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Abstract: Cyclic voltammetry (CV) is one of the advanced techniques used to determine
various bioactive molecules, organic dyes, pesticides, veterinary drugs, heavy metals, toxic
chemicals, etc. To determine all the above analytes, one needs an electrocatalyst for their
electrochemical redox reaction. Many researchers have reported the use of metal nano-
materials, metal oxide nanomaterials, metal-organic frameworks, surfactants, polymers,
etc., as modifiers in carbon paste electrodes to enhance their current response, stability,
sensitivity, and repeatability. But some of the emerging, cost-effective, and highly efficient
electrocatalysts are advanced nanostructured alloy powders. These advanced alloys are
used as a modifier to determine various bioactive analytes. These alloy-modified carbon
paste electrodes (MCPEs) show excellent selectivity, sensitivity, and stability due to their
extraordinary electrochemical properties, as the compositional elements of most of the
alloys belong to d-block elements in the periodic table, and these transition elements are
famous for their brilliant electrocatalytic properties. The present review article mainly
focuses on the determination of dopamine, AA (AA), uric acid, methylene blue, methyl
orange, Rhodamine B, and the L-Tyrosine amino acid by various alloys like stainless steel,
high-entropy alloys, and shape-memory alloys and how these alloys could change the per-
ception of metallurgists and electrochemists in the future. These alloys could be potential
candidates for the development of various electrochemical sensors because of their high
porosity and surface areas.

Keywords: mechanical alloying; nanostructured alloys; electrocatalysts; modifiers; carbon
paste electrode

1. Introduction

Numerous medicinal and environmental applications depend on the quick and accu-
rate detection of bioactive compounds. Conventional biomolecule detection techniques
like spectroscopy and chromatography are frequently costly and time-consuming and
necessitate intricate sample preparation [1,2]. We are in great need of analytical instruments
that are highly sensitive, selective, stable, and robust in determining various bioactive
compounds individually or simultaneously [3]. In analytical chemistry, medicine, and
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environmental monitoring, the creation of electrochemical sensors for the detection of
bioactive compounds has grown in importance. High sensitivity, selectivity, and afford-
ability, as well as the capacity for quick real-time analysis, are just a few benefits that
these sensors provide [4]. Nowadays, electrochemical techniques like CV, electrochemical
impedance spectroscopy, alternating current voltammetry, differential pulse voltamme-
try, photo-induced electrochemiluminescence, and electrochemiluminescence are highly
efficient and effective techniques for determining bioactive compounds, organic dyes, sur-
factants, toxic chemicals, etc. [5]. Among these, CV is one of the popular electrochemical
techniques performed by cycling the potential of working electrodes between two chosen
values to determine the resultant current [6]. CV is a strong, sensitive, and adaptable
technique for examining bioactive compounds in both research and clinical settings [7]. In
domains including drug development, biomarker detection, and bioanalytical chemistry,
it is essential to figure out their electrochemical characteristics, interactions, stability, and
possible therapeutic uses. CV provides detailed information about the redox behavior of
bioactive compounds, as well as their electrochemical reactivity, electron transfer kinetics,
reaction mechanism, and quantitative and qualitative analysis [8].

Even though electrochemical sensors exhibit potential advantages, they still exhibit a
few limitations in terms of selectivity, stability, sensitivity, and repeatability. To overcome
these limitations, many researchers have used carbon paste electrodes (CPEs), which
are stable, selective, economic, and consistent in detecting various bioactive compounds.
Among the several electrochemical sensor platforms, carbon paste electrodes (CPEs) have
widely attracted researchers due to their versatile properties, ease of preparation, and
low manufacturing costs. Many researchers have used carbon paste electrodes (CPEs) to
determine various bio-analytes using the CV technique [9-11], and it has been proven that
these electrodes are highly stable, repeatable, sensible, and selective in nature. Further,
these electrode properties can be improved by modifying CPEs with nanomaterials. These
nanomaterials exhibit excellent values for surface area and surface energy, which can further
improve the electrocatalytic properties of the electrode [12,13]. Many researchers have used
various metal nanoparticles, metal oxide nanoparticles, and carbon-nanomaterial-modified
CPEs [14-20], but very few researchers have reported the use of nanostructured alloys
as modifiers.

The present review hypothesizes that the idea of adding nanostructured alloys like
stainless steel, HEA, and shape-memory alloys into CPEs during the determination of
various analytes will improve the sensitivity, selectivity, and stability of electrochemical
sensors to a greater extent [21-24]. This could also overcome CPEs’ limitations, like
their poor conductivity, low stability, and sensitivity at low concentrations of the analyte,
and improve their detection limits and quantification limits. These changes provide the
sensors with the ability to identify a variety of bioactive compounds at low concentrations,
which is crucial for tracking the levels of therapeutic drugs for the early diagnosis of
illnesses, determining various toxic dyes present in water, etc. The main objective of
the present review is to study the effects of modifiers, like nanostructured alloys on the
electrochemical detection of various bioactive compounds, and also how they affect the
sensitivity, selectivity, and stability of the electrodes at lower concentrations of the analyte.

2. Advantages of Using Nanostructured Alloys as Modifiers

One of the main advantages of using alloys as modifiers is their extraordinary stability;
most alloys remain stable and do not undergo any undesirable electrochemical reactions,
even with a wide range of potentials [25,26]. This will prevent the alloys from undergoing
decomposition at higher operating voltages. One more characteristic of alloys is their
electrode potential; the different elements present in an alloy can impart their electrode
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potential, resulting in a characteristic electrode potential that is obtained from all the
elements present in an alloy. This electrode potential plays an important role in determining
the electrocatalytic properties of alloys during the electrochemical redox reactions of the
analytes [27-30]. In this review article, we reported the nanostructured alloys prepared
from mechanical alloying. This method increases the surface area, and surface roughness
of the alloys by refining their structures, and also improves their porosity ratios, thereby
improving their electrocatalytic properties. The presence of different metals in an alloy
results in heterogeneous surface characteristics, which have a strong influence on the
electrochemical properties of the alloys [31-33]. On the other hand, surface roughness
further improves the electrocatalytic properties of the alloy by creating reactive sites for the
mobility of electrons.

3. Fabrication of Nanostructured Alloys by Ball-Milling Method

Recently, the ball-milling method has emerged as a well-established technique for
fabricating nanostructured alloys, especially for producing fine powders of metallic alloys
with improved qualities including strength, hardness, and wear resistance [34-36]. To
create nano-sized grain formations, powders of various metals or elements are combined
and processed under high energy conditions in a mechanical alloying process called ball
milling. Figure 1 depicts the planetary ball mill present at Bartin University, Turkey.

Figure 1. Retsch PM 100 planetary ball mill present in Bartin University, Turkey.

Ball milling is a technique composed of rotating cylindrical chambers loaded with
steel or ceramic balls. The fundamental process involves adding the elemental powders to
the grinding media at specific ball-to-powder weight ratios. The balls and powder collide
as the mill turns, breaking up and reshaping the particles to produce finer powders. The
impact and friction between the grinding balls and the particles provide the mechanical
energy necessary for the ball-milling process [37]. A refined structure is produced as the
particles are crushed, deformed, and welded by the balls as they tumble and revolve in
the mill. As a result, nanoparticles are created, and solid-state processes can be triggered
to create alloys [38,39]. For further details about ball milling, milling conditions, and
how to prepare nanostructured alloys, refer to the published articles of the author of
this review, Shashanka et al. [31,32,40-42]. The main advantages of using the mechanical
alloying method are because of its low cost, scalability, versatility, improved properties,



Catalysts 2025, 15, 259

4 of 34

uniform homogeneity, control over the method, etc. Therefore, many researchers use
mechanical alloying methods to prepare various advanced alloys. While preparing alloys
by ball-milling method, one must take care of contamination, agglomeration, improper
distribution of alloy, chances of wearing of machines, etc. In the present review article, we
have discussed the electrocatalytic properties of DS, ferritic stainless steel, high-entropy
alloys, and shape-memory alloys prepared by the ball-milling method.

4. Preparation of Nanostructured-Alloys-Modified Carbon Paste
Electrodes (NsA-MCPE)

To prepare CPEs, we need graphite powder and a binder like paraffin oil or silicone
oil. The proportion of binder to graphite powder is crucial [43,44]. The standard ratios
of 70-80% graphite powder by weight and 20-30% binder, such as silicone oil, are mixed
well in mortar and pestle for approximately 30 min [45,46]. Depending on the particular
requirements of the experiment and the characteristics of the graphite powder, we can
modify this ratio. To create a homogenous mixture, thoroughly mix the graphite powder
and the binder material [47,48]. The carbon paste should resemble thick toothpaste in
consistency and be uniformly smooth. Later, fill the carbon paste to the cavity present in
the specially designed electrode, which acts as the working electrode. Make sure to fill
it evenly to avoid air bubbles and ensure the paste is tightly packed. Leave a small part
of the electrode body free of paste to attach the electrical contact. Carbon paste is packed
properly and uniformly to avoid any formation of air bubbles in the electrode. To obtain a
homogeneous smooth surface for electrochemical measurements, gently press the carbon
paste electrode against a clean piece of paper towel or a level surface. To the surface of the
CPE, attach a suitable conductive wire like copper for the electrical contact for the electrode.
To avoid unwanted side reactions, make sure the copper wire is properly in contact with the
carbon paste without touching the electrode’s exposed surface [49,50]. Sometimes, curing
of the electrode may require that, depending upon the type of binder used. Curing is a
process of heating the electrode at a very low temperature to solidify the binder used to
prepare the CPE; this will impart mechanical strength to the electrode. If we use mineral
oil as a binder, then the CPE requires curing, and if we use silicone oil as a binder, then
curing is not required. Curing of electrodes is required only when we use low-viscous
binders to prepare the CPEs. After curing, we need to polish the surface of the electrode
to make it smooth and uniform. On the other hand, NsA-MCPE is prepared by mixing
different concentrations of the modifier (nanostructured alloys) in a CPE composition and
grinding them with a mortar and pestle for approximately 30 min and follow the same
steps as discussed above to prepare CPEs. Figure 2 depicts the CPE preparation process.

It is very important to pre-condition the electrode by applying multiple potential cycles
in the electrochemical solution under study using cyclic voltammetry. This can help the
electrode to perform consistently throughout measurements by eliminating contaminants
or irregular side reactions because of them. Now, the electrode is ready to use for the
electrochemical determination of various bioactive compounds by cyclic voltammetric
method and placed in an analyte solution, along with a reference electrode and platinum
wire counter electrode [51-53].
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Figure 2. Preparation of CPE [28].

5. Duplex Stainless Steel-Modified Carbon Paste Electrode (DS-MCPE)
5.1. Introduction to Duplex Stainless Steel (DS)

DS is a popular grade of stainless steel, made up of nearly equal amounts of non-
magnetic ferrite and magnetic austenite phases [54-56]. DS is appropriate for demanding
applications requiring high strength, exceptional corrosion resistance, electrochemical
properties, good weldability, high toughness, and enhanced fatigue resistance due to their
dual-phase structure [57-59]. The marine, oil and gas, paper and pulp, chemical processing,
and construction industries are among those that employ DS because of its exceptional
strength, corrosion resistance, and affordability [60,61]. Recent applications of DSs are used
as an electrocatalyst for various electrochemical applications [26-28].

5.2. Electrochemical Determination of Dopamine

Dopamine functions as a chemical messenger known as a neurotransmitter, which
transmits messages to the brain through the central nervous system [62]. It is essential
for numerous bodily processes, such as motivation, pleasure, happiness, mobility, and
emotional response management. The ventral tegmental area (VTA) and the substantia
nigra present in the brain manufacture dopamine. It is a component of the dopaminergic
system, which affects mood, behavior, and even judgment [63,64]. Tyrosine, an amino acid,
is the precursor for dopamine. It undergoes enzymatic processes to transform into L-DOPA
and, subsequently, dopamine. When dopamine is produced, it attaches itself to target
neurons’ dopamine receptors to affect their activity. Deficiency of dopamine can affect
the central nervous system and mental health, increase anxiety and depression, and cause
attention deficit hyperactivity disorder (ADHD), Parkinson’s disease, compulsive behavior,
sleeping disorders, etc. [65-68]. Therefore, we must determine dopamine efficiently and
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effectively. The cyclic voltammetric method proved to be one of the best techniques used to
determine dopamine. The chemical structure of dopamine is shown in Figure 3.

HO NH:

HO

Figure 3. Chemical structure of dopamine [69].

In a reversible electrochemical process, dopamine is reduced and oxidized. Dopamine
can usually be reduced back to its original form after being oxidized at the working
electrode to produce dopamine quinone. Dopamine undergoes oxidation around +0.2 to
+0.6 V to form dopamine quinone and, on the other hand, it will be reduced from dopamine
quinone to dopamine at a potential of around +0.1 to +0.3 V. The resultant peak current
of the electrochemical redox reaction is proportional to the concentration of dopamine
present. The electrochemical determination of dopamine utilizing the DS-MCPE by cyclic
voltammetry method was reported by Shashanka et al. [25]. The CV of a bare carbon
paste electrode (BCPE) and 4 mg of DS-MCPE in 2 mM of DA at 100 mVs~! and in a
pH 7.2 phosphate buffer solution (PBS) is shown in Figure 4a. They have investigated
one of the most crucial factors like modifier concentrations to determine the effectiveness
of the electrode’s performance as a dopamine sensor. To measure dopamine, they have
utilized 2, 4, 6, and 8 mg of DS-MCPE; however, 4 mg of DS-MCPE has demonstrated the
highest current response compared to the others. To investigate the effects of scan rate,
dopamine concentrations, and pH, they utilized 4 mg of DS-MCPE. The corresponding
CVs are displayed in Figure 4b, Figure 4c and Figure 4d, respectively.

As the scan rate is increased from 50 to 500 mVs~!, the anodic and cathodic peak
currents of dopamine increase during the electrochemical redox reaction due to direct
electron transfers between the analyte and the electrode, as illustrated in Figure 4b. The
potential difference between the anodic and cathodic peak potentials rises with the scan
rate. Similarly, Figure 4c depicts that, as the concentration of dopamine increases from 2 to
3 mM, the anodic peak current (Ipa) also increases from 15.5 to 19 pA. This is because there
are more dopamine molecules available at increasing concentrations, which causes Ipa
to rise linearly. However, as can be seen in Figure 4d, pH tests suggest that dopamine’s
anodic peak potential (Epa) drops when the pH rises from 5.7 to 8. This is because protons
(H") are frequently involved in the oxidation reaction and their concentration decreases
as pH rises. This variation in proton concentration alters the electrochemical reaction’s
equilibrium and influences the voltage at which oxidation takes place. A basic explanation
of the relationship between peak potential and pH is given by the Nernst equation; the shift
is usually approximately 59 mV per pH unit, depending on the number of protons in the
reaction. All these above results prove that DS-MCPE could be a potential candidate to use
as an electrocatalyst to determine dopamine electrochemically using cyclic voltammetry.

5.3. Electrochemical Determination of AA

AA is a water-soluble and vital vitamin to human health, also referred to as vitamin
C [70]. The molecular formula for this organic compound is CsHgOg and its chemical struc-
ture is shown in Figure 5. As a strong antioxidant, AA is essential for many physiological
functions, such as collagen formation, bone, cartilage, and tooth maintenance, as well as
immune system support [71,72]. Being an antioxidant, AA aids in scavenging free radicals
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and shielding the organism from oxidative damage. Vitamin E and other nutrients are also
preserved as a result of this antioxidant action. Many fruits and vegetables, including bell
peppers, oranges, strawberries, and kiwis, naturally contain AA [73,74]. It must be received
through diet or supplements because humans are unable to produce it internally.
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Figure 4. CV of (a) BCPE and DS MCPE, (b) scan rate investigations at (a = 50, b = 100, ...,
j=500mV/s), (c) concentration variation of dopamine, (d) pH variation investigation on the re-
dox reaction of dopamine using DS-MCPE [25].

AA is susceptible to air, heat, and light, and when it is exposed to air or UV radiation,
it readily breaks down and loses its vitamin function. Because of this, it is frequently kept in
cool, dark places and preserved in sealed containers. A typical dietary supplement of AA is
used to prevent and cure vitamin C deficiency, which can result in scurvy, and its deficiency
can also cause chronic illness, which causes malabsorption of nutrients [75,76]. Since the
body cannot generate AA, it must be regularly consumed through diet or supplements to
maintain good health [75-77]. Therefore, we need to frequently check for the AA and there
are many techniques available to determine it. However, cyclic voltammetry is one of the
most accurate ways to identify AA.
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Figure 5. AA structure [77].

The use of mechanically alloyed nanostructured DS powders for electrochemical
sensors was reported by Rayappa et al. [26]. The microstructure, lattice spacing, and SAED
pattern of mechanically alloyed DS are shown in Figure 6.

[311]
{220]

{200]

V - [211]

[110]
10inm:
Figure 6. (a) TEM, (b) HRTEM, (c) SAED pattern of DS powder [26].

The fabricated 4 mg of DS-MCPE showed better current sensitivity to detect the AA in
a PBS with a pH of 6.8 when compared to 2, 6, 8, and 10 mg of DS-MCPEs. It was determined
that the DS-MCPE’s active surface area was nearly twice as large as the BCPE’s surface
area. Additionally, they reported the limit of quantification (LOQ) and limit of detection
(LOD), which were determined to be 0.688 x 1078 M and 0.206 x 10~8 M, respectively.
Additionally, they have reported the repeatability, reproducibility, and stability of the
DS-MCPE and reported on the effects of scan rate, analyte concentration, pH fluctuations,
and interference ions. The graph of various DS-MCPE concentrations, along with their
corresponding Ipa and CV, is displayed in Figure 7a,b for 1 mM of AA at BCPE and 4 mg
of DS-MCPE [26].

It is confirmed that, in Figure 7a, the Ipa of the 4 mg of DS-MCPE is around twice that
of the BCPE. This demonstrates the significance of the modifier, which has a high current
sensitivity and can identify the analytes even at low concentrations. The enhanced surface
area of the electrode after the modification is the main reason for the higher current. The
Ipa of BCPE and DS-MCPE differ from one another, as seen in Figure 7b. When electro-
oxidizing 1 mM of AA, BCPE demonstrated an Ipa of 22.5 pA, while 4 mg of DS-MCPE
recorded an Ipa of 37.2 pA. The increased surface area and reaction sites in the case of
4 mg of DS-MCPE are responsible for the increased Ipa. Similarly, Rayappa et al. [26]
also reported the CV of AA electrochemically oxidized at different pH and scan rates,
and different analyte concentrations, as depicted in Figure 8a, Figure 8b, and Figure 8c,
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respectively. The pH studies validate the involvement of protons in the electrode response,
which shows that increasing the pH from 6 to 6.8 causes Epa to move towards lower
values. Participation of protons in the electrode reaction is confirmed by the pH studies,
which show the shifting of Epa towards lower values with the increase in the pH from 6 to
6.8. Using the equation below, they have also determined that there are two protons and
electrons involved in the electrochemical oxidation of AA:

AE,  2.303mRT

= 1
ApH nF M
50p
(b) \‘\\\\k_____,,,f”’)»
400 1
< 30U 1
E 20p -
S 1044
0- //
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=i —— 4mg MCPE
—20p T T T T T
omg 2mg 4mg 6mg 8mg 10mg —-0.2 0.0 0.2 0.4 0.6
Concentration of MCPE E (V) vs. Ag/AgCI

Figure 7. (a) DS-MCPE concentration graph with corresponding IPa, (b) AA CV at BCPE, and 4 mg
of DS-MCPE [26].
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Figure 8. CV of electrochemically oxidized AA at different (a) pH PBS, (b) scan rates, (c) concentrations
of AA [26].

Figure 8b demonstrates that raising the scan rate from 0.1 to 0.6 V/s during the
electro-oxidation of AA increases the Ipa but decreases the Epa. It is well known that
a higher scan rate results in a shorter period to maintain the same charge value, which
raises the current. As a result, when AA is electro-oxidized, the anodic peak current value
grows as the scan rate does [78]. Fast and direct electron transport between the analyte
and the electrode surface is the outcome of this linear increase in Ipa. Similarly, Figure 8c
reveals that an increase in the concentrations of the AA from 1 to 6 mM increases the
Ipa linearly. Using the standard deviation of the blank CV and the slope obtained after
plotting the Ipa vs. concentration of AA, Rayappa et al. [26] calculated LOD and LOQ
and the values are 0.206 x 1078 M and 0.688 x 108 M, respectively. Figure 9 shows the
electro-oxidation of AA at a pH of 6.8 using DS-MCPE. They have also reported the effect
of interfering ions during the determination of AA. They obtained variation of less than
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4% in the electrochemical signal of Ipa and this implies that even when different interfering
metal ions are present, the DS-MCPE remains extremely stable and selective.

50u 4
40y 4 \/
<« 3044
)
t 20p4
e
5
O 104
04
— BCPE
"1 e 4mg MCPE|
-20p T T T T T
-0.2 0.0 0.2 0.4 0.6

E (V) vs. Ag/AgClI

L
3 O.
)
HO
O O
Ascorbic acid Dehydroascorbic acid

Electrochemical
Oxidation

DSS-MCPE

Figure 9. Possible scheme of electrochemical oxidation of AA under DS-MCPE [26].

The repeatability and reproducibility tests were performed five times each by switch-
ing the electrode and electrolyte after each run, respectively. The calculated relative stan-
dard deviations for reproducibility and repeatability were 3.02% and 2.15%, respectively.
These findings suggest that the DS-MCPE is a more reliable and repeatable method for AA
molecule detection. Additionally, they investigated the stability of the DS-MCPE by detect-
ing AA in a pH of 6.8 PBS for 50 cycles. The first and final Ipa during the electro-oxidation
of AA is recorded to determine the degree of stability. The calculated stability value of
96.98% was obtained and this demonstrates the outstanding stability of the DS-MCPE
during the determination of AA.

5.4. Electrochemical Determination of MB (MB)

MB is a synthetic dye, that finds extensive use in both laboratory and medical
settings. This dye has a characteristic blue color and is categorized as a thiazine dye
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chemically [79,80]. For almost a century, MB has been used for several purposes, including
microscopy staining and medicinal uses [81,82]. Apart from its benefits, it has several
drawbacks, particularly when used incorrectly or in conjunction with specific medical
problems. The biggest worries are the possibility of toxicity at high dosages, serotonin
syndrome when taken with certain drugs, and hemolysis in people with G6PD deficiency.
Like any drug or substance, MB should be used with caution and under the supervision of
medical specialists [83—-85]. The chemical structure of MB is shown in Figure 10.

N
Q D\
H,C CH
~ —
N s~ N~ °
|

CH, Cl cI:H

Figure 10. Chemical structure of MB [86].

3

MB is used as a coloring agent in a variety of sectors, such as textiles, leather, and
paper. However, the significant MB dye discharge by these industries as wastewater into
the surface and groundwater causes environmental issues, resulting in adverse effects
on ecosystems and health issues [83-86]. The electrochemical oxidation of MB by cyclic
voltammetry method is considered one of the best suitable methods. Because of its ease
of use, sensitivity, low cost, and speed, this method provides detailed information about
the electrochemical determination of MB dye, making it very useful in the biomedical
sector [87-91].

Therefore, Rayappa et al. [27] determined the MB dye by cyclic voltammetry method
using DS-MCPE. Figure 11a,b represents the Ipa of MB obtained at various concentrations of
DS-MCPE and the CV of BCPE and DS-MCPE, respectively. From the figure, it is confirmed
that 2 mg of DS-MCPE has shown excellent current response compared to BCPE and MCPE
has shown more than 7 times the Ipa of BCPE. This confirms the importance of a modifier
like DS powders [27].
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Figure 11. (a) Graph of Ipa at various concentrations of DS-MCPE, (b) CV of BCPE, and 2 mg of
DS-MCPE [27].

On the other hand, the authors also reported the effect of pH variation, the effect of
scan rate, and the effect of MB concentrations, and their respective CVs are depicted in
Figure 12a—c. An increase in the scan rate and increase in the concentrations of MB increases
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the Ipa, as we discussed earlier. When the pH rises from 6 to 8, the Epa shifts to lower
values. This indicates that the electrochemical oxidation of MB involves protons.
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Figure 12. CV of electrochemically oxidized MB at different (a) PBS pH, (b) scan rates, (c) concentra-
tions of MB, respectively, at DS-MCPE [27].

The calculated values of LOD and LOQ are 0.222 x 108 and 0.74 x 108 M, respec-
tively [27]. Figure 13 shows the potential mechanism of the electrochemical reaction of MB
using DS-MCPE. Several metal ions (Na*, Cu?*, Fe?*, Mg2+, Fe3*, K*) and bioactive com-
pounds were used as the interferents and investigated up to what extent these interferents
can affect the Ipa of MB. Notably, the Ipa and Epa of MB did not significantly change either
positively or negatively, confirming DS-MCPE'’s strong selectivity. Furthermore, DS-MCPE
showed exceptional stability even after 50 cycles of continuous 0.1 mM MB detection at
pH 8, demonstrating its long-lasting effectiveness under electrochemical testing. Given the
improved stability and sensitivity of the DS-MCPE electrode, it is a potential candidate for
determining MB dye and can be incorporated into portable platforms for quick analysis.
Future research will concentrate on improving device mobility and fabrication procedures
and addressing pragmatic issues.

5.5. Electrochemical Determination of Rhodamine B (Rh B)

Rhodamine B is a synthetic dye that belongs to the Rhodamine family. It is frequently
used in textile dyeing, biological research, and other industrial operations as a fluorescent
tracer [92-94]. It has a fused tricyclic structure with nitrogen atoms and a benzene ring
joined to a carboxyl group, as shown in Figure 14. When solid, it is a dark red or purple
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powder; when dissolved in water, it will show a pink color. Because of its fluorescent
qualities, it can be used in a variety of processes, including DNA measurement, flow
cytometry, and microscopy [95-97].

CHy . CH; Sy . £H,
N S N - - N o~ N ~f
WOL e et
\ \
N N
Oxidized MB 4

\ )MB

MB and the electrode
interaction

MB molecule

2 mg DSS-MCPE

Figure 13. Possible scheme of electrochemical oxidation of MB at DS-MCPE [27].

~N O /CI:-I)\/
s
(@)
OH

Figure 14. Chemical structure of Rhodamine B [98].

Rhodamine B is utilized extensively in science and industry, but its possible harmful
effects on the environment and human health should not be disregarded. Long-term use
of Rhodamine B can cause chronic diseases like kidney and liver damage, a person can
develop vomiting and abdominal pain, and excessive use can affect the human reproduction
system [92-96]. It is highly carcinogenic in nature and increases the risk of cancer. To reduce
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400

the possible danger, proper handling, safety precautions, and compliance with rules are
crucial. Further study is required to completely comprehend the long-term effects on
human health and the environment to appropriately assess and lessen the risks connected
with its widespread use. Keeping in mind the adverse effects of Rhodamine B, we must
develop a system that can determine Rhodamine B even at small concentrations.

Shashanka et al. [28] attempted to study their electrochemical properties using DS-
MCPE using cyclic voltammetry technique and reported excellent results. Figure 15a,b
represents the graph of Ipa reported at different concentrated DS-MCPEs and the CV of
BCPE and DS-MCPE, respectively. According to the figure, 6 mg of DS-MCPE has shown
more than 2 times the Ipa of BCPE because of increased surface area and reaction sites after
modification. The authors have also calculated the active surface areas of 6 mg of DS-MCPE
and BCPE and the values were found to be 0.302 and 0.761 cm?, respectively. This shows
the importance of the modification of the CPEs.

12m4{ (b
ol @ (b)
1.0m 4
300
800.0p BCPE
250 < 6 mg GASDSS-MCPE
= 600.0p-
]
200 4 ‘n:: 400.0p ’/
150 1 © 2000y
100 4 0.0
50 4 / —200.0p 4 gar—
0= / A iz %% —400.0p e
Omg 2mg 4mg 6mg 10 mg -02 00 02 04 06 08 10 12 1.4
Concentration of GASDSS-MCPE E (V) vs. Ag/AgCI

Figure 15. (a) Plot of Ipa at various concentrations of DS-MCPE, (b) CV of BCPE, and 6 mg of
DS-MCPE [28].

On the other hand, the authors have also studied the consequence of scan rate and the
analyte’s concentrations on the electrochemical oxidation of Rhodamine B and represented
as a CV in Figure 16a and Figure 16b, respectively. During the electrochemical oxidation
of Rhodium B, an increase in scan rate and analyte concentration increases the current
response. This is because it takes less time to maintain the charge values at faster scan rates
and because the DS-MCPE surface and the analyte interact strongly, increasing electron
mobility. For the 6 mg of DS-MCPE, the determined LOD and LOQ were 0.378 uM and
1.260 pM, respectively.

They have also reported that interference like vanillin, FA, uric acid, methylene blue,
methyl orange, K*, Fe?*, and Mg?* does not affect the current response of the 6 mg of DS-
MCPE during the electrochemical oxidation of Rhodamine B. They have excellent stability,
repeatability, and reproducibility results for the DS-MCPE, and, therefore, DS-MCPE is one
the very important and potential electrodes that can be used to determine Rhodamine B in
real samples. The electrochemical oxidation of Rhodamine B is shown in Figure 17.

5.6. Electrochemical Determination of Folic Acid (FA)

FA is essential for many body processes, particularly the creation and growth of cells.
It is made artificially and can be found in supplements, fortified foods, and some natural
foods such as fruits, vegetables, whole grains, and legumes [99,100]. The synthetic form of
folate found naturally in food is called FA. During pregnancy, infancy, and adolescence,
FA is crucial because the body needs it to manufacture DNA, make red blood cells, and
maintain healthy cell division [101-104]. FA is a pteroylglutamic acid derivative, which
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consists of a pteridine ring, para-aminobenzoic acid, and glutamic acid, and its chemical
structure is shown in Figure 18.
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Figure 16. CV of Rhodamine B using 6 mg of DS-MCPE at different (a) scan rates and (b) concentra-
tions of Rhodamine B analyte [28].

Electro-oxidation of Rh B invloves participation
of 1 proton and 2 electrons

6 mg GASDSS-MCPE

BCPE

Figure 17. Possible scheme of electrochemical oxidation of Rhodamine B at DS-MCPE [28].

FA is very necessary to maintain cognitive function and mental health, and it reduces
depression. Some studies also revealed that FA consumption can reduce the risk of colorec-
tal and cervical cancer by promoting DNA stability and repair. Deficiency of FA during
pregnancy can lead to spina bifida and anencephaly (improper growth of the spine and
brain, respectively). Diseases like cardiovascular defects, immune system malfunction,
dementia, depression, and macrocytic and megaloblastic anemia are caused because of FA
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deficiency. A crucial nutrient, FA has a wide range of effects on human health, especially
in preventing birth abnormalities, promoting cellular function, and preserving general
well-being. Its extensive use as a supplement and in food fortification highlights how
crucial it is to contemporary healthcare and illness prevention [99-104]. Like any nutrient,
though, balance is essential because both an excess and a shortage can cause health issues.
Therefore, we need to determine the FA frequently, there are many analytical and electro-
chemical methods available to determine it, but cyclic voltammetry has proved to be one of
the best techniques to determine FA.

O OH
O

\\\‘ O H

Figure 18. Chemical structure of FA [105].

Shashanka et al. [29] reported the determination of FA using DS-MCPE by cyclic
voltammetry method. As we know, optimization of the experimental condition is very
important to obtain good results. Authors fabricated DS-MCPE at different concentrations
of DS powders as a modifier. Among, 2, 4, 6, and 8 mg of DS-MCPE, 4 mg of DS-MCPE has
shown excellent current response during electrochemical oxidation of FA compared with
the BCPE, as shown in the CV of Figure 19a. This is because of the increase in the surface
area and the reactive sites due to the enhanced surface roughness after modifying the BCPE
with 4 mg of DS powders. They have also studied the effect of scan rate and the effect of
concentration variation of FA, and their respective CVs are shown in Figure 19b,c.

An increase in the scan rate and the concentration variation of FA increases the Ipa,
respectively, due to the reduced time to keep the charge values at higher scan rates and
the increased number of FA molecules at higher concentrations. This will create a strong
electrochemical reaction between the DS-MCPE and the analyte FA, as a result of which
the movement of electrons will increase, and thus increase the Ipa. On the other hand, an
increase in pH from 5.7 to 8 will make Epa of FA shift towards negative potential. This
confirms the participation of protons in the electrochemical oxidation of FA. It is possible
to determine the number of electrons and protons participating in the electrochemical
reaction of FA by investigating the effect of pH variation. As per the values mentioned in
the article [29], we calculated the number of protons and electrons involved, and the values
were found to be almost 2. At last, they have concluded that the fabricated FA sensor could
be a potential sensor to diagnose FA deficiency diseases and they have reported all the
electrode reactions are adsorption controlled.
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Figure 19. CVs obtained during the electrochemical oxidation of FA using (a) DS-MCPE and BCPE,
(b) at different scan rates (a = 50, b = 100, ..., f =300 mV/s), (c) at different concentrations of FA [29].

6. High-Entropy-Alloy-Modified Carbon Paste Electrode (HEA-MCPE)
6.1. Introduction to High-Entropy Alloys (HEAs)

High-entropy alloys (HEAs) are the novel grades of modern alloys, which have
attracted a lot of interest lately because of their special qualities and potential for a variety
of uses. HEAs are made up of five or more major elements, each in large proportions
(generally 5-35% by atomic percentage), in contrast to ordinary alloys, which are often
made up of a single dominant element and a few alloying elements [106,107]. This produces
a multi-phase, multi-configuration, extremely complex microstructure that combines good
mechanical, thermal, chemical, and electrochemical properties [108-111].

The phrase “high entropy” describes the system’s high configurational entropy, which
is the outcome of mixing several different components. This opens the door to the creation
of new solid-solution phases, including HCP, BCC, and FCC structures [112]. Despite the
existence of many major elements, one of the main features of HEAs is their ability to create
single-phase solid solutions. In contrast, secondary phases are frequently formed by extra
components in typical alloys. Strength and hardness are boosted by the huge number of
elements in HEAs, which stabilizes the solid solution phase at room temperature [113,114].
One of the popular, effective modern methods to prepare HEAs is mechanical alloying [110].
A graphical representation of preparing HEAs by the ball-milling method is depicted in
Figure 20.
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Figure 20. Graphical representation of ball milling of HEA and the fabrication of HEA-MCPE [30].

Figure 21a,b depicts the XRD and SEM images of ball-milled HEAs for 15 h from
0 h [30]. It has several advantages over traditional metallurgical methods. HEAs exhibit
high mechanical strength, toughness, ductility, high resistance to corrosion, heat, and wear,
and excellent magnetic, electrical, and electrochemical properties. Therefore, they are
mainly used in aerospace, energy, coating, biomedical, defense, and automatic sectors.
However, HEAs still have enormous potential to overcome many of the drawbacks of
conventional alloys, like defining the phase diagrams, low cost, product designing, etc.,
and open the door to new technological advancements, as long as research and development
continue. One of the recent novel applications of HEA is as an "electrocatalyst" to determine
various dyes and bioactive compounds by cyclic voltammetry. Very few articles have been
published about the electrocatalytic properties of HEAs to investigate redox reactions of
various compounds, and we have reviewed a few of them and discussed how HEA plays
an important role in acting as AA, methyl orange, and MB sensors.

6.2. Electrochemical Determination of AA

We discussed the importance, properties, applications, and effects of AA on human
health earlier in this review article. We will discuss how HEA will help to determine the
AA. Shashanka et al. [30] reported the excellent electrochemical properties of HEA powders
and their potential use as an AA sensor. They have studied the effect of HEA as a modifier
in the CPEs by varying the concentrations of the HEA during the electrochemical oxidation
of AA. Among 2, 4, 6, 8, and 10 mg of modified HEA-MCPE, 8 mg of HEA-MCPE has
shown an excellent current response, as shown in Figure 22a, and the CV of BCPE and
HEA-MCPE in Figure 22b, respectively.

Using the Nernst equation, they determined the active surface area of HEA-MCPE and
BCPE, which came out to be 0.0027 cm? and 0.0014 cm?, respectively; this means that after
the modification of CPE, its active surface area increased almost 2 times. This will increase
the reactive sites and increase the mobility of electrons between the electrode and the AA.
Therefore, always MCPEs will show a higher current response than BCPEs in most of the
analytes. CVs obtained for the variation in pH and concentration of the AA are shown in
Figure 23a and Figure 23b, respectively [30].

As per the figure, as the PBS pH increases from 6 to 8, the Epa is decreasing. On the
other hand, concentration variation studies reveal that an increase in the concentrations
of AA increases the Ipa linearly. At last, they have concluded that the manufactured
HEA-MCPE has demonstrated excellent sensitivity and selectivity in identifying AA. In the
medical field, the current electrode may be used as a sensor to diagnose disorders caused
by AA deficiency. They have reported that the diffusion phenomenon controls the electrode
processes that occur during the electrochemical oxidation of AA.
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Figure 21. (a) XRD and (b) SEM of 0 to 15 h ball-milled HEA powders with regular time intervals [30].
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Figure 22. (a) Ipa at various concentrations of HEA-MCPE, (b) CV of BCPE, and 8 mg HEA-

MCPE [30].

6.3. Electrochemical Determination of Methyl Orange

Shashanka et al. [31] have reported the use of HEA powders as a modifier in CPEs
to determine methyl orange using CV. Figure 24 is the pictorial representation of the
experiment carried out in the article [31].
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Figure 23. CVs electrochemical oxidation of AA using HEA-MCPE at different (a) pH of PBS and
(b) concentrations of AA analyte [30].
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Figure 24. Pictorial representation of fabrication of HEA-MCPE and the electrochemical oxidation of
methyl orange [31].

As seen in Figure 25a, they synthesized 2, 4, 6, 8, and 10 mg of HEA-MCPE and
noted the corresponding Ipa achieved for the electrochemical oxidation of methyl orange.
The graph indicates an increase in surface area and reactive sites up to 8 mg HEA-MCPE,
followed by a decrease at 10 mg HEAMCEPE. It also shows a rise in Ipa till 8 mg HEA-MCPE,
after which it abruptly declines. Figure 25b depicts the over plot of CVs of a blank (without
the analyte methyl orange), BCPE, and HEA-MCPE. There is an increase of 4 times the
Ipa of 8 mg HEA-MCPE compared to BCPE. The pH studies revealed the participation of
protons in the electrochemical oxidation of methyl orange and the calculated number of
protons is 2.

The CV obtained for different pH solutions is shown in Figure 26a and its linear regres-
sion equation obtained is as follows: Ep (V) = 1.1452 — (0.060) pH (V/pH) (R? = 0.9980).
The reported slope obtained after plotting a graph of Epa vs. pH is 0.0603 and the value is
very close to the Nernst relation value of 0.059 V/pH. This confirms the participation of an
equal number of electrons and protons during the electrochemical reaction. They have also
performed the variation of the scan rate and the methyl orange and reported their effect on
the Ipa of methyl orange, and their respective CVs are shown in Figure 26b,c. Using the Ipa
values of Figure 26¢, the authors have calculated the LOD and LOQ, and the values were
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found to be 1.14 nM and 3.8 nM, respectively. The investigations related to the effect of
interferents, stability, reproducibility, and repeatability have shown excellent temperament
of the HEA-MCPE. This HEA-MCPE can be a potential candidate in the future to detect
methyl orange in wastewater, food products, etc. [31].
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Figure 25. (a) Graph of respective Ipa reported at different concentrations of HEA-MCPE, (b) CV of a
blank (without the analyte methyl orange), BCPE, and HEA-MCPE [31].
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Figure 26. CVs of electrochemical oxidation of methyl orange using HEA-MCPE at different (a) PBS
of pH, (b) scan rates, (c) concentrations of methyl orange analyte [31].

6.4. Electrochemical Determination of Methylene Blue

The accuracy, selectivity, sensitivity, repeatability, and reproducibility are further
increased by modifying the CPE with ball-milled HEA powders. Shashanka et al. [32]
prepared different concentrated HEA-MCPE (2, 4, 6, 8, and 10 mg) and recorded the
respective Ipa during the electrochemical redox reaction of the MB and its graphical
experimentation is as given in Figure 27 and the Ipa plotted the graph concerning different
modifier concentration is as shown in Figure 28a. Among all, 4 mg HEA-MCPE has shown
a maximum current response than others. Figure 28b indicates the CVs of BCPE and the
4 mg HEA-MCPE, and from the figure, it is confirmed that the Ipa of HEA-MCPE is 5 times
more than the Ipa of BCPE. Therefore, they have used 4 mg HEA-MCPE for further studies.

Figure 29a depicts the CV of MB oxidized at different PBS of pH 6 to 7.6 at a scan
rate of 100 V/s. Authors have plotted the Epa vs. different pH and their plot follows the
linear regression equation as follows: Ep (V) = 0.5235 — (0.0651) pH(V/pH) (R? = 0.9938).
This confirms that the electron mobility during the electrochemical redox reaction of MB
mainly depends upon the protons. The slope obtained is 0.0651 and it is almost equal to
the theoretical standard value of 0.059 V/pH. On the other hand, Figure 29b shows the CV
obtained at different concentrations and the Ipa increases linearly. According to the results
obtained during the scan rate variations, the mass transfer process is diffusion-controlled.
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They concluded that the prepared HEA-MCPE might be potentially used as an electrode to
detect different dyes, medications, hazardous heavy metals, pesticides, etc. This will give

metallurgists and mechanical engineers a new field of study to use different alloy powders
for a range of electrocatalytic applications.
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Figure 27. Pictorial representation of fabrication of HEA-MCPE and the electrochemical oxidation of

MB [32].
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Figure 28. (a) Plot of Ipa vs. different concentrations of HEA-MCPE, (b) CV of BCPE, and 4 mg
HEA-MCPE [32].
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Figure 29. CVs of electrochemical redox reaction of MB under HEA-MCPE at different (a) PBS of pH,
(b) concentrations of MB analyte [32].

7. Shape-Memory-Alloy-Modified Carbon Paste Electrode (SMA-MCPE)
7.1. Introduction to Shape-Memory Alloys (SMAs)

A special class of metallic materials known as shape-memory alloys (SMAs) can revert
to a predetermined shape in response to a specific stimulus, like heat. They are categorized
as “smart materials” because of their exceptional characteristics [115,116]. When exposed
to stress or temperature fluctuations, SMAs go through a phase transformation that allows
them to regain their former structure. One of the main characteristics of SMAs is this
phenomenon, which is known as the shape-memory effect [117-120]. Although nickel-
titanium (NiTi) alloys are widely used SMAs, other alloys, including copper—aluminum-
nickel (Cu-Al-Ni) and iron-based SMAs, are also used as SMAs. NiTi alloys are also called
nitinol and they undergo the reversible phase transition between a low-temperature and a
high-temperature phase. The phase transformation mainly depends upon the temperature
and they exhibit superelasticity, high damping capacity, excellent electrochemical properties,
biocompatibility, fatigue resistance, etc. [116-120]. Therefore, they are used in stents,
surgical instruments, orthodontics, actuators, automotive, aerospace, electronics, defense,
microelectromechanical systems (MEMS), and electrochemical sensor applications.

7.2. Preparation of Shape-Memory Alloys (SMAs) by Mechanical Alloying

Shape-memory alloys can have their qualities improved and customized with the help
of mechanical alloying. It makes it possible to precisely manipulate the microstructure
and composition of the material, which can result in enhanced performance in a variety
of demanding applications, superelasticity, and increased shape-memory effects [33]. If
we control the basic ball-milling issues like oxidation and phase stability and perform
milling optimization before the start of the actual milling, then we can fabricate high-
quality nitinols. Mechanically alloyed nitinols possess excellent porosity, high surface area,
and surface energy; therefore, nitinols could be potential electrocatalysts. If we disperse
the elements like Hf, Cu, carbon nanotubes, and graphenes in small amounts to NiTi
composition, then their properties will be improved further.

7.3. Electrochemical Determination of Dopamine

Shashanka et al. [33] investigated the electrocatalytic properties of ball-milled nitinols
dispersed with Hf, and the graphical representation of the whole experiment starting from
the milling to fabrication of NiTiHf-MCPE is shown in Figure 30. They have investigated
the phases present in the alloy at different milling times from 0 to 20 h by XRD and it is
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given in Figure 31. As per the XRD, we believe 20 h of milling time is required to obtain
highly refined SMA powders. Similarly, the progress of milling at different milling times is
further investigated by SEM and EDS analysis as shown in Figure 32. The figure confirms
the gradual decrease in the particle size from 0 to 20 h of ball milling with the irregular
shape of the powders.
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Figure 30. Pictorial representation of whole experiment starting from the milling to fabrication of
NiTiHf-MCPE [33].
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Figure 31. XRD of ball-milled NiTiHf powders [33].
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Figure 32. SEM and EDS analysis of ball-milled NiTiHf powders [33].

Initially, Shashanka et al. [33] investigated the electrocatalytic properties of NiTiHf-
MCPE and found no remarkable increase in the current response; therefore, they elec-
tropolymerized the MCPE with methyl orange and studied their electrocatalytic properties
in determining dopamine. After the process of electropolymerization, their current re-
sponse increased from 40 to around 54 pA. Figure 33a shows the electropolymerized
voltammograms after electropolymerized NiTiHf-MCPE with 1 mM methyl orange (MO) at
a pH of 7 in 0.2 M phosphate buffer solution (PBS). For up to 20 cycles, the polymerization
was carried out at a scan rate of 0.1 V/s and a potential range of 0.3 V to 1.2 V, respectively.
It was verified by the voltammograms that a linear increase in Ipa could be seen as the
number of cycles increased from 1 to 20; this is because a methyl orange monomer forms a
polymer. The polymerization process enhances the NiTiHf-modified electrode’s surface
area, reactive sites, selectivity, and sensitivity in addition to raising the oxidation peak
current. Figure 33b shows the CVs of electrochemical redox reactions of dopamine in BCPE,
NiTiHf-MCPE, and poly(MO)-NiTiHf-MCPE, respectively. From the figure, it is confirmed
that the electropolymerized MCPE has shown a maximum current response than the other
two electrodes. Later authors calculated the active surface areas of BCPE, NiTiHf-MCPE,
and poly(MO)-NiTiHf-MCPE using the Nernst equation, and the values were found to be
0.044, 0.089, and 0.098 cm?, respectively. This shows the importance of modification and
electropolymerization of the electrodes [33].

Figure 33c represents the effect of pH on the redox reaction of dopamine using
poly(MO)-NiTiHf-MCPE, and it confirms the shifting of Epa to higher values linearly
with the increase in the pH from 5 to 7.5. This confirms the participation of protons during
the electrochemical redox reaction of dopamine. The linear regression equation for this
study is as follows: Ep(V) = 0.1812 — (0.0591) pH (V/pH) (R% = 0.9984).

This linear regression equation demonstrates that during the redox reaction of
dopamine, the electron mobility is mostly dependent on H+ [121]. The obtained slope of
0.0591 V/pH is extremely near to the conventional value of 0.059 V/pH. This demonstrates
that the redox reaction of dopamine involves the same number of protons and electrons,
which is determined to be two electrons and two protons. Figure 33d shows the CV of
dopamine at different scan rates from 0.025 to 0.4 V/s at poly(MO)-NiTiHf-MCPE. It shows
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an increase in the IPA with the increase in scan rate. The possible electrochemical oxidation
of dopamine on the surface of poly(MO)-NiTiHf-MCPE is shown in Figure 34. Authors
have also studied the effect of interferents, repeatability, stability, and reproducibility of
poly(MO)-NiTi-MCPE during the electrochemical redox reaction of dopamine and they
have reported excellent results [33]. They have also determined dopamine and FA si-
multaneously using the same poly(MO)-NiTi-MCPE and concluded that this electrode
could be a potential candidate to determine various bioactive molecules individually or
simultaneously in real samples. Table 1 depicts the comparison of experimental results of
different types of alloy-MCPE during the determination of various analytes.

30 60.0p
e WC) (b)
250.00 40.0p -
< 200.0u- <
- —~ 20.0p J
£ 150.0p -
o c
= o
3 100.0p - g i
&
50.0p 4 \F/
0.0 4 ~20.0p 1 ——BCPE
— NiTi-MCPE
-50.0p 1 poly(MO)-NiTiHf-MCPE
T T T T T 740'0‘] T T L) T L]
1.0 -0.5 0.0 0.5 1.0 15 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E (V) vs. Ag/AgCI E (V) vs. Ag/AgCI
60.0p
80.0u1 (d)
40.0p - 60.0 -
< 5 4°.°|J - / —
= 20.0 = sonid
g £ =
5 > 0.0 4
o 0.0 1 (&) / 0.400 V/s
-20.0p 4 /
20.0 -40.0p 4
~60.0p 0.025 Vis
40.0 T T T T T 8 o b o by
ll0.4 02 00 0.2 0.4 0.6 0.8 -04 02 0.0 0.2 0.4 0.6 0.8
E (V) vs. Ag/AgCI E (V) vs. Ag/AgCI
Figure 33. (a) CV after electropolymerized NiTiHf-MCPE with 1 mM methyl orange (MO) at a pH
of 7 in 0.2 M phosphate buffer solution (PBS), (b) CV of electrochemical reaction of dopamine at
BCPE, NiTi-MCPE, and poly(MO)-NiTiHf-MCPE, respectively; CVs of electrochemical redox reaction
of dopamine using poly(MO)-NiTiHf-MCPE at different (c) PBS of pH, (d) scan rates [33].
Table 1. Comparison of experimental results of different types of alloy-MCPE during the determina-
tion of various analytes.
Modifiers Used Electr(?chem1cal Analyte. Important Findings References
Technique Determined
. Electrode reactions were adsorption
Fe-18Cr-13Ni cv Folic Acid controlled. Current sensitivity of [29]

(stainless steel)

17.32 pA was recorded.
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Table 1. Cont.

Electrochemical
Technique

Analyte

Modifiers Used Determined

Important Findings References

Duplex stainless steel CV Ascorbic Acid

The stainless steel showed good

current sensitivity of 143.52 pA. 23]

Duplex stainless steel CV Uric Acid

The stainless steel showed good

current sensitivity of 19.36 pA. 23]

Duplex stainless steel CV Dopamine

The stainless steel showed good

current sensitivity of 25.61 pA. [25]

Yttria dispersed

Fe-18Cr-13Ni cv

Ascorbic Acid

The stainless steel showed good

current sensitivity of 370 mV. [24]

Yttria dispersed

duplex stainless steel Uric Acid

The stainless steel showed good

current sensitivity of 31.01 pA. [24]

Yttria dispersed

duplex stainless steel Dopamine

The stainless steel showed good

current sensitivity of 28.48 pA. [24]

23Fe-21Cr-18Ni-20Ti-

18Mn (HEA) Ascorbic Acid

For the concentration of 8 mg
modifier, a maximum peak current
of 104.07 pA was measured. For
the high-entropy-alloy-modified
carbon paste electrode and the
bare carbon paste electrode, the
active surface areas for the electron
transfer process of ascorbic acid
are calculated to be 0.0014 cm?

and 0.0027 cm?, respectively.

(30]

25Fe-19Cr-19Ni-18Ti-
19Mn high-entropy
alloy

Methylene

CV Blue

The anodic peak current of 508.4 pA
was displayed by the 4 mg
high-entropy-alloy-modified
carbon paste electrode, while only
99.74 pA was displayed by the
bare carbon paste electrode. This
significant anodic peak current
difference between the two
different electrodes have
demonstrated the value of the

the modifier in enhancing the
electrode sensor’s sensitivity,
robustness, and selectivity.

(32]

2507 super duplex

stainless steel cv

Ascorbic Acid

BCPE has shown an anodic peak
current of 22.5 pA and 4 mg
SDSS-MCPE has recorded 37.2 A

of anodic peak current during the
electro-oxidation of 1 mM AA. LOD and
LOQ were calculated to be 2.06 nM and
6.8 nM, respectively.

[26]

poly (methyl orange)
shape
memory alloy

(@AY Dopamine

The calculated active surface area for
BCPE, NiTiHf-MCPE, and the poly(MO)-
NiTiHf-MCPE were found to be 0.044,
0.089, and 0.098 cm?, respectively. LOD
and LOQ were calculated to be 5.55 uM
and 18.45 uM, respectively.

(33]
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Table 1. Cont.

Electrochemical Analyte

Modifiers Used Technique Determined Important Findings References
MO oxidizes at 700 mV. The calculated
. . electrode surface area of BCPE and
%gll\j‘/i-lZlCr—lfﬂNl—ZOTl— cv gf;ﬁyi HEAMCPE was found to be 0.0546 and  [31]
& 0.4439 cm?, respectively. The LOD
obtained is 0.080 uM.
Dopamine Dopamine-o-quinone
HO NH, SN NH,
+Z2H"
o
HO O

Electrochemical
Oxidation

poly(MO)-NiTiHf-MCPE

Figure 34. Possible electrochemical oxidation scheme of dopamine at poly(MO)-NiTiHf-MCPE [33].

8. Challenges and Future Perspectives

Although using nanostructured-alloy-modified CPEs for electrochemical sensing has
several benefits, there are drawbacks as well:

> Reproducibility: Because of differences in how nanostructured alloys were prepared
and how the nanoparticles were distributed in the past, it might be difficult to achieve
similar performance across several sensors.

> Interference from Biological Matrices: Measurement accuracy may be impacted by
the presence of interferents in complex biological samples, such as blood or urine. To
reduce these interferences, sophisticated sensor designs and adjustments are required.

>  Long-term Stability: Although nanostructured alloys are generally durable, oxida-
tion and other causes may cause them to perform worse over time, which could
compromise the sensors’ long-term dependability.

By creating more reliable, repeatable electrode modification methods, improving
sensor selectivity through sophisticated material design, and combining electrochemical
sensors with portable devices for real-time applications, future research will probably
concentrate on overcoming these obstacles.
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9. Conclusions

Alloys are the perfect candidates for electrochemical sensing because of their excep-
tional conductivity and biocompatibility as electrocatalysts. Their catalytic qualities enable
the oxidation or reduction of analytes at lower applied potentials, while their large surface
area enables the effective adsorption of biomolecules. Selectivity and sensitivity towards
particular analytes can be enhanced by the synergistic effects of alloys. Furthermore, the
presence of nanostructured alloys on the electrode surface enhances the sensor’s selectivity
by enabling improved resolution of overlapping signals. These sensors are an important
tool for environmental monitoring since they can identify minute levels of contaminants,
harmful compounds, bioactive molecules, amino acids, and other substances in soil or
water samples. The sensitivity of the sensor is raised by the significantly greater surface
area that the nanoscale size of metal particles offers for the adsorption of target molecules.
Because of their superior conductivity, these alloys—MCPE—produce more accurate and
timely reactions by accelerating electron transport. They are also more durable and robust,
which ensures that the sensors will perform effectively even under harsh circumstances
and after extended use. Given the ongoing advancements in material science and sensor
design, these modified electrodes are anticipated to play a key role in the development of
next-generation diagnostic tools and environmental monitoring systems.
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