parameters include a constant phase
element (CPE), solution resistance (R;), capacitance (C), charge
transfer resistance (R.), Warburg impedance (W), resistance (R),
and the chi-squared value (x?). According to Table 2, the R
values follow the trend: 32.20 Q < 34.02 Q < 36.61 Q<3.4 x 10° Q
< 3.7 x 10° Q < 5.6 x 10° Q for Aug,,/MWCNTs, MWCNTS,
AU /MWCNTS, AUchm, AUgr, and bare electrode, respectively.
Notably, the R, trend generally correlates with the increase in
current response observed in Fig. 7 in FeCN, except for the bare
electrode. The bare electrode's deviation from the trend may be
attributed to its instability due to the lack of modification. The

Electrodes Bare MWCNTSs Aucnm Augr, AU,/ MWCNTS Aug,/MWCNTSs
R, (Q) 437.8 128.54 502.52 505.62 136.27 134.94
Ree (Q) 5.6 x 10° 34.02 3.7 x 10° 3.4 x 10° 36.61 32.20
R(Q) — 80.05 — — 35.46 55.17
C, — 2.8 x 10* — — 3.8 x 10* 2.8 x 10*
C, — 3.5 x 10* — — 2.4 x 10* 1.6 x 10*
CPE (F) 1.9 x 10°° — 8.9 x 107° 9.6 x 10°° — —
n 0.87 — 0.81 0.82 — —
W (F) 1.8 x 10° 845 1 x 107 1 x 107 250.36 267.64
x* 0.003904 0.000165 0.040212 0.004587 0.000295 0.000581
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Fig.9 (a) The scan rate of Auchm/MWCNTS, (b) I, vs. V2, (c) log /ps vs. log v, and (d) E, vs. log v in 5 mM [Fe(CN)el* /4~
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EIS data for Aug,/MWCNTS, AUchm/MWCNTSs, and MWCNTs
were fitted using the circuit in Fig. 8(b), which includes the
double capacitance. In contrast, the bare electrode, Aucn,, and
Aug,,, were fitted using the circuit in Fig. 8(c), which includes
a CPE instead of C, with n-values of approximately 0.8, indi-
cating non-ideal capacitive behaviour due to the electrode
surface's inhomogeneity. The higher n-value for the bare elec-
trode, closer to 1, may also influence its behaviour compared to
AUchm and Aug,.”® The low x? values indicate the excellent fit of
the data to the corresponding EIS circuits.

3.6.3 Scan rate studies. The influence of scan rate on the
electrochemical response of AU,M/MWCNTs and Aug/
MWCNTSs was investigated using CV in a potential window of
—0.4 to 1 V to give insight into electrode catalytic activity,
electron transfer kinetics, and surface redox processes at the
scan rate of 25 mV s~ in 5 mM [Fe(CN)¢]*"/*~, which was
prepared in phosphate buffer solution of 0.1 M concentration.
The chemically synthesized Au/MWCNT nanocomposite
exhibited a directly proportional relationship between the peak
current (I,) and the scan rate (v), as observed in Fig. 9(a), indi-
cating a surface-controlled electrochemical process. However,

2000

300 mVI/s
1500 -

1000 25mVis

500 -

Current (pA)

-500 -

-1000

-1500

T v T 4 T

. . . ———— .
04 02 00 02 04 06 08 10 1.2
Potential (V)

3.2- (c)
3.0

log 1, =0.856log v +1.118
2.8 {R*=0.9961

log 'pa (nA)

2.4+

22 T T T T
14 1.6 18 20 2.2 24 26

log v (mVs™)

View Article Online

Nanoscale Advances

the broad and flat peaks suggest a slow electron transfer
kinetics, which may be attributed to the high electron transfer
resistance at the electrode-electrolyte interface."™* The anodic
and cathodic peak potentials given by eqn (6) and (7) in Fig. 9(d)
(Epa = 0.659 V and Ep. = —0.7747 V) indicate a large over-
potential, which may be due to the sluggish electron transfer
kinetics. The coefficient of electron transfer («) was determined
to be 0.462, calculated using equations outlined in eqn (8) and
(9), indicating a quasi-reversible electron transfer process. The
log I,, vs. log v plot's gradient (0.7566) deviates from 0.5 (theo-
retical value), which indicates a mixed diffusion-adsorption
control. This suggests that both diffusion and adsorption
processes influence the electrochemical reaction.'® Further-
more, the Tafel slope (b) was calculated using eqn (10) and was
found to be 0.335 V, which indicates a high electron transfer
resistance and a slow electron transfer kinetics.
Lo = 1327107 — 4433 (R* = 0.995) (3)

L = —117.75v'2 + 377.41  (R* = 0.9971) (4)
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Fig. 10 (a) The scan rate of Augn/MWCNTS, (b) I, vs. V2, (c) log /pa vs. log v, and (d) E,, vs. logvin 5 mM [Fe(CN)el* /*~.
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log I, = 0.7566 log v +1.411  (R* = 0.9986) (5)
Epa = 0.669 logy — 0.2389  (R* = 0.9759) (6)
Ep. = —0.7747logv + 0.2723  (R* = 0.9832) (7)

2.303RT

E,=E'+ 7" |

o +(17a)nF ogv (8)

2.303RT
E,=E"— Llog v 9)

anF

E, = constant + (g) log v (10)

In contrast, the green synthesized Au/MWCNT nano-
composite also exhibited that the peak current (I,) and the scan
rate (v) have a directly proportional relationship, as observed in
Fig. 10(a), but with a more pronounced adsorption-controlled
behaviour. The anodic peak potential given by eqn (11) and (12)
is for the cathodic peak potential in Fig. 10(d) (Ep, = 0.4115 V
and E,. = —0.1985 V), indicating a lower overpotential
compared to the chemically synthesized nanocomposite, sug-
gesting faster electron transfer kinetics. The electron transfer
coefficient («) was determined to be 0.22, calculated using
equations outlined in eqn (8) and (9), indicating a more irre-
versible electron transfer process. The gradient of the logI,,
against log v plot was found to be 0.856, which deviates signif-
icantly from 0.5, indicating a pure adsorption-controlled
process. The Tafel slope (b) was calculated to be 0.206 V, which
indicates a relatively lower electron transfer resistance and
a faster electron transfer kinetics compared to the chemically
synthesized nanocomposite.
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log I, = 0.856log v +1.1181 (R> = 0.9961) (13)
Epo = 0.4115logy — 03918 (R* = 0.9913) (14)
Epe = —0.1985log v + 0.4473 (R = 0.9904) (15)

The heterogeneous electron transfer constant (k) was
calculated for both Auc,,/MWCNTSs and Aug,,/MWCNTSs using
eqn (16) and were found to be 0.00415 cm s~ " and 0.00142 cm
s~ ', respectively, which are relatively low, indicating a slow
electron transfer rate.

RT
log ks =alog(l —a)+ (1 —a)loga — logﬁ

nFAE,

—all = a) 5303k T

(16)

3.6.4 Catalysis. Electrochemical properties of all the elec-
trodes towards detecting 0.1 mM MB dye that was prepared at
a pH of 5 in 0.1 M HCI were investigated in the potential range
of —0.4 to 1.0 V using a CV technique at a scan rate of 25 mV s~ .
The oxidation current response decreases in the order of 124.29
1A, 114.77 pA, 60.85 pA, 18.96 pA, 2.81 pA, and 2.08 pA for
MWCNT, Aug,/MWCNTS, Auchm/MWCNTS, AUchm, bare, and
Aug,,,, respectively, as displayed in Fig. 11(a) and (b). MWCNTSs
showed the highest current response, indicating that it has
better electrochemical properties towards MB detection. The
electrochemical analysis revealed that the I;,/I;,. values of 0.463
uA, 0.925 pA, 0.299 pA, 0.861 pA, and 0.871 pA for the bare,
MWCNT, AUgr, AUchm/MWCNT, and Aug,,/MWCNT electrodes,
respectively, indicating that the MWCNT electrode exhibits
a nearly reversible electrochemical reaction.'*® In contrast, the
other electrodes show quasi-reversible behaviour. AE;, values in

Iy = 1217102 — 482,53 (R = 0.9935) (11)  Table 3 are as follows: 0.262, 0.128, 0.429, 0.519, and 0.374 V for
- 5 the respective electrodes suggest that the MWCNT electrode has
Ipe = =73.601v7" + 171.03  (R” = 0.9996) (12) the fastest electron transfer kinetics, while the Aug,,,/MWCNT
400 Bare 140
AWENT @ iy ® 14771
300 4——Aug,, 120 4 :
—Aug,
200 4 AuchmlMWCNT 100
< J——Auy IMWCNT —
£ 100 =80
£ 5
S E 60
(8] 04 =]
f (8]
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<100 4
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Fig.11 CV of (a) bare, MWCNTS, Auchm, Augrn, MWCNTS, Auchm/MWCNTS, and Aug,n/MWCNTSs in MB (0.1 mM). (b) Bar graph of oxidation peaks of

modified and unmodified electrodes.
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Table 3 Comparative evaluation of the electrochemical behaviour of modified and unmodified electrodes in MB

Electrode I (HA) I (nA) Ipa/Ipe (HA) Epa (V) Epe (V) AE, (V)
Bare 2.81 —6.078 0.463 —0.225 —0.299 0.262
MWCNTSs 124.29 —134.304 0.925 0.218 0.0381 0.128
Alchm 18.96 — — 0.772 — 0.386
Aug, 2.081 —6.967 0.299 0.532 0.327 0.429
AU /MWCNTSs 60.852 —70.632 0.861 0.177 0.0757 0.519
Aug,,/MWCNTSs 114.771 —131.735 0.871 0.431 0.317 0.374

electrode has the slowest kinetics. The poor performance of
AU,/ MWCNTSs compared to Aug,/MWCNTSs can be attributed
to the aggregation of AuNPs on the electrode surface, reducing
active sites on MWCNTs for interaction with MB. Additionally,
the Aug/MWCNT electrode's intense OH peak suggests a higher
density of hydroxyl groups (possibly from COOH) on its surface,
which may have enhanced its interaction with MB, contributing
to its better performance. Notably, the Au.y, electrode exhibits
an irreversible electrochemical reaction, characterized by the
presence of only an oxidation peak and the absence of a reduc-
tion peak, suggesting a rate-limiting process at the electrode
surface (kinetically limited). The AE, value of 0.386 for Aucym,
further supports this interpretation, since a larger AE, value
close to zero indicates a reversible or Nernstian behaviour,
while a larger AE;, value indicates a more irreversible or kinet-
ically limited behaviour. A AE,, value of 0.386 is relatively large,
indicating that the Au.,, electrode reaction is not reversible
and is likely limited by kinetic factors, such as slow electron
transfer or mass transport.'*® The superior kinetics of MWCNTs
can be attributed to its high surface area, conductive network,
fast electron transfer, and potential catalytic activity."**"” In

contrast, the Au/MWCNT composite electrodes (AUcnm,/MWCNT
and Aug,,,/MWCNT) exhibit reduced kinetics, likely due to the
agglomeration of AuNPs on the MWCNT surface, as was
observed in SEM images in Fig. 4 (c) and (d), which reduces the
active surface area, increases electron transfer resistance,
blocks conductive pathways, and decreases stability. This
agglomeration might be responsible for the decreased electro-
chemical performance of the composite material compared to
the pristine MWCNTSs."'#2°

3.6.5 Scan rate studies. The influence of scan rate on the
electrochemical response of Auc,,n/MWCNTs and Auge/
MWCNTs was investigated using CV to give insight into elec-
trode catalytic activity, electron transfer kinetics, and surface
redox processes over a potential range of —0.4 to 1 using CV,
operated at the scan rate of 25 mV s~ in MB dye (0.1 mM). The
chemically synthesized Au/MWCNT nanocomposite exhibited
a directly proportional relationship between (I,) and (v), indi-
cating that the electrochemical process is surface-controlled.
The sharp anodic and cathodic peaks at E,, = 0.1034 V and E,,.
= —0.0796 V, respectively, from eqn (20) and (21) in Fig. 12(d)
suggest a relatively fast electron transfer kinetics. 0.565 was the
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Fig. 12 (a) The scan rate of AUchm/MWCNTS, (b) /, vs. V2, (c) log Ipa vs. logv, and (d) Eg vs. logv in 0.1 mM MB.
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value determined for the electron transfer coefficient (e), indi-
cating a quasi-reversible electron transfer process. The log I;,, vs.
logv gradient (1.2507) deviates from 0.5, which indicates an
adsorption control reaction process. However, the Tafel slope
(b) was calculated using eqn (10) and was found to be 0.0516 V,
which indicates a relatively low electron transfer resistance and
a faster electron transfer kinetics. This suggests that adsorption
processes  primarily  influence the  electrochemical
reaction.”>"*11*

Lo = 109.87v"2 — 598.55  (R* = 0.9902) (17)
I = —124.45v'7 + 658.73 (R = 0.9941) (18)
log I, = 1.2507 log v + 0.1491 (R* = 0.9942) (19)
Epa = 0.10341logv — 0.0738  (R* = 0.9911) (20)
Ep. = —0.0796logv + 0.1979 (R*> = 0.9767) (21)

In contrast, in Fig. 13(a), the green synthesized Au/MWCNT
nanocomposite also exhibited a directly proportional rela-
tionship between (v) and (I,) but with a more pronounced
adsorption-controlled behaviour. As observed in Fig. 13(a) and
(d), the sharp anodic peak at E,, = 0.094 V, without a corre-
sponding cathodic peak, suggests a relatively slow electron
transfer kinetics. The coefficient of electron transfer («) was

View Article Online
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calculated using eqn (25) and was found to be 0.226, indi-
cating a more irreversible electron transfer process. The
gradient of the log I, vs. logv plot (0.6992) deviates signifi-
cantly from 0.5, which indicates a mixed diffusion and
adsorption-controlled reaction process with dominant diffu-
sion control. The Tafel slope (b) was calculated using eqn (10)
and was found to be 0.046 V, which indicates a relatively low
electron transfer resistance. However, the overall electro-
chemical performance of the green synthesized Au/MWCNT
nanocomposite is lower compared to the chemically synthe-
sized material.”****11

Lo = 61.364v'2 — 124.55 (R* = 0.9985) (22)
log I, = 0.6992 log v + 1.28057 (R* = 0.9985) (23)
Epo = 0.0941logv — 0.0346  (R* = 0.9918) (24)
By = Bl = s (V) 23)

,a)

3.6.6 Concentration studies. The electroanalytical detec-
tion of MB dye was performed over a potential range of 0 to 0.9V
using SWV. Concentrations varied from 19.08 nM to 116.53 nM.
The sensitivity of Au-MWCNT nanocomposite-modified elec-
trodes towards MB dye was evaluated in 0.1 M HCl at a pH of 5.
Fig. 14(a) shows that the current response of the Aucp,/MWCNT
electrode exhibited a positive correlation with increasing MB
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Fig. 13 (a) The scan rate of Augm/MWCNTs, (b) /; vs. V2, (c) log Ipa V5. logv, and (d) £ vs. logv in 0.1 mM MB.
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Fig. 14 (a) SWV of Auchm/MWCNTSs in MB concentration ranging from 19.08 to 116.53 nm and (b) Auchm/MWCNT linear plot of /, vs. conc.

dye concentrations, whereas, in Fig. 15(a), the Aug,/MWCNT
electrode displayed an inverse relationship between the
concentration and current response. This phenomenon can be
attributed to the predominantly adsorption-controlled behav-
iour of the Aug,/MWCNT electrode, where the dye molecules
adsorb onto the electrode surface until saturation is reached,
resulting in a decrease in current response.” The Aug,,/MWCNT
electrode’'s predominantly adsorption-controlled behaviour in
FeCN (slope: 0.856) and mixed diffusion-adsorption control
with diffusion dominating in MB (slope: 0.6992) likely led to
saturation of active sites at higher MB concentrations, resulting
in a mass transfer peak current limit (decreasing current with
increasing concentration).” Aucp,,/MWCNT electrode’s mixed
diffusion-adsorption control in FeCN (slope: 0.7566) and purely
adsorption-controlled behaviour in MB (slope: 1.2507) allowed
for a more efficient interaction between the analyte and elec-
trode, resulting in an increase in current with increasing
concentration. The I,, vs. concentration graph for the Aucpp/
MWCNT and Aug,,/MWCNT electrodes was described by the
equations I, = 0.0049[MB] + 12.225 and I,, = —0.0397[MB] +
17.34, respectively. Utilizing eqn (26) and (27), the Aucpm/
MWCNT electrode exhibited a detection limit (LOD) of 20.62

nM and quantification limit (LOQ) of 62.51 nM, while the Aug;,/
MWCNT electrode exhibited corresponding values of 20.23 nM
and 61.30 nM, respectively.

LOD — 3.3 xSD (26)
slope
10 x SD
L = " 27
0Q Slope (27)

Scheme 1 shows the reaction mechanism occurring at the
surface of both Au,,/MWCNTs and Aug,,/MWCNTSs. Both
electrodes have the same reaction mechanism since the only
part of the composite interacting with MB's N* is the COO™ part
of MWCNTs, while AuNPs based on the synthesis route
contributes to the overall properties of the nanocomposite such
as conductivity, electrochemical activity, electron transfer, and
catalytic activity.

A comparative analysis of the present study with previous
studies on detecting MB using various catalysts is summarized
in Table 4. Notably, the composite electrodes employed in this
study demonstrate higher sensitivity and lower LOD values

20
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Fig. 15 (a) SWV of Aug,,/MWCNTs in MB concentration ranging from 19.08 to 116.53 nm and (b) Auch,/MWCNT linear plot of /, vs. conc.
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compared to some of the previous reports, underscoring the
potential of these nanocomposites for electrochemical sensing
application.
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3.6.7 Interference studies. The development of electro-
chemical sensors necessitates careful consideration of selec-
tivity, a critical parameter that ensures accurate detection of
target analytes in complex matrices amidst potential interfer-
ents. This study undertakes an investigation into the selectivity
of both green and chemically synthesized Au/MWCNTs towards
MB in the presence of sunset yellow dye (SSY), a commonly
encountered interferent. Fig. 16(a) and (b) illustrate the detec-
tion of MB using Auch,/MWCNT and Aug,,/MWCNT nano-
composites, respectively, over a concentration range of 0.9 to
5.10 uM, while maintaining a constant SSY concentration of 0.1
mM. Notably, both nanocomposites exhibited good selectivity.

3.7 Analysis of real-life environmental samples

The sensors' efficacy was investigated using SWV to detect MB
in river water. To this end, glassy carbon electrodes modified
With  AUcm/MWCNTs  (GCE-AU,m/MWCNTs)  and  Aug,/
MWCNTs  (GCE-Au,,,/MWCNTsS) nanocomposites  were
employed. A thorough analysis of the data presented in Tables 5
and 6 revealed that the recovery rates obtained using the GCE-
AUh,/MWCNT electrode ranged from 90% to 99%, accompa-
nied by a relative standard deviation (RSD) of 4.78% (n = 3).

Table 4 The performance of GCE-Au/MWCNTs in this work compared to the existing literature on MB dye

Electrode LOD (pm) Linear range (um) Technique References
NH,-FMWCNTSs 0.00021 0.01-50 SWV 36
MPTMS-Ba 0.475 1.0-14 cv 121
Ibu-AuNPs 0.0039 0.01-1.1 DPV 122
BDD-NWA 0.0072 0.04-10 SWV 123
Co-bhb 0.1 5 x 10° to 35 x 10° Ccv 124
SD-TNT 0.4 1.0-7.94 cv 125
25FE-19Cr-19Ni-18ti-19mn alloy powder — 1 x10%to 5 x 10° cv 126
AuNPs 0.015 0.3-100 DPV 127
CNTs-Auspe 0.1 0.1-10 DPV and SWV 128
GCE-Age,m/MWCNTS 4.684 x 10°° 2.927 x 10 °® to 15.652 x 10 ° SWV 70
GCE-Ag,n/MWCNTS 2.953 x 10°° 2.927 x 10°° to0 15.652 x 10~° SWV 70
GCE-AU,,/MWCNTS 0.02062 0.01908 SWV This work
GCE-Augrn/MWCNTSs 0.02023 0.11633 SWV This work

Current (pA)

(b)
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Fig.16 (a) SWV of Aucnm/MWCNTSs detecting MB (0.5 V) in the presence of SSY (0.1and 0.2 V) and (b) Aug,n/MWCNTSs detecting MB (0.65 V) in the

presence of SSY (0.3 V).
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Table 5 Recovery of GCE-Auc,m/MWCNTs in MB detection in river
water

Added Detected
Sample (nM) (nM) Recovery (%) RSD (%)
River water 50 47.2 94 4.78
49.8 99
45.1 90

Table 6 Recovery of GCE-Augn/MWCNTSs in MB detection in river
water

Added Detected Recovery
Sample (M) (uM) (%) RSD (%)
River water 50 51.1 102 4.90
52.8 107
48.6 97

Conversely, the GCE-Au,,,/MWCNT electrode yielded signifi-
cantly higher recovery rates, spanning from 97% to 107%. This
notable enhancement can be attributed to the sample matrix
effect. The water sample's complex matrix, comprising multiple
compounds, intensified the analytical signals.”>***?*** Further-
more, the high recovery percentage observed at GCE-Aug/
MWCNTs was because of an increased surface area and reac-
tivity caused by the green nanocomposite's smaller particle size.
The recovery percentages were determined (eqn (18)),> high-
lighting the electrodes’ outstanding reliability, sensitivity, and
effectiveness in detecting MB in river water samples.

4 Conclusion

This successfully developed and characterised Au/MWCNT
nanocomposites synthesized through both chemical and green
methods. A rigorous characterization protocol was employed to
scrutinize the morphological and spectroscopic attributes of the
resultant nanomaterials, leveraging techniques such FTIR, UV-
vis, XRD, TEM, and SEM. Furthermore, the electrochemical
behaviour of the fabricated electrodes was exhaustively evalu-
ated using CV in both FeCN and MB, revealing that the Aug,/
MWCNT electrode exhibited superior electrochemical perfor-
mance, closely rivaled by the Auc,/MWCNT electrode. EIS also
showed two circuits, whereby the material fitted using the
double capacitance circuit showed lower R values compared to
the circuit containing CPE, but the R values in FeCN correlated
with the CV's oxidation current response of the material in
FeCN. The exceptional electrochemical performance of
MWCNTSs in MB detection can be attributed to their inherent
properties, which render them an ideal candidate for MB
detection followed by Aug,/MWCNTs, and their response is
high because of the synergistic properties of Aug, and
MWCNTs combined. The sensitivity of the synthesized nano-
composites was evaluated, yielding LOD and LOQ values of
20.62 nM and 62.51 nM for the Auc,,,/MWCNT electrode, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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20.23 nM and 61.30 nM for the Aug,,/MWCNT electrode,
respectively. These results suggest that the Aug,,,/MWCNT
electrode possesses a marginally higher sensitivity due to Aug,
showing less agglomeration on SEM and the presence of
phytochemical properties from the plant played a significant
role in the performance of Aug,,/MWCNTs. To assess their
practical applicability, the electrodes were tested using the river
water sample. The recovery rates achieved by the Aucpm/
MWOCNT electrode ranged from 90% to 99%, while the Augy,/
MWCNT electrode demonstrated a recovery rate of 97% to
107%. Overall, the developed nanocomposites showed high
sensitivity and dependability for MB detection, highlighting
their potential for environmental applications.
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