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Abstract

A well-known textile dye, methylene blue (MB) was electrochemically detected by using glassy carbon
electrode (GCE), modified with green and chemically synthesized silver nanoparticles (AgNPs)
decorating the surface of functionalized multiwalled carbon nanotubes (fMWCNT). The green and
chemical methods were used to synthesize AgNPs, which decorated MWCNT forming
MWCNT/Agem and MWCNT/Ag,,,, nanocomposite. Comprehensive characterization of the
nanomaterials was carried out using energy-dispersive x-ray spectroscopy (EDX) detector-equipped
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), UV-visible
spectroscopy (UV), and x-ray diffraction (XRD). Using XRD, particle sizes were found to be 26.81,
10.05, 5.36, 19.26, and 17.48 nm for Agenm, Aggrn MWCNT, Agepn/MWCNT, and Agg,,/ MWCNT,
respectively. Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and square
wave voltammetry (SWV) were employed for the investigation of the electrochemical properties and
behaviour of MWCNT, Agchm, Aggrns Agchm/MWCNT, and Ag,,,/MWCNT electrodes, and higher
electron transport capabilities and improved electrochemical activity towards MB on
Aghm/MWCNT electrode were demonstrated by the results. Electroanalysis of methylene blue at the
modified electrodes with square wave technique SWV was successful. At Ag.,,,/ MWCNT modified
electrode, alow limit of detection (LOD) of 4.684 and limit of quantification (LOQ) of 14.194 pM, for
MB, while at Ag,.,/MWCNT modified electrode , an LOD and LOQ 0f 2.935 and 8.895 pM, were
recorded respectively. In real sample analysis, the recovery percentage for Ag.,,,/MWCNT ranged
from 90 to 98% (n =3), and Ag,,,/MWCNT showed a recovery percentage ranging from 97 to 103%
(n = 3). Both electrodes’ remarkable recovery rate attest to their dependability and sensitivity in MB
detection.

1. Introduction

Dye-contaminated water pollution has gained attention lately. Textile industries account for about 17%—20% of
water pollution worldwide [ 1]. Approximately one million tons of dyes are used by the textile industry per
annum, and over 15% of those toxic, carcinogenic, xenobiotic dyes are discharged untreated into water as
effluent [2]. Textile industry frequently use MB, which is a cationic heterocyclic aromatic compound, which
belongs to the phenothiazinium family [3]. It is also used in many different fields, including the medical field
where it is used as a biological stain for diagnosis of keratin fungal infections in the cornea [4], it is also used in
food, cosmetics, and pharmaceutical industries [5]. Discharging of highly concentrated MB in water has shown
to be quite harmful to human health and has a negative impact on the water ecosystem. MB causes respiratory
distress, tissue necrosis, jaundice, and many other diseases since it is carcinogenic and non-biodegradable [6]. In
the water ecosystem it increases aquatic toxicity and lowers photosynthesis due to light penetration lowered by

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/ad81b1
https://orcid.org/0000-0002-0049-5184
https://orcid.org/0000-0002-0049-5184
mailto:Omolola.Fayemi@nwu.ac.za
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ad81b1&domain=pdf&date_stamp=2024-10-15
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ad81b1&domain=pdf&date_stamp=2024-10-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

10P Publishing

Mater. Res. Express 11 (2024) 105008 SJ Mokole and O E Fayemi

the coloured effluent, which also causes damage to the aesthetic nature of the water surface resulting in the death
ofaquatic animals [5].

Most of the applied analytical techniques for the detection of MB are usually used for monitoring the
degradation of MB in water, some of the methods used for its detection are UV—vis spectroscopy [6], surface-
enhanced Raman spectroscopy (SERS) [7], high-performance liquid chromatography [8], and liquid
chromatography-tandem mass spectroscopy [9]. The disadvantages are that they are not user-friendly, require a
highly trained technician to carry out the pre-column derivation of the sample, are time-consuming, and are
quite expensive to use [10]. Hence the need for a technique that is cheap, has alow detection limit, and is selective
such as electrochemical sensors. Electrochemical sensors have been used for several dye detection and
monitoring degradation. With the use of nanotechnology and nanomaterials, nanomaterial-based
electrochemical sensors have significantly improved in terms of selectivity and sensitivity. Nanomaterials assist
electrochemical sensors by accelerating signal transduction and also amplifying biorecognition events with
specifically designed signal tags, leading to sensitive sensing because of properties such as high conductivity,
catalytic activity, biocompatibility, and conductivity [11].

Silver nanoparticles have unique catalytic properties, and regardless of their synthesis routes, AgNPs have a
high surface-to-volume ratio [ 12], excellent electrochemical stability, and faster electron transfer due to the small
band gap between the valence and conduction band, which makes them have good heat and electric conductivity,
and this can be applied in electro-sensing, in energy production, and they could be used for superconductor
fabrication [13—15]. The different synthesis routes also play a crucial role, whereby the green synthesized AgNPs are
said to be eco-friendly, biocompatible, and possess antibacterial activity. Chemical synthesis of AgNPs is favoured
because of scale-up simplicity, high purity, and homogeneous NPs, ability to produce small-size NPs [16].
MWCNT has properties such as high surface area, electrochemical activity, enhanced conductivity, and chemical
stability [17, 18]. Decorating MWCNT with AgNPs will result in a synergistic effect where the properties of AgNP
and MWCNT complement and enhance one another resulting in a highly conductive and stable Ag/MWCNT
nanocomposite that improves sensor selectivity, sensitivity, and overall performance. There are many fields where
properties of Ag/MWCNT can be applied, such as thermal conductivity in electronics, electrical conductivity in
conductive coatings, and optical properties in optoelectronics [19].

2. Experimental

2.1. Materials

The analytical-grade forms of methylene blue (C,¢H;5CIN;S), multiwalled carbon nanotubes (MWCNT), potassium
hexacynoferrate (III) (K5[Fe(CN)g]) (99%), trisodium citrate dihydrate (Na,CsHsO5), sodium borohydride (NaBH,)
(95%), sodium phosphate salts Na,HPO, (99%) and NaH,PO, (99%), N, N-Dimethylformamide (DMF) (USA)
(99%), silver nitrate (AgNO3) (99%), aluminum oxide (Al,O5), hydrochloric acid (HCI) (32%), sodium hydroxide
(NaOH) (98%)), and potassium hexacynoferrate (IV) (K4[Fe(CN)s]) (99%) were used in their analytical-grade form.
Distilled water (underwent deionization) was used to prepare each solution.

2.2. Instrumentation

Spectroscopic characterizations were performed with a Spectroquant Prove 600 UV /VIS spec for UV-vis
analysis at a range of 200 to 800 nm purchased from Merck KGaA, Germany (Darmstadt). Opus Alpha-P FT-IR
spectrometer was used for FTIR analysis at 4000 to 500 cm ™' wavenumber range, purchased from Bruker optics
Incorporation, USA (Billerica). Morphological characterizations were performed using a Quanta FEG-250 field
emission gun scanning electron microscope for surface morphology accompanied by EDX, purchased at
ThermoFischer Scientific, USA (Waltham). x-ray diffractometer was used for crystallinity structures of the
material over a 26 Braggs ranged (0°-90°), purchased from Burker D8, Germany (Karlsruhe). Cyclic
voltammetry, square wave voltammetry, and electrochemical impedance spectroscopy experiments were
conducted on AUTOLAB PGSTAT302N potantiostat-galvanostat using NOVA software version 2.1.6,
purchased from Eco Chemie, Nertherlands (Utrecht).

2.3. Green synthesis of silver (Ag) nanoparticles using Hypoxis hemerocallidae corm

5 g of powdered leaves of the Hypoxis hemerocallidae corm plant was weighed and boiled for 10 min in 250 ml
distilled water. The aqueous extract was vacuum filtered using a suction pump, and the filtrate was stored in a
dark bottle at 4 °C for further use. 0.001 M of AgNO; was prepared in 50 ml and mixed with 40 ml of the plant
extract. For the synthesis of AgNPs, the combined solution was allowed overnight at room temperature. The
AgNPs were then dried for 8 hat 70 °C and centrifuged for 15 min at 1000 rpm [20].
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2.4. Chemical synthesis of silver (Ag) nanoparticles

0.34 gof AgNO; was added to 200 ml of distilled water followed by adding 1.88 g of trisodium citrate dehydrate
(Na,CgHs05) to 160 ml of distilled water, and 0.011 g of NaBH, was added to 40 ml of distilled water. To obtain
the desired oxidation solution, the solution of AgNOj; was turned transparent by constantly adding Na,CsHs0-
while being under magnetic stirring. After that, the solution of NaBH, was added at the rate of 20 drops/min
into the oxidation solution under magnetic stirring at 400 rpm. A black solution was obtained, which indicated
the end of the reaction. The solution was left on the stirrer for an additional 30 min forming nano-Ag sol. 400 ml
of acetone was added to the sol at a volume of 1:1, and the solution was stored for 10 h. The black AgNPs settled
at the bottom of the conical flask, and they were removed, followed by adding 200 ml of acetone and stirring for
10 min, and sonicating for 10 min. The solution was left for 2 h then the sediments were centrifuged at 3000 rpm
for 10 min and dried for 8 hat 45 °C[21].

2.5. Preparation of Ag.;,/ MWCNT and Ag,,,/MWCNT nanocomposites

For the Ag.,,,/ MWCNT (1:2) ratio, 20 mg of synthesized AgNPs and 10 mg of MWCNT were combined in a
glass vial filled with DMF. Then the mixture was stirred for 48 h at 25 °C. The same procedure was followed for
Aggr,/MWCNT, but only 10 mg of both AgNPs and MWCNT were mixed since their ratio is 1:1. The resulting
Ag/MWCNT nanocomposites were stored and further used for characterization and voltammetric studies [22].

2.6. Electrode cleaning and activation.

The electrode was first cleaned by drawing an infinity sign on the rough and smooth surface of the electrode
cleaning surface that contains a mixture Al, O3, this process was followed by submerging the electrode in a
distilled water beaker and was sonicated for 5 min, then was taken out of distilled water and submerged in
ethanol for 5 min, and finally returned into the distilled water beaker for another 5 min. After the electrode was
cleaned and dried for 5 min at 50 °C in the oven, it was modified using the drop-casting process [23].

2.7. pH optimization

pH optimization for GCE-Ag,,/MWCNT and GCE-Ag,,,,/MWCNT at various pH (pH 3.0, pH 4.0, pH 5.0,
pH 6.0, pH 7.0, pH 8.0, and pH 9.0). The current responses at Ag.,,,/ MWCNT were found to be 140.54, 134.76,
140.54,202.74,261.26, 100.14, and 134.09, and for Ag,,,,/MWCNT, they were found to be 406.79, 281.99,
187.46,151.85,408.50, 161.41, and 158.78 for pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0, respectively. pH 7.0 was
selected since it demonstrated superior current response for Ag .,/ MWCNT and Ag,.,/MWCNT modified
electrodes in 0.1 mM MB prepared in 0.1 M PB solution at a scan rate of 25 mV /s using CV.

2.8. Electrocatalytic analysis

The electrocatalytic processes of MB were studied using cyclic voltammetry, with —0.4 to 0.9 V as its potential
range and 25 mV s !asits scan rate. Parameters such as E°, which is the formal redox potential, I, and I,
which are the anodic and cathodic peak currents, and AE, which is the peak separation were carefully examined.

2.9. Concentration and interference studies

To investigate the concentration and interference properties of GCE-Ag.,.,,/MWCNT and
GCE-Ag,,/MWCNT SWV was used. The frequency for SWV was set at 10 Hz, with a potential window of —0.4
to either 0.8,0.9, 0.1, 0.15, or 0.2 depending on where the peaks appear, and an Eq, (0.01) for the amplitude.
The concentration and current were measured to determine the limit of quantification and detection (LOQ and
LOD), electrode sensitivity, and selectivity.

3. Results and discussion

3.1. UV-vis spec analysis

UV-vis spec was used for the optical characteristics evaluation of the nanomaterials. Figure 1(a) indicates Agqp,m,
(b) Aggrn, () MWCNT, (d) Agepm/MWCNT, and (e) Ag,,,/MWCNT. Figure 1(a) Agchm revealed a broad
absorption peak at the wavelength of 460.28 nm, and (b) the narrow absorption peak of Ag,,, appeared at 457.18
nm. The narrow peak and lower wavelength absorption of Ag,,, suggest a smaller particle size than Ag.,, because
the light absorption properties are influenced by particle size. Smaller NPs have a higher surface-to-volume ratio
than larger ones, so they can absorb more light [24, 25]. Figure 2(d) is for MWCNT, which has two peaks. The first
peak at 254.24 nm is attributed to the 7 transition of a nonbonding pair of carboxylic groups ((COOH), which
shows the efficient functionalization of MWCNT [26], and the second peak is at 276.02 nm, which is ascribed to the
aromatic C=C bonds’m—r" transition. This transition is due to the aromatic sp>-hybridized carbon in the
MWCNT [27]. Figures 1(c) and (d), which represent the nanocomposites showed peaks at271.07, 289.50, and

3



10P Publishing

Mater. Res. Express 11 (2024) 105008 SJ Mokole and O E Fayemi
0.8
10 (a) A% (b) | e
0.7 % i
0.9- !
5 Eg=364 eV T 0.6 !
5 08 s 1
3 8 05 J it
c c I
g 0.7 4 g |
S | 5 o4 457.18nm
2 o6 2 J
= " ! < |
| 0.3 |
0.5 | "
| 0.2 |
0.4+ | 1
T T 1 T T T 0'1 T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelenghth (nm) Wavelength (nm)
it MWCNT (c) -
54.24 nm "
.:-g: 13
5 034 | F Eg=4.57 eV
s i.
@ ! .
g o024 I
b R R R R R B
£ ! tnew(en
- |
4 014
<<
I 276.02 nm
00 !
|
1!
-0.1 Ll T T T T
200 300 400 500 600 700 800
Wavelength (nm)
1.2 2.0
—— Ag/MWCNT| (d) —— Ay /MWCNT]| (e)
. " (et
b 258.15 nm :
271.07 nm g =4 -
. 104 A 2 A T, Eg=246eV
= z 3 Z,
= o9 g = g,
@ o
Q Q
S os- g
e | 289.50 nm 2 1.0
2 5l 467.81 crion 2 ) !
a 0 o 1 1
< < ) |
0.6 4
0.5 1 I
05 ! !
| I
0‘4 T T = T T T ! .I T l T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
Figure 1. Ultraviolet-visible absorption spectra of (a) Agchm, (b) Aggen, () MWCNT, (d) Agch/MWCNT, and (e) Aggr,/MWCNT.
Tauc plots are the inserted images.

467.81 nm for Agh,,,/MWCNT and 258.15 and 456.03 nm for Agg,.,/MWCNT. Both figures 1(c) and (d) showed a
shift in the AgNPs peak, Agy,,,/MWCNT showed a shift to the right from 460.28 to 467.81 nm, while
Aggr,/MWCNT shifted from 457.18 to 457.72 nm after MWCNT was added, which indicates a phenomenon
called a red shift in surface plasmon resonance (SPR), whereby the shift towards longer wavelength is a result of the
formation of bigger particles, which verify the presence of AgNPs on MWCNT [28, 29]. For Agc,m, Aggrn, MWNT,
Agehm/MWCNT, and Ag,,,/MWCNT, the band gap was calculated to be 3.64 eV, 2.83 €V, 4.57 eV, 2.68 eV, and
2.46 €V, respectively, based on intercept of the tangents to the plot of (¢hv*) vs photon energy (hv). Comparing
Agchm and Ag,,, to their MWCNT decorated composites reveals that the band gap was minimized.

3.2. FTIR analysis
FTIR spec was recorded in the range of 4000500 cm . Figure 2(a) indicates Ag ym, (b) Aggrn, () MWCNT, (d)
Agnm/MWCNT, and () Agg,,/MWCNT. According to literature, the band at 599.45 cm™ ' (Agenm) that is
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Figure 2. FTIR spectra of (a) Agchm, (b) Aggen, () MWCNT, (d) Agchmn/ MWCNT, (&) Agg,,/MWCNT nanocomposite.

displayed in figures 2(a) and 571.54 cm ! (Aggn) in figure 2(b) is due to the Agband [30]. Peaks at 1066.48,
1370.99,and 3239.12 cm™ ' on figure 2(a) and peaks at 1003.28, 1357.04, and 3217.78 cm ™' on figure 2(b) are for
C-N (amine stretch), N=0 (nitro compound), and O-H (alcohol and phenols), respectively, while 1243.77 and
1724.76 cm ™}, which are for C-N and C-C (non-conjugated) on figure 2(b) indicates the presence of proteins
whose responsibility is stabilizing/capping AgNPs in green synthesis [31]. Figure 2(c) showed peaks at 1462.92,
1540.90, 2340.35, and 3776.74 cm ™!, which are for C=C stretch benzenoid ring, C=0 from -COOH, O-H from
the COOH, and O-H bend vibrations, respectively [32]. Peaks 556.77 and 578.11 cm 'on figures 2(d) and (e)
are for Ag band, while peak 1016.41, 1673.05, and 3387.68 cm lon figure 2(d) and peak 1398.90, 1632.83, and
3231.73cm ‘on figure 2(e) are for C-O, C=0, and O-H bend [33, 34].

3.3.XRD analysis
The crystal structure identification and samples phase of the green and chemically prepared AgNPs and their
corresponding nanocomposites, which were prepared by decorating MWCNT with AgNPs were carried out
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Figure 3. XRD diffractogram of (a) Agchms Aggrns MWCNT, Agep,,/MWCNT, and Agg,,/MWCNT. (b) magnified view of XRD
diffractogram.

using the XRD technique. The diffraction peaks at 38.13°,44.32°, 64.56°, and 77.43°, which are for Ag,, on
figures 3(a) and 38.13°,44.20°, 64.56°, and 77.35°, which are for Ag,,,, can be indexed to (111), (200), (220), and
(311), respectively (JCPDS No. 04—0783). There is an impure phase in figure 3(a) at 34.64°, which is not present
in green synthesised AgNPs indicating that the chemical synthesis route contains impurities. The diffraction
pattern of MWCNT is displayed in figure 3(a), with a peak appearing at 20 = 25.70° (002) and 42.96° (100). After
decorating MWCNT with AgNPs, Agp,,,/MWCNT and Ag,,,,/MWCNT maintained all the peaks found in
AZchms Aggrn» and MWCNT except the 42.96° (100) peak, which is overshadowed by the strong 38° peaks on
both nanocomposites. Using the Debye—Scherrer formula for the determination of the AgNP’s average
crystalline size [35], the nanomaterial sizes were found to be 26.81, 10.05, 5.36, 19.26, and 17.48 nm for Agy,m,
Agorns MWCNT, Agepy,/MWCNT, and Ag,,.,/MWCNT, respectively. The calculated particle sizes agree with
UV-vis spec about chemically synthesized nanomaterials having a bigger particle size than green nanomaterials.
There is a slight shift in both nanocomposite peaks at figure 3(b) suggesting an interplanar spacing of the AgNPs
has changed due to their interaction with MWCNTs. Upon the decorating MWCNT with AgNPs, the
Ag,m/MWCNT, the XRD peaks became sharper and narrower indicating that the NPs are more uniform and
ordered, and their particle size reduced, which is caused by MWCNT stabilizing Ag .., preventing it from
aggregating and growing larger. On Ag,,,/MWCNT, the sharp and narrow peaks indicate that AgNPs have
become more crystalline and uniform in size distribution, sharper and narrower peaks indicate high purity and
crystallinity on XRD diffractogram [35]. However, the short peaks suggest the average particle size has increased,
hence the increase in green composite size [36—38], which is caused by MWCNT promoting growth and
stabilization. The right shift observed at 25° suggests that the incorporation of AgNPs altered the interlayer
spacing of MWCNT, likely due to Ag-C bonds or structural defects, which can enhance structural integrity and
the shorter and narrower peaks observed at 25° on both nanocomposites indicate improved crystallinity and
reduced disorder in the composites compared to pristine MWCNT reflecting a more uniform distribution of
AgNPsin MWCNT [33, 39, 40].

3.4. SEM and EDX characterization

The shape of Agchm, Aggrns MWCNT, Agchm/MWCNT, and Ag,,,/MWCNT were characterized using SEM
technique as indicated by the microgram in figure 4. The SEM images of Ag.p,, in figure 4(a) show agglomerated
spherical particles, (b) that of Ag,,, shows agglomerated spherical particles, (c) for MWCNT the SEM images
show a bundle of tangled tubes as previously reported by the literature [41]. Figure 4(c) shows a combination of
less agglomerated grains (Ag.p,,) in between tangled tubes (MWCNT), while (e) shows also a combination of
agglomerated spherical grains on the surface of tangled tubes. This shows that by decorating MWCNT with
Agcnm, the particles became less agglomerated while in Agg,,,/MWCNT, the AgNPs remained agglomerated on
the surface of MWCNT. Energy dispersive x-ray spectroscopy (EDS) was used for the analysis of elemental
composition of the materials as indicated in figures 5(a)—(e). The presence of all the existing elements in the
material were verified by EDS, with a very low Cu (0.15%) contamination on MWCNT but it was not present in
the other materials.
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Figure 4. The SEM depiction for (a) Agchm, (b) Aggrn, () MWCNT, (d) Agchm/MWCNT, and (e) Aggen,/MWCNT.

4. Flectrochemical studies

4.1. Flectrode optimization

Prior to the electrochemical characterization of all the nanomaterials in [Fe(CN)¢] "™, green and chemically
synthesized Ag/MWCNT nanocomposites were optimized for ratio using cyclic voltammetry (CV). The
[Fe(CN)] /4 (5mM) probe that was used for voltammetric characterization of electrodes was prepared in a
0.1 M phosphate buffer (PB) solution of pH = 7. In figures 6(a) and (c) show the performance of electrodes
modified with different ratios of MWCNT: AgNP, figure 6(b) shows that the ratio 1:2 for Ag.,,,/ MWCNT had
the highest current response, followed by 1:3, and lastly 1:1. Figure 6(d) showed that ratio 1:1 for

3/4—
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Figure 5. EDX elemental composition of (a) Agchm, (b) Aggen, () MWCNT, (d) Agchm/MWCNT, and (e) Aggrn/MWCNT.

Agyn/MWCNT had the highest current response followed by 1:2 and lastly 1:3. For further experimental
research, the ratios of 1:2 and 1:1 for Age,,,/MWCNT and Ag,,,,/MWCNT were selected.

The investigation of the electrochemical efficiency and electron transport of Bare, Agm, Aggr, MWCNT,
Agchm/MWCNT, and Ag,,,/MWCNT in 5 mM [Fe(CN)g] ~3/4 was conducted using CV. —0.4t0 0.8 Vis the
CV’s potential range and it was operated at a scan rate of 25 mV s~ '. The redox probe was prepared ina 0.1 M PB
solution. Figure 7(a) shows the anodic and cathodic peaks of all the nanomaterials in [Fe(CN)g] ~>/*", and
figure 7(b) shows the anodic current response of the nanomaterials, which is the order of Ag,.,,/ MWCNT
(668.13 A) > Agehm/MWCNT (477.22 pA) > Agenm (332.42) > MWCNT (278.55 piA) > Bare (27.49 pA) >
Agern (16.79 pA). Ag,,,/MWCNT has the highest current response, followed by Agp,,,/MWCNT, indicating
optimum sensitive electronic characteristics and strong adsorption capacity over Bare and pristine NPs, which is
due to enhanced morphology resulting from decorating MWCNT with AgNPs. In table 1, Ag.,,/ MWCNT and
Aggr,/MWCNT showed a higher I,,/I,,c value greater than 1. The AEp value for a one-electron redox process
that is reversible is said to be less than 57 mV, and if it is greater, the reaction is said to be either quasi-reversible
orirreversible [42]. Table 1 for both nanocomposites suggest a slower and irreversible electron transfer process.
The effective electroactive surface area (EASA) of all the electrodes was determined using Randle-Sevcik
equation (1). The calculated EASA values for Ag,.,/ MWCNT, Agc/MWCNT, Agpym, Aggen, MWCNT, and
Bare are 1.14,0.81, 0.57, 0.029, 0.48, and 0.047 cm?, respectively. Agm/MWCNT and Ag,,,/MWCNT showed
greater EASA than their pristine NPs and bare electrode, which is attributed to decoration of MWCNT with

8
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AgNPs.

I, = 2.69 x 10°n3/2AD'/2Cy!/2 )

Where A is the effective electroactive surface area (cm?), C is the concentration of [Fe(CN)g] >/ (mol/cm?), D

is the diffusion coefficient (cm?/s), n is number of electrons transferred and v is the scan rate (v/s), and I,
represents anodic peak current (A) [22].
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Table 1. The summary of Bare, MWCNT Ag hm, Aggrns Agchm/MWCNT, and Agy,,/MWCNT
nanocomposite ’comparatives cyclic voltammogram in [Fe(CN)s] 34

Electrode Ipa Ipc Ipa/Ipc Epa Epc Ep

Bare 27.49 —29.99 —0.92 0.517 —0.185 0.332
MWCNT 278.55 —271.74 —1.03 0.407 —0.049 0.358
Agchm 332.42 —66.19 —5.02 0.687 —0.261 0.426
Aggn 16.79 — — 0.321 — 0.321
Aghm/MWCNT 477.22 —169.77 —2.81 0.444 —0.101 0.343
Aggm/MWCNT 668.19 —144.76 —4.75 0.467 —0.104 0.363

Table 2. Fitted EIS data of all the electrodes in FeCN.

Electrodes Bare MWCNT AZchem Aggen Agchem/MWCNT Aggrn/MWCNT
R () 2618 x 1071 4.763 x 107° 5.486 x 107! 6.550 x 10! 8.381 x 107! 6.101 x 107!
R, () 387.91 — 506.84 409.91 — —

CPE, 2.846 x 1077 5.0 x 107* 3.776 x 10° 1.963 x 10° — —

N 0.70 1 0.79 0.83 — —

R (D) 6785.6 384.26 4591.1 5213.1 414.16 366.76

C1 3.423x107° — 3.109 x 107 3.555x 1077 3.123 x 1077 4.159 x 107°
W (S-sec®?) 6799 174.58 19390 17183 167.4 150.73

x? 5.805x 10 1.014x 1077 2.556 x 1072 1.064 x 10~? 1.056 x 10 1.072x 1072

4.2.FIS analysis in FeCN

5mM [Fe(CN)g] ~>/*" was the redox probe used for the investigation of the electron transport behaviour of
nanomaterials and was conducted using electrochemical impedance spectroscopy (EIS). 0.1 V was used to
conduct the experiment since it showed a higher current peak potential. Figure 8(a) represents the Nyquist plot
for all electrodes in the redox probe. The circuit displayed in figure 8(b) contains the following parameters:
solution resistance (R;), constant phase element (CPE), charge transfer resistance (R.,), capacitance (C1), and
Warburg (W). The R, values are used to determine electron transfer capabilities. According to table 2, R values
are as follows: 6785.6 > 5213.1 > 4591.1 > 174.6 > 167.4 > 150.7, which are for bare, Agg, Agchm, MWCNT,
AZchm/MWCNT, and Ag,,.,/MWCNT, respectively. The R, values of both the composites are very low as
compared to their pristine NPs, indicating better electron transport capabilities, and this is a result of combining
the AgNPs with MWCNT, which also has a verylow R, which is due to that MWCNT high conductivity [43]. It
is also observed that bare, Ag jm, and Ag,,, have n-values of 0.70, 0.79, and 0.83 indicating non-ideal capacitance
with a depressed semicircle, while MWCNT, Ag.,,,/MWCNT, and Ag,,,/MWCNT have an n-value of 1
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MWCNT nanocomposite’s anodic response.

Table 3. The peak summary of the comparative voltammogram of Bare, MWCNT Agchm, Aggrn»
Aghm/MWCNT, and Ag,,/MWCNT nanocomposite in MB.

Electrode Ipa Ipc Ipa/Ipc Epa Epc AEp
Bare 5.500 —7.64 —0.719 0.417 —0.053 0.364
MWCNT 120.585 —139.558 —0.864 0.261 —0.0135 0.248
Agchm 160.016 —230.588 —0.693 0.497 —0.194 0.303
Aggrn 7.207 —6.689 —1.086 0.245 —0.064 0.181
Aghm/MWCNT 651.032 —881.544 0.738 0.387 —0.029 0.358
Aggm/MWCNT 325.976 —696.264 0.468 0.343 —0.147 0.196

indicating ideal capacitance behaviour, which shows that there is a smooth and homogeneous electrode surface.
This shows that the charge transfer is very efficient due to interference not impeding the flow of electrons. The
EIS R, values follow the trend of CV in FeCN except for MWCNT, which is because the n-value of MWCNT
indicates pure capacitance. The chai-square values (X°) are all very small, which indicates that the fit of the data is
very good for each of the corresponding EIS circuits.

4.3. Electroanalysis of MB

CV was used for the investigation of electrochemical behaviour of Bare, Agchm, Aggrn, MWCNT,
Agchm/MWCNT, and Ag,,,/MWCNT towards 0.1 mM MB of pH 7 prepared in a PB solution of 0.1 M
concentration. —0.4 to 0.8 V is the CV’s potential range as shown on figure 9(a), and it was operated at a scan rate
of 25mV s~ '. Table 3 shows that the anodic current responses are as follows, Agc,m/MWOCNT (651.03 pA) >
Aggrn/MWCNT (325.97 JA) > Agem (160.01 pA) > MWCNT (120.85 j1A) > Aggpm (7.20 1A) > Bare (5.50 j1A).
The significant increase in the current response of Agy,,,/MWCNT is a result of the improved conductivity
provided by MWCNT, allowing efficient flow of electrons, and the synergistic effect whereby Agy,,, provided
catalytic activity and a high surface area, providing more active sites for electrochemical reactions leading to
enhanced current response and improved sensitivity, while MWCNT provided a conductivity network and
mechanical stability [44—46]. In table 3, Agm/MWCNT and Ag,,,/MWCNT showed a higher I,,/I,,c value
greater than 1, with (AE,,) greater than 57 mV, indicating an irreversible reaction with a slower electron transfer
process. Leucomethylene blue, a colourless solution of MB, was formed at the surface through a one proton
mechanism for MB followed by a two electron mechanism from MB [47]. The reaction mechanism is shown in
Diagram 1.

4.4. Effect of scan rate

The 0.1 mM MB’s effective scan rate on the current response of the oxidation and reduction for insight into the
electron transfer process occurring on Agcy,m/MWCNT and Ag,,.,/MWCNT was investigated at —0.8 t0 0.8 V
potential range using CV. Figure 10(a) shows that when the scan rate was increased from 10to 65mVs ™', a
directly proportional relationship was observed between the scan rate and both anodic, and cathodic peaks, with
anodic peaks shifting towards the right (higher potential) and cathodic peaks shifting towards the left (lower
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t

N
CIIHg CH3

Leucomethylene blue

2000 2000
(b)
1500 1500 -
lp, =199.3v"2 + 34.205 _
1000 1000 4 R2 = 0.9999
g 500+ < 500
'S' 0- =
: E
-500 =
= O 500 -
-1000 -|
-1000
-1500 |
1500 - I, = -246.04v"2 + 117.87
+2000: R? = 0.9998
T T T T T '2000 T T T T T T
0.8 0.4 0.0 0.4 0.8 3 4 5 6 7 8
Potential (V) v2(mvs)12
0.6 .
- (c) (d) =
0.4 Epa = 0.323910g v - 0.0702 >
R2=0.985 i
314 0.2 -
= log I, = 0.4844log v + 2.33
< |R*=0.99996 -
= S 0.0
3 3.0 <
= w
° 0.2+
29
-0.4 - .
E,_. = -0.5058log v + 0.2922
28 - 5
-0.6 4 R*=0.9867
10 12 14 16 18 10 12 14 16 18
log v (mVs™) log videcade
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v'72.(0) plot oflog I, versus log v. (d) E,, versus log v.

potentials), with the correlation coefficient of both anodic and cathodic peaks being equal to 0.999, which
indicates that the reaction process is diffusion-controlled [32, 48]. Equation (4) shows the gradient oflog I,
versus log v is 0.4844, which also confirms that the reaction process is diffusion controlled.

Lo = 199.3v1/2 + 34.205(R? = 0.9999)

e = —246.04v!/2 + 117.87(R? = 0.9998)
log Ipa = 0.4844 log v + 2.3364 (R? = 0.99996)
Epa = 0.3239 log v — 0.0702 (R> = 0.985)
Epc = —0.5058 log v 4 0.2922 (R?* = 0.9867)

(@)
3
(C)
(€))
(6)

Equation (5) was used for the determination of the Tafel value using equation (7). Using the acquired gradient
slope, the Tafel value was found to be 0.646 V/dec, which is greater than 0.118 V/dec indicating absorption at
the surface of the electrode [22]. Laviron’s equation was utilized to determine the electron kinetics parameters,
including the number of electrons transferred () and the electron transfer coefficient (o) of MB on

Aghm/MWCNT [22]. Using equations (8) and (9) the a-values were found to be 0.390.
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Where T is the temperature (298 K), R is the gas constant (R = 8.314 JK ' mol '), nis the number of electrons

transferred, « is the electron transfer coefficient, F is the Faradays constant (96,500 C mol ™ Y, and E° is the
formal potential [48].
In figure 11(a), the current versus scan rate plot shows broad anodic and cathodic peaks indicating an

adsorption-controlled process [48]. Equation (10) of the log I, /I, versus log v showed a slope of 0.874, which

also enforces that the reaction mechanism of figure 11(a) is adsorption-controlled [49]. The Tafel value
determined for equation (11) was found to be 0.387 V/dec using equation (7), which is greater than the

theoretical value 0of 0.118 V/dec indicating absorption at the surface of the electrode. Using equations (11) and

(12) the coefficient of electron transfer () was calculated to be 0.492 using equations (8) and (9).
log1,, = 0.8745log v + 1.2077 (R? = 0.9971)
Epe = 0.1943 log v + 0.0527 (R? = 0.9901)
E,c = —0.3014 log v + 0.2944(R* = 0.9968)
I, = 94.711v!/2 + 181.48 (R* = 0.99)
I = —85.034v'/2 — 239.92 (R? = 0.9901)
The heterogeneous rate of electron transfer (k) for GCE-Ag .,/ MWCNT and GCE-Ag,,,/MWCNT was

calculated using equation (15) [42]. For GCE-Ag ..,/ MWCNT the k-values were found to be 0.0119 cm.s™

for Agg,,/MWCNT modified electrode it was found to be 0.021 cm.s™ !
nFAE,

RT
logk;=alog(l —a) + (1 — a)logax — log — — a(l — o) ————
g g ( )+ ( )log ey ( )2_303RT

(10
(11
(12)
(13)
(14)

! and

15)
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Figure 12. (a) Square wave voltammogrm of GCE-Ag,,,/MWCNT at different MB concentrations, (b) linear plot of GCE-Agc,m/
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Figure 13. (a) Square wave voltammogrm of GCE-Agg,,/MWCNT at different MB concentrations, (b) linear plot of GCE-Agg,n,/
MWCNT current response against MB concentration.

4.5. Electroanalysis of MB

The electroanalysis of MB was performed using square-wave voltammetry (SWV) because SWV is more
sensitive, has higher peak-to-peak separation, and lower detection limit than CV [50]. SWV was used for the
investigation of the electrode’s response to MB (pH 7.0) oxidation at concentrations ranging from 2.927 to
15.652 pM prepared in a PB solution of 0.1 M concentration. As indicated in figure 12(a) the current was
inversely proportional to the increase in concentration at GCE-Ag,,,/ MWCNT electrode, this is because MB at
high concentration tends to adsorb at the electrode surface forming a dense layer that hinders electron transfer
and this can result in electrode fouling and saturation, limiting the number of active sites for electron transfer,
which results in mass transport limitation, hence the decrease in current [23, 51, 52]. Unlike in figure 12(a),
figure 13(a) shows that the current and rise in concentration at GCE-Ag,,.,/MWCNT electrode have a linear
relationship. The relationship between current and concentration is described by the equation I = 9.0872[MB]
+812.91 (R* = 0.98632), and I = 13.08[MB] + 502.26 (R* = 0.9921) for Ag,m/MWCNT and Agg,,/MWCNT,
respectively. Furthermore, the LODs and LOQs of both composites were calculated using equations (16) and
(17)[23].

LOD = 22227 (16)
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Figure 14. (a) SWV voltammogram of MB with SSY as interfering compound at GCE-Ag,,,/MWCNT, (b) SSY with MB as an
interfering compound.

Table 4. Comparison of the current sensor and previous work on electrochemical detection of MB.

Electrode LOD (uM) Linear range (pM) Technique References
NH,-Fmwent 0.00021 0.01-50 SWv [18]
Tbu-AuNPs 0.0039 0.01-1.1 DPV [53]
Co-bhb 0.1 5x10°-35 x 10° cv [54]
25FE-19Cr-19Ni-18ti-19 mn alloy powder — 1x10°-5 x 10° Ccv [55]
Ag/mof-gr 0.625 3.125-100 DPV [56]
Cnts-auspe 0.1 0.1-10 DPV and SWV [57]
GCE-Agehm/MWCNT 4.684 x 1076 2.927 1076 — 15.652 x 10~ SWV This work
GCE-Aggn/MWCNT 2,953 x107¢ 2,927 x107% — 15.652 x 10~° SWv This work
Lop = 0 xSD (17)
slope

The LOD and LOQ were found to be 4.684 pM and 14.194 pM for Ag.,.,/MWCNT, and 2.953 pM and
8.895 pM for Ag,.,/MWCNT, even though both electrodes showed great sensitivity with the detection limit at
pico level, Ag,.,/MWCNT has better sensitivity since it has the lowest LOD amongst the two indicating that NP
synthesis route has a major impact on the nanomaterial’s electrochemical properties. Table 4 is inserted to
compare the current work with the previous work that has been done on MB detection, most of the work done
on MB is on its degradation and there is minimal work on its detection.

4.6. Interference studies

Since MB is a cationic dye and usually appears with a mixture of other cationic and anionic dyes in wastewater,
the selectivity of GCE-Agpm/MWCNT and GCE-Ag,,,/MWCNT sensor electrodes were investigated in the
presence of an anionic dye, sunset yellow (SSY). This investigation was performed using SWV. Figures 14(a) and
(b) are for the investigation of Agy,,,/ MWCNT, which showed good electrode selectivity when SSY was kept
constant at a concentration of 0.4 pM in figure 14(a). While the concentration of SSY was increased sequentially
with 1 mlin figure 14(b), the electrode showed great selectivity but showed a shift in both MB and SSY peaks
shifting towards the right. In figure 15(a) the selectivity that was investigated was for the Ag,.,/MWCNT
modified electrode, which showed great selectivity towards MB when SSY was kept constant and also showed
great selectivity for SSY when MB was kept constant in figure 15(b). Agg,,,/MWCNT also showed a shift in both
SSY and MB peaks towards the right. Both electrodes showed a decrease in current as the concentration of MB
and SSY were increased, this is because MB can influence the stability and sensitivity of the SWV response. MB is
stable but has a limitation due to its pH sensitivity and hydrophobic nature, which in the presence of varying
analyte concentrations, can affect the current response [58].

4.7. Real-sample analysis
The sensors’ ability in river water sample was investigated using SWV. GCE-Ag,,,/MWCNT and
GCE-Aggn,/ MWCNT electrodes were utilized to determine the presence of MB in river water. Tables 5 and 6

15



Mater. Res. Express 11 (2024) 105008 SJ Mokole and O E Fayemi

1100

600 E
(a) —1.90 uyM —1.90 uM (b)
f——3.63 uM ——3.63 uM,
——5.22 yM 1050522 M
500 - —8.67 uM 1——6.67 uM
8.00 uM
=3 ——9.23 uM =3
2 10.37 uM = 1000 -
& 400 - o
g £
a 3 9s0-
300 -
900
200 -
T T T 850 ‘ T
0.0 0.5 1.0 0.0 0.5
Potential (V) Potential (V)

Figure 15. (a) SWV voltammogram of MB with SSY as interfering compound at GCE-Ag,,/MWCNT, (b) SSY with MB as an
interfering compound.

Table 5. MB recovery from river water using GCE-Ag,,,/ MWCNT.

Sample Added (uM)  Detected (M)  Recovery (%) RSD (%)
River water 48 46.9 98 19.2
44.1 92
41.3 86

Table 6. MB recovery from river water using
GGE-Aggen/MWCNT.

River water 48 49.2 103 37.7
46.4 97
47.2 98

data showed 86 to 98% as the recovery percentage of GCE-Agp,,,/ MWCNT with 19.2 (n = 3) as its RSD value,
whereas the recovery percentage of GCE-Ag,,,,/MWCNT ranged from 97 to 103%, which is higher than that of
Agchm/MWCNT. Ag,.,/MWCNT showed an RSD value of 37.7 (n = 3). The high recovery percentages of
Aggr/MWCNT could be because of the sample matrix effect, which is enhanced analytical signals due to the
presence of other compounds present in water sample [59-61]. The smaller particle size of Agg,,,/MWCNT
enhanced surface area and reactivity leading to higher recovery percentage. The recovery percentages were
calculated using equation (18) [23]. The high recovery percentages achieved using the electrodes is an indication
that the sensors are highly reliable and sensitive.

quantity found — quantity added < 100 (18)

%Recovery =
7 quantity added

5. Conclusion

Voltammetric detection of MB at green and chemically synthesized Ag/MWCNT was attempted for the first
time in this study. The selectivity, sensitivity, conductivity, and electron transfer capabilities were investigated
using CV, EIS, and SWV. Both electrodes were very selective, Ag,,,/ MWCNT showed better electron transport
capabilities towards MB detection whereas Ag,..,/ MWCNT showed higher sensitivity and a higher recovery
percentage in real sample analysis. Using SWV at the concentration linear range 0f 2.927 to 15.652 pM,
Agehm/MWCNT showed an LOD and LOQ of 4.684 pM and 14.194 pM, and for Ag,.,/MWCNT it was

2.953 pM and 8.895 pM. The recovery percentage of Ag.,,,/ MWCNT ranges from 90 to 98% (n = 3) and that of
Ag,.,/MWCNT ranges from 97 to 103%. Both electrodes show great capabilities in detecting MB,
Aghm/MWCNT is more selective and sensitive, making it a suitable candidate for MB detection.
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