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ABSTRACT: Nickel-based metal—organic frameworks, denoted as ™o,

three-dimensional nickel trimesic acid frameworks (3D Ni-TMAF), Ho@/ou

are gaining significant attention for their application in non- . HO Glu::s': 3000

enzymatic glucose sensing due to their unique properties. Ni-MOFs
possess a high surface area, tunable pore structures, and excellent
electrochemical activity, which makes them ideal for facilitating
electron transfer and enhancing the catalytic oxidation of glucose.
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This research describes a new electrochemical enzyme-mimic e
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glucose biosensor in biological solutions that utilizes 3D nano- 3D Ni.TMAF Ho% E/V (Ag/AgCl)
spheres Ni-TMAF created layer-by-layer on a highly porous nickel HOZ OH o

substrate. The Ni-TMAF based on the nonenzymatic electro-
chemical glucose oxidation represent the promising approach,
leveraging the unique properties of Ni-TMAF to provide efficient, stable, and potentially more cost-effective alternatives to
traditional enzyme-mimic sensors. The MOF is synthesized from trimesic acid (TMA) and nickel nitrate hexahydrate through a
solvothermal reaction process. The resulting Ni-TMAF utilizes the three-dimensional nanospheres of crystalline porous structure
with a large surface area and numerous active sites for catalytic reaction toward glucose. Ni-TMAF are indeed known for their
excellent electrocatalytic activity, particularly in the context of glucose oxidation under alkaline conditions. The nickel centers in the
Ni-TMAF facilitate efficient electron transfer and redox reactions, leading to the high sensitivity of 203.89 uA uM~' cm™ and lower
LOD of 0.33 M and fast response time of <3 s in glucose sensors. Their stability, cost-effectiveness, and high performance make 3D
Ni-TMAF a promising material for nonenzymatic electrochemical glucose sensors.
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1. INTRODUCTION detection has spurred advancements in sensor technologies,
particularly nonenzymatic electrochemical sensors, which offer
high sensitivity, selectivity, and rapid response times. These
innovations are pivotal in enhancing the efficiency and
effectiveness of glucose monitoring across various applications.

Diabetes is an increasingly widespread worldwide public
disease caused by high blood glucose concentrations. Neural
impairment, kidney failure, and neurological and cardiovascular
disorders are examples of related problems.”® Blood glucose
tests that are regulated and conducted regularly can help
prevent these issues. Electrochemical research has gained

Glucose is a fundamental organic molecule that serves as the
primary energy source for cellular metabolism in humans.'
Glucose plays a crucial role in both medical diagnostics and the
food industry, driving significant interest in its rapid and
accurate analysis. In medical diagnostics, precise glucose
monitoring is essential for managing diabetes, where
maintaining blood sugar levels within a target range is critical
for preventing complications.”” Maintaining the glucose
concentration within the normal range is crucial for metabolic
health. The normal blood glucose levels for healthy individuals e ; )
typically range between 3.9 and 6.1 mM (70—110 mg/dl)." popularity in comparison to conductometry, colorimetry, and

Rapid glucose analysis allows for real-time decision-making,

improving patient outcomes and enabling better disease Received:  October 17, 2024
management. In the food industry, glucose levels can influence Revised: ~ December S, 2024
product quality and safety, making its accurate measurement Accepted:  December 6, 2024
important for manufacturing processes, product development, Published: December 27, 2024

and ensuring compliance with nutritional labeling regula-
tions.”® The growing demand for quick and reliable glucose
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fluorescence spectroscopy due to its simple fabrication process
and equipment downsizing.g’10 A current or voltage output can
quantitatively describe the degree of electrooxidation of
glucose. Enzymatic electrochemical glucose sensors are
available on the market to detect glucose levels."" Still, their
prohibitive price and lack of stability limit their widespread
adoptiorll, allowing for the invention of nonenzymatic glucose
sensors. "

Electroanalytical approaches offer significant advantages over
other analytical methods when it comes to glucose detection
and quantification. In comparison to optical or chromato-
graphic methods, electroanalytical methods can detect glucose
without the need for elaborate sample preparation or expensive
reagents.M’15 For instance, nonenzymatic glucose Sensors,
using materials like bimetal oxide, MoS,, MXene-embedded
porous carbon materials and metal—organic frameworks
(MOFs), exhibit exceptional sensitivity and selectivity while
maintaining the advantages of simplicity and affordability.'*™"’
In summary, electrochemical approaches combine speed,
simplicity, and cost-effectiveness, making them highly appeal-
ing for glucose detection, especially in point-of-care testing and
continuous monitoring. These platforms have become essential
in diagnostics, particularly in point-of-care and continuous
monitoring scenarios.

Glucose electrooxidation is highly dependent on the
electrode materials, according to the literature. Prior research
has demonstrated the high efficiency of anode catalysts for
glucose electrooxidation made of platinum, gold, palladium,
and alloys of Pt, Pd, Au, and Ag.zo_22 Nevertheless, these
materials are still very expensive and particularly vulnerable to
the synergistic effect. Furthermore, non-noble catalysts for the
glucose oxidation reaction (GOR), including cobalt, copper,
iron, and nickel, have been explored as electrocatalytic
elements. Regarding non-noble catalysts, nickel and nickel-
based nanocomposites demonstrate good electrocatalytic
performance in alkaline media because of their affordability,
outstanding activity, and ability to promote electron transfer
processes at lower overpotentials.”*~>* Furthermore, according
to previously reported studies, nickel complexes exhibited
exceptional catalytic abilities in the oxidation of alcohols in
alkaline solutions and the production of NiOOH species.
Therefore, high-efficiency porous coordination network
(PCN)-based electrocatalysts are urgently required for glucose
electrooxidation. In recent years, coordination polymers (CPs)
and their special subgroups of metal—organic frameworks
(MOFs) are considered a new category of electrocatalysts due
to their incredible thermal and chemical durability, significant
surface area, remarkable porosity, and three-dimensional
structures.”®*’ Three-dimensional (3D) MOFs have a highly
porous structure with an exceptionally high surface area and
excellent intrinsic properties of chemical and thermal stability
and facilitate efficient mass transport of ions and molecules,
reducing diffusion limitations, which provides more active sites
for electrochemical reactions. MOFs can be customized by
altering their metal nodes and organic linkers to create hybrid
structures that enhance conductivity, stability, and electro-
chemical performance, further allowing for selective binding or
recognition of specific analytes. The presence of metal ions and
surface functional groups in CPs and MOFs generates active
sites and enhanced catalytic performance.’”*" Although CPs/
MOFs have accomplished great progress, their application in
glucose monitoring has been limited by the low conductivity of
the mixture of organic—inorganic polymers. For instance, they
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have been accepted for their catalytic activity in glucose
electrochemical detection.’”**

With this strategy, the inherent advantages of MOFs for
nonenzymatic sensor applications are to be leveraged while
overcoming conductivity issues. These research efforts
represent a significant advancement in the construction of
MOF-incorporated glucose sensing systems.” In this article,
we report a simple and inexpensive way to create coordination
network nanospheres of Ni(II)-trimesic acid on an extremely
porous Ni surface. The hybrid framework achieved an
approximate 82% increase in anodic current densities against
NiF, which consists of Ni(II) nodes bonded with a trimesic
acid linker and exhibits strong electrocatalytic activity for
glucose oxidation. In addition, the glucose can get robust
oxidation with a slight shift in positive potential with good
linear oxidation as well as wider concentration ranges from
100—2500 M glucose. The resulting Ni-TMAF has abundant
catalytically active sites. Moreover, the improved electrical and
ionic conductivity of the Ni-TMAF-based electrodes and the
uniform distribution of the Ni nanoparticles promote catalytic
performance. The catalyst has high sensitivity and a wider
linear detection range. Furthermore, we successfully used the
Ni-TMAF nanosphere-modified NF electrodes to determine
the broad potential for use as an actual glucose sensor. The Ni-
TMAF nanosphere-modified NF electrodes have a strong
potential for practical glucose sensing applications due to their
broad linear detection range and high sensitivity.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Nickel(II) nitrate hexahydrate (Ni
(NO,),:6H,0), poly(vinylidene fluoride) (PVDF), and
trimesic acid (TMA) (C¢H;(CO,H),) were collected from
Kemaus Chemicals. Solvents like C,H;OH and N,N-
dimethylformamide (DMF) were collected from Sigma-
Aldrich. Potassium hydroxide (KOH) was collected from
Vijaya Scientific. A Millipore Milli-Q system was used to purify
deionized water and was then utilized for all of the tests in this
overall research. Nickel foam was collected from Thermo
Fisher Scientific. Each chemical was analytical grade and was
used with no further purification.

2.2. Synthesis of 3D Ni-TMAF. The 3D Ni-TMAF
nanospheres were synthesized by the solvothermal technique
(Scheme 1), as described in the literature.”® First, 60 mL of
DMF, 15 mL of deionized water, and 5 mL of absolute ethanol
were poured into a 200 mL beaker and stirred for S min at 300
rpm. Next, an equal molar ratio (25 mmol) of Ni(NO;),
6H,0 and TMA was added into the above solution and treated

Scheme 1. Schematic Diagram for the Synthesis of 3D Ni-
TMAF

’ Solvothermal Reaction ~

DMF:H,0 (4:1)
145 °C at 24 hours

3D Ni-TMAF ;
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Figure 1. XRD (a) and FT-IR (b) spectra for 3D Ni-TMAF.

with sonication for 5 min. The resulting visible solution was
transferred in a 100 mL Teflon-lined stainless steel autoclave
and heated at 145 °C for 20 h. The precipitate was filtered
after being cooled to ambient temperature. Further, the
samples were continuously cleaned by DMF and dried for 12 h
at 90 °C. Finally, 600 mg of light-green color 3D Ni-TMAF
precipitate was collected.

2.3. Instrumentation Techniques. The crystalline
behavior of 3D Ni-TMAF was investigated using an X-ray
diffractometer (XRD, D8-Advanced Bruker) with Cu Ka
radiation (4 = 1.5418 A) in the theta range from 10 to 90°.
The chemical bonds of 3D Ni-TMAF were examined through
Fourier transform infrared spectroscopy (FT-IR, TENSOR 27
Bruker) at 4000—400 cm™'. The morphology of the as-
prepared material was obtained from field-emission scanning
electron microscopy (FESEM, Hitachi SU8030-FESEM, Japan,
functioned at 10—15 kV) and transmission electron micros-
copy (TEM, JEOL2100 Plus, Japan, functioned at 200 kV). X-
ray photoelectron spectroscopy (Physical Electronics: Perki-
nElmer Phi 1600 ESCA) with a magnesium radiation basis was
utilized to determine the chemical state of the 3D Ni-TMAF
surface. The Raman spectra of 3D Ni-TMAF were obtained
through a Raman spectrometer (LabRAM HR Evolution,
Horiba). The thermogravimetric analysis instrument (Perki-
nElmer, Diamond) was used for evaluating the thermal
properties of the 3D Ni-TMAF at a heating rate of 2 °C per
minute. The Brunauer—Emmett—Teller technique (BET) was
employed to measure the specific surface area and pore volume
of the prepared material. All electroanalytical measurements
were carried out using an Electrochemical EmStat4S/LR
electrochemical interface workstation at a temperature of 26 +
3 °C. The experiments employed a three-electrode system: the
Ni-TMAF/NF served as the working electrode, a platinum
(Pt) wire served as an auxiliary electrode, and an Ag/AgCl (3.0
M KCI) served as the reference electrode.

2.4. Electrode Preparation. The electrocatalytic effect of
the synthesized material was investigated through a three-
electrode system. The three-electrode system contained a
working electrode, a reference electrode (Ag/AgCl), and a
counter electrode (platinum wire). Ni foam was treated with 1
M HCI and then washed with distilled water, sonicated with
ethanol for 15 min, and dried in an oven for 6 h. After that, the
synthesized material was placed on a Ni foam substrate. The
electrochemical reaction was investigated by combining active
materials (80%), carbon black (10%), and PVDF (10%) as the
binder material. After homogeneous mixing in NMP, the slurry
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was applied over nickel foam (0.2 X 0.2 mm?). It was allowed
to air out in an oven at 60 °C overnight. The dried foam’s mass
was measured and recorded for glucose sensor applications.
The mass loading of the catalyst was found to be 1.8 mg/ mm?.

2.5. Real Sample Preparation. The collection of human
sweat and saliva samples from a volunteer and their immediate
refrigeration was essential to maintaining sample quality and
ensuring the sensor’s performance could be tested under
realistic conditions. The sensor’s potential for detection of
glucose and noninvasive health monitoring is demonstrated by
the encouraging findings of these tests, especially when it
comes to monitoring the glucose levels in common, easily
accessible fluids like sweat and saliva. This platform may be
modified to track additional biomarkers in saliva and sweat,
increasing its applicability in personalized medicine and health
diagnostics. Centrifuging sweat and saliva samples is an
essential step in preparing them for accurate electrochemical
analysis, particularly for detecting glucose. After filtering, the
supernatant was diluted approximately ten times with 1.0 M
KOH. Without any additional pretreatment, the resultant
solution was moved into the electrochemical cell for actual
sample analysis. After being further diluted to produce 5.0,
10.0, and 20.0 uM glucose, a stock solution of glucose (1.0
mM) was kept refrigerated. The glucose concentrations in
sweat and saliva samples were detected using the standard
addition method (SAM), which ranged from 5.0 to 20.0 uM.
The recovery test for the identification and quantification of
glucose in human sweat and saliva samples was carried out
using the chronoamperometric technique, which involved the
addition of a specific glucose concentration in the real sample
analysis.

3. RESULTS AND DISCUSSION

3.1. Materials Characterization. As-synthesized 3D Ni-
TMAF were studied by using XRD, FT-IR, SEM, FE-TEM,
EDAX, XPS, and BET analysis. In the XRD pattern (Figure
la), the well-defined sharp peak of synthesized material
indicates the crystalline nature. Typical diffraction peaks of 3D
Ni-TMAF were obtained at 10.92° (200), 12.7° (222), 13.1°
(400), 14.6° (331), 16.7° (422), 18.3° (300), 19.4° (440),
22.3° (4—10), 23.2° (003), 25.6° (42—1), 26.6° (330), 28.9°
(31-2), and 29.5° (002) with the average crystalline size of
29.3 nm.”” Table S1 shows that the average crystal size was
calculated by using Scherrer’s formula.

Furthermore, the chemical bonding of the synthesized
material was confirmed by FT-IR spectroscopy. The peaks
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Figure 2. SEM (a—c), TEM (d), HR-TEM (e) images, and SAED pattern (f) of 3D Ni-TMAF.
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Figure 3. EDX spectra (a), elemental percentage (b), and mapping for 3D Ni-TMAF (c—e).

exhibited in N—H and O—H stretching vibration modes from
3000 to 3500 cm™' at 3D Ni-TMAF. The asymmetric and
symmetric stretching vibrations of carboxylic acid groups (C=
O and C—O0) appeared from 1570 to 1630 and from 1375 to
1433 cm™' due to their interaction with Ni metal ions.*®
Furthermore, Figure 1b shows that the 1108 cm™ band
corresponds to the C—N vibrational frequencies, which
indicates the coordination of Ni metal ions with DMF
molecules. The bands at 869 and 945 cm™ exhibit C—C
stretching and C—H ring-out-of-plane vibrations of TMA,
respectively.””*” Importantly, the bands from 430 to 777 cm™!
were related to metal—oxygen vibrations (Ni—O bonds). The
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results confirmed that the TMA was chelated with Ni ionic
species and generated the 3D Ni-TMAF.

The more detailed characterization and the morphological
traits of the as-prepared material were obtained from SEM and
TEM analysis. In Figure 2a—d, the SEM and TEM pictures of
3D Ni-TMAF display a very clear sphere-like structure. These
studies demonstrate how metals on TMA linkers altered the
dimensions and morphologies of 3D Ni-TMAF. A high
dispersion of 3D Ni-TMAF is observed in Figure 2e. The
value of lattice fringes was determined as 0.244 nm,
corresponding to the ascription of the crystalline plane of the
central metal of nickel.*' Furthermore, the selected area

https://doi.org/10.1021/acsomega.4c09437
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electron diffraction (SAED) pattern of 3D Ni-TMAF appears
with an elevated degree of crystallinity (Figure 2f). Further, the
energy-dispersive X-ray (EDX) spectra of 3D Ni-TMAF
(Nickel (Ni), Carbon (C), and Oxygen (O)) are shown in
Figure 3a. Moreover, the elemental percentage of the as-
prepared material is shown in Figure 3b. In addition, the
elemental mapping also evaluates the presence of suitable
elements (Ni, C, and O) on the surface of the material, as
presented in Figure 3c—e.

The elemental composition and chemical state of 3D Ni-
TMAF were determined using the XPS technique. In Figure
4a, the typical peaks in the survey spectrum indicated the
presence of Ni, C, and O in 3D Ni-TMAF, which was
evidenced from the high-resolution XPS spectra of Ni 2p, C Is,
and O 1s. Figure 4b reveals that the peaks at 856.1 and 873.6
eV with a spin-energy difference of 17.5 eV were connected
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with Ni 2p;/, and Ni 2p, /,, as well as the broad bands at 861.5
and 879.3 eV were related to the shakeup satellite peaks of Ni
2p3), and Ni 2p; ,.** In Figure 4c, the peaks at 284.7 and 288.5
eV were created by the aromatic-related carbon—carbon
double bond (C=C) and the carboxylate group (O—C=0)
bonds, respectively.*’ Figure 4d shows three suited peaks at
533.5, 532.4, and 531.5 eV, which correspond to oxygen in
surface hydroxyl, C—O, and metal—oxygen (M—O). This
analysis confirmed that the TMA organic linker was effectively
chelated into the Ni ion.

In addition, Figure Sa depicts the Raman spectra of 3D Ni-
TMAF. The peak at 422 cm™' matches the characteristic peak
of M—O (M: Ni**) in Ni-TMAF. The peaks at 699 and 942
cm™" matched with bending vibrations and bending modes of
out-of-plane (C—H). The peaks at 1005 and 1612 cm™
correspond to stretching modes of the C=C bond found in

https://doi.org/10.1021/acsomega.4c09437
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the aromatic organic linker."* Additionally, the carboxylate
units of TMA exhibit symmetric and asymmetric stretching of
C=O0 at 1464 and 1554 cm™’, respectively. Furthermore, the
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thermogravimetric analysis (TGA) curve of 3D Ni-TMAF is
shown in Figure Sb. Particularly, the removal of DMF and H,O
adsorbed over the surface of the 3D Ni-TMAF was the main
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cause of the initial weight loss, which was obtained between
115 and 225 °C. The other two weight loss curves of the area
were detected at temperatures between 405 and 465 °C and up
to 500 °C. These are ascribed to the decay of the organic linker
and the remaining chemical components, respectively, which
leads to the conversion into metal oxide. Consequently, these
results showed that the 3D Ni-TMAF had virtuous thermal
stability up to around 405 °C, after which the organic
framework began to decompose significantly. The conversion
of the Ni-MOF to NiO was confirmed by the final residue at
high temperatures. The overall results of the prepared 3D Ni-
TMAF were well-characterized by scientific techniques such as
XRD, FT-IR, FE-SEM, TEM, EDX, XPS, Raman, TGA, and
BET.

Moreover, the surface area, pore volume, and pore size of 3D
Ni-TMAF were measured by N, adsorption/desorption
isotherms. Based on Brunauer—Emmett—Teller (BET) tests,
3D Ni-TMAF exhibits a surface area of 24.7345 m*/g (Figure
6a). This larger surface space offers good electrochemical
active catalytic performance for glucose sensors. Also, 3D Ni-
TMAF with an enormous surface area demonstrates increased
structural stability. This can result in longer oxidation lifetimes
and stable functionality under numerous environmental
circumstances. The Barrett—Joyner—Halenda (BJH) technique
was employed to find the pore volume (0.103075 cm?®/g) and
pore size (13.6858 nm) of 3D Ni-TMAF, as displayed in
Figure 6b,c. Also, the small widths of the pore size distribution
points indicate that the mesoporous substances are homoge-
neous in shape. Hence, it significantly improves the diffusion of
reacting substances throughout the material, leading to a more
effective catalysis.

3.2. Electrocatalytic Measurements of NiF/Ni-TMAF.
The developed Ni-TMAF/NF electrode’s electrocatalytic
activity was evaluated by testing its ability to oxidize glucose.
The electrochemical behavior of the bare NF and Ni-TMAEFE/
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NF electrodes is compared in the cyclic voltammetry (CV)
curves shown in Figure 7a in the presence (solid curve) and
absence (dotted curve) of 100.0 uM glucose. These curves
were captured between —0.2 and 0.8 V versus Ag/AgCl at a
scan rate of 20 mV s~". In this configuration, investigating the
electrocatalytic oxidation at the modified electrodes plays an
essential component, enabling its rapid sensing toward glucose.
Figure 7a displays that the anodic peak current (i,) increased
by approximately 941.79 pA at a potential of 0.52 V after the
prior addition of glucose (100.0 #M). This increase in anodic
current is attributed to the electrochemical detection of
glucose, indicating enhanced electrocatalytic activity of the
Ni-TMAF/NF electrode toward robust glucose sensing ability.
In contrast to the Ni-TMAF/NF electrode, the bare NF
electrode did not show a significant enhancement in anodic
current in the presence of glucose, as demonstrated in Figure
7a. This suggests that the bare NiF electrode exhibits minimal
electrocatalytic activity for glucose oxidation, highlighting the
improved extreme performance of the Ni-TMAF/NF elec-
trode, which is shown in Figure 7b. Figure 7c displays the
cyclic voltammetry (CV) curves of the Ni-TMAF/NF
electrode, recorded at various scan rates from 10—125 mV
s™' in the presence of 100.0 uM glucose. These CV curves
likely provide insight into the relationship between the scan
rate and the electrode’s electrochemical behavior, particularly
in terms of current response and kinetics of glucose oxidation.
Figure 7d depicts the observation of a linear plot when anodic
(ip,) and cathodic (i) peak currents are plotted against the
square root of the scan rates, suggesting that the electro-
chemical oxidation of glucose at the Ni-TMAF/NF electrode is
a diffusion-controlled process. This linear relationship indicates
that the reaction kinetics are influenced by the diffusion of
glucose molecules to the electrode’s exterior surface. This
indicates that the glucose oxidation process is primarily
governed by the diffusion of glucose molecules toward the
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1.0 M NaOH.

electrode surface, which impacts the electrode’s performance in
the rapid detection of glucose. Nickel exhibits strong redox
behavior, particularly in alkaline environments, where NiZ*/
Ni** transition plays a crucial role in glucose oxidation.'’ The
observation that the electrochemical oxidation of glucose at the
Ni-TMAF/NF electrode is an irreversible process indicates
that the reaction does not easily reverse under the experimental
conditions investigated in eqs 1 and 2."° This irreversibility can
be attributed to the nature of the electrochemical reaction,
which may involve complex redox processes or significant
changes in the oxidation state of the glucose molecules. In the
Ni-TMAF, the central metal atom of Nickel in the form of
nickel hydroxide Ni(OH), in Ni** has been oxidized in
Ni(OOH) in Ni**, and the introduced glucose can get oxidized
to give gluconolactone rapidly. This 1rrevers1b111ty might affect
the stability and reproducibility of the sensor.*>*® In addition,
to optimize the constant applied potential, the varied applied
potentials of 0.48, 0.50, and 0.52 were applied on the Ni-
TMAFINF electrodes toward the amperometric detection of
glucose investigated in Figure S1. The constant applied
potentials were chosen based on the preliminary catalytic
studies toward the oxidation of glucose from cyclic
voltammetry techniques.

(1)
2)

3.3. Electrochemical Redox Characteristics of NiF and
Ni-TMAF/NF. The electrochemical redox properties of nickel
foam (NF) incorporated into Ni-TMAF can be effectively
studied using cyclic voltammetry (CV) under an alkaline
medium of 0.1 M NaOH. This technique provides valuable
insights into the electrochemical behavior of the material,
specifically its redox processes, electrochemical active surface

N2t = Nidt + e~

Niot + glucose — Ni** + gluconolactone
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area, and electrocatalytic activity toward glucose. The electrode
materials insights can be analyzed by cyclic voltammetry study
of NF and Ni-TMAF/NF with anodic (i,,) and cathodic (i)
current responses, and the square root of the scan rate
relationship is displayed in Figure 8. The square root of the
scan rate relationship indicates that the current response
follows a diffusion-controlled electrochemical process where
both anodic and cathodic currents (1 and i, ) increase linearly
with the square root of the scan rate (*/?). This linear
relationship, typically shown in Figure 8a,c, the cyclic
voltammograms, confirms that the redox reactions at the NF
and Ni-TMAF/NF nanosphere electrodes are diffusion-
controlled rather than a surface-controlled electrode process.
The increase in the anodic oxidation current with increasing
scan rates (from 10 to 125 mV s™') indeed demonstrates the
linear dependence of the anodic peak current (i,,) on the
square root of the scan rate (v'/?). This behavior is
characteristic of a diffusion-controlled process, where the rate
of electron transfer is governed by the diffusion of electroactive
species to the electrode surface. As the scan rate increases,
more electroactive species have less time to diftuse, resulting in
higher current responses due to the faster rate of electron
transfer. From the linear plot between anodic peak current (1 2
and the square root of scan rate (1'/2), we get R* = 0.99, which
signifies that the kinetics of the redox reaction are
predominantly controlled by diffusion rather than adsorption
or surface processes shown in Figure 8b,d. This finding
supports the electrocatalytic activity of the Ni-TMAF/NF
electrode, as the material facilitates efficient electron transfer
during the oxidation process, making it a promising candidate
for applications such as sensing, where rapid and consistent
current responses are essential.

Rather than estimating the geometric surface area of the
electrode, the electrochemical active surface area (ECASA)
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Table 1. List of Reported Electrochemical Sensors with the Present Sensor Based on Ni-TMAF/NF toward Glucose Sensing

electrode technique sensitivity linear range (uM) LOD [nM] refs

Ni-MOF/CNTs amperometry 13.85 mA mM™! cm™ 1 uM to 1.6 mM 0.82 uM 47
NC-MOFs/CCFs amperometry 105.2 yA mM™' cm™ 0.04-3.13 mM 0.116 uM 48

23 yA mM™! cm™ 3.63—8.28 mM
CTGU-31/GCE amperometry 2.198 pA uM™' cm™ 10—4000 uM 0.09 uM 49
Co-MOF/CC amperometry 0.8—16 mM 0.15 mM 50
Ni-HHTT amperometry 10,200 A mM™' cm™ 0.5—4100 uM 0.15 uM 51
Cu-MOF/CNHs/GCE amperometry 250 nM to 1.2 mM 78 nM 52
Zn-MOF/MWCNTs amperometry 34.64 uA mM™" cm™? 0.020—8.14 mM 0.037 mM s3
Cu-MOF/GCE amperometry 89 uA mM~! cm™ 0.06—5000 uM 0.01 uM 54
Ni-TMAF/NF amperometry 203.89 pA uM™' cm™ 10—230 uM 0.33 uM this work

LSV 26.76 uA pM™" cm™> 100—800 uM
15.36 A uM™"' cm™ 900 uM to 2.5 mM

provides an estimate of the actual surface area that is the
electrochemically active site for reaction. The catalytic
performance of the electrode is improved by having more
active sites, which is often indicated by a higher ECASA value
shown in Figure 9. By calculating Cy from these CV curves and
dividing it by the specific capacitance C,, which is
approximately 0.04 mF cm™ for a smooth surface, the
ECASA is determined.”' This value provides insight into the
effectiveness of the electrode material in providing accessible
active sites for electrochemical reactions. These measurements
are typically performed in a non-faradic potential range (i.e.,
where no significant faradaic reactions occur) to evaluate the
capacitive behavior of the electrode investigated in Figure 9a,c.
The resulting current is primarily due to the charging and
discharging of the double layer at the electrode—electrolyte
interface. The double layer capacitance (Cg) can be calculated
from Figure 9b,d for the NF and Ni-TMAF modified NF,
respectively. The electrochemical active surface area (ECSA)
values for the bare nickel foam (NF) and Ni-TMAF/NF
modified electrodes were estimated to be approximately 0.0037
and 0.0486 cm ™, respectively. The significantly higher ECASA
value of 0.0486 cm™2 for the Ni-TMAF/NF modified electrode
suggests that the modification with Ni-TMAF drastically
increased the active surface area approximately 13.13 times
higher when compared to unmodified NF. This enhancement
provides more active sites for electrochemical reactions, which
can contribute to better catalytic performance and higher
current densities during operation. The nanostructured
features (Ni-TMAF on NF) can lead to a synergistic effect,
improving the material’s electric and ionic conductivity,
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electron transfer rate, and overall electrochemical response.
The incorporation of Ni-TMAF enhances the electrochemical
performance due to the increased surface area and more active
sites for redox reactions. For instance, an incredibly sensitive
and important technique for examining the interfacial proper-
ties of electrochemical sensing platforms in modified electrodes
is electrochemical impedance spectroscopy (EIS), which offers
built-in information on the conductance, resistance, and
capacitance at the electrode—electrolyte interface. After
modification, Ni-TMAF gives high conductivity. Reducing
the R, value of Ni-TMAF improves the intrinsic properties of
ionic and electronic properties of materials. The fitted
electronic equivalent circuit is shown in Figure S2. The
Nyquist plot of the Ni-TMAF on NF exhibited a smaller
polarization resistance (R,) of ~402 Q-cm® and a high
capacitance value in comparison to the bare NF electrode
(~485 Q-cm?). This result indicates that the Ni-TMAF on NF
electrodes facilitates fast electron transfer kinetics at the
interface.

3.4. Electrochemical Detection of Enzyme-Mimic
Glucose Sensors. Figure 10a displays the linear sweep
voltammetry (LSV) curve of the Ni-TMAF/NF nanospheres
upon adding various concentrations of glucose, starting from
100 uM to 2.5 mM in 0.1 M NaOH. The anodic current
increased quickly and extended at moving to a slightly positive
potential for robust oxidation of glucose in the increasing
concentrations. Figure 10b displays the calibration plot of
oxidative anodic current, revealing a linear relationship to
glucose concentration. In short, two linear lines were obtained
for the Ni-TMAF/NF electrodes upon the addition of glucose
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with different concentrations, starting from 100 to 800 yM
(correlation coefficient of R* = 0.989) with a sensitivity of
26.76 yA uM™' cm™?, and 900 M to 2.5 mM (R* = 0.994)
with a sensitivity of 15.36 gA uM~" cm™2 Due to a rise in the
small concentration of glucose diffusion and high catalytic
behavior, the Ni-TMAF/NF electrodes revealed high sensi-
tivity (26.76 uA uM™' cm™?) in less concentration of glucose.
The catalytic behavior of the Ni-TMAF/NF electrodes may be
impacted by glucose due to the adsorbed oxidized substances
at the electrode, providing less sensitivity (15.36 uA uM™
cm™2). Hence, this sensor provided dual linear lines for the
sensing of glucose. Furthermore, the limit of detection was
determined as 5.55 uM using 3s/b, where “s” indicates the
standard deviation of the blank and “b” represents the slope. As
displayed in Table 1, the Ni-TMAF/NF electrode-based
sensing technique outperformed previously reported glucose
sensors in terms of detection limit, sensitivity, and linear range.

In addition, Figure 11a reveals that the chronoamperometric
(i—t) response of the Ni-TMAF/NF electrode was recorded
during the sequential addition of glucose at 60 s intervals. This
was performed at an applied electrode potential (E,,) of 0.60
V vs Ag/AgCl. The response curve showed distinct, sharp
current increases upon each glucose addition, indicating the
electrode’s high sensitivity toward glucose. This consistent rise
in current corresponds to the oxidation of glucose at the Ni-
TMAF/NF surface, and the steady-state current is achieved
within seconds after each addition. The behavior highlights the
electrode’s efliciency and rapid responsiveness toward glucose
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detection. The applied potential of 0.52 V vs Ag/AgCl was
selected based on the maximum electrocatalytic glucose
oxidation peak potential observed during earlier cyclic
voltammetry (CV) studies. This potential corresponds to the
most efficient glucose oxidation at the Ni-TMAF/NF electrode
surface, where the current response is maximized due to the
enhanced electrocatalytic activity of the Ni-based nanomateri-
al. By choosing this optimal potential, the sensor ensures a
strong and stable current response for glucose detection,
minimizing interference and maximizing sensitivity during the
chronoamperometric (i—t) measurements. The anodic cata-
lytic current was increased steadily after the addition of
different concentrations of glucose, ranging from 10.0 to 230
#M, as shown in Figure 1la. Figure 11b displays the
corresponding calibration plot of Figure 1la. At an applied
potential of 0.52 V vs Ag/AgCl, a linear relationship was
achieved between the anodic currents and the glucose
concentration in the range of 10.0 to 230.0 M. This linearity
was confirmed with a high correlation coefficient of R* =
0.9918, indicating excellent accuracy and consistency in the
sensor’s response across this concentration range. The sensor
demonstrated a sensitivity of approximately 203.89 yA uM™
cm™?, highlighting its strong electrocatalytic performance for
glucose oxidation. This high sensitivity ensures that even low
concentrations of glucose can be reliably detected, making the
Ni-TMAF/NF electrode a promising candidate for practical
glucose sensing applications. When increasing glucose
concentration ranges could be linked to oxidized glucose
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species rapidly to the Ni-TMAF/NF electrode surface, in terms
of glucose detection, the limit of detection (LOD) was
discovered to be 0.33 uM. To the best of our knowledge, the
current Ni-TMAF/NF-based sensor for glucose detection has a
wide linear range, a high sensitivity, and a lower detection
limit.

3.5. Selectivity of the Glucose Sensor. Moreover, Ni-
TMAF nanospheres offer high stability and resistance to
common interferences such as ascorbic acid, uric acid, and
dopamine, which often hinder glucose detection in biological
samples. To evaluate the selectivity of the Ni-TMAF/NF
electrode for glucose sensing, amperometry measurements
were conducted in the presence of various potential interfering
species. These interferents were tested at concentrations
approximately 10 times higher than those of glucose. Despite
the elevated levels of interferents, the Ni-TMAF/NF sensor
maintained a stable performance, demonstrating its excellent
selectivity for glucose detection even in complex mixtures. This
suggests that the sensor effectively discriminates against
common electroactive species, making it highly suitable for
practical applications, such as glucose monitoring in biological
samples. Figure 12a displays the i—t curve of the Ni-TMAF/
NF electrode toward the 10.0 uM glucose in the absence and
the presence of 0.1 mM uric acid (UA), 0.1 mM ascorbic acid
(AA), 0.1 mM paracetamol (PA), 0.1 mM maltose (MA), 0.1
mM dopamine (DA), 0.1 mM lactose (LA), 0.1 mM Mg**, 0.1
mM Na*, and 0.1 mM Ca®". The relative amperometric current
was plotted in terms of glucose oxidation and is shown in
Figure 12b. The Ni-TMAF/NF electrode exhibited remarkable
retention of its electrocatalytic activity for glucose electro-
oxidation, maintaining approximately 96% of its performance
even in the presence of a mixture of potential interferences.
This strong resilience against interference further highlights the
sensor’s exceptional selectivity and reliability for glucose
detection, ensuring minimal signal loss when dealing with
complex sample environments. The Ni-TMAF/NF electrode
demonstrated excellent selectivity for glucose detection, as
potential electroactive interferents, including uric acid, ascorbic
acid, paracetamol, maltose, dopamine, lactose, and others,
showed no significant interactions with the Ni-TMAF/NF
nanomaterials. Despite the presence of these common
interfering molecules, the sensor maintained its high electro-
catalytic activity, ensuring a reliable glucose measurement
without being affected by the electrochemical signals of these
substances. This further supports the sensor’s robustness in
complex sample matrices, making it suitable for practical
applications in clinical or biomedical settings. In contrast to
other active molecules, the as-developed Ni-TMAF/NF
electrode provided a more practical environment for the
adsorption and oxidation of glucose. According to this
suggestion, the manufactured Ni-TMAF/NF electrode showed
respectable selectivity to the glucose.

3.6. Durability of the Glucose Sensor. The observation
in Figure 13 shows that the catalytic anodic current density of
the Ni-TMAF/NF electrode decreased by only approximately
11% during glucose oxidation after continuous measurements
for over 5000 s. This comparatively small reduction indicates
that the sensor can continue to function for extended glucose
detection applications due to its high durability and stability.
The inset Figure 13 shows CV cycles of before and after
durability there is no substantial decrease in the anodic current
can provide information on the stability of the Ni-TMAF/NF.
Stable peak currents over 5000 s indicate good durability and
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Figure 13. Chronoamperometric responses obtained for the Ni-
TMAFINF in 100 uM glucose +0.1 M NaOH for 5000 s (E,,,: 0.52
V). Inset: CV curves for the Ni-TMAFINF before (dotted) and after
(solid) durability analysis.

electrochemical stability, which are essential for long-term
practical applications.

3.7. Practical Application in Human Sweat and Saliva
Samples. Additionally, the practical applicability of glucose
detection in human sweat and saliva samples was tested using
the current Ni-TMAFINF sensing electrode. As mentioned in
Section 2, the real sweat and saliva samples were prepared and
then diluted approximately 100 times using a 1.0 M NaOH
solution. Using this technique, the baseline level of glucose for
the recovery requirements for glucose levels of 5.0 to 20.0 uM
was determined in both sweat and saliva samples before
glucose was added. The rapid and steady-state current
response after each glucose addition indicates that the Ni-
TMAF/NF sensing electrode exhibits quick and stable
electrocatalytic activity. This is an important feature for real-
time glucose monitoring as it shows that the sensor can reliably
detect varying glucose levels without significant delay or drift.
Table 2 shows that the recovery rates of glucose detection in

Table 2. Evaluation of Real Samples Based on Recovery
Tests of Glucose at the Ni-TMAF/NF Electrode for Real
Samples (Sweat and Saliva) (n = 3)

electrode added found recovery RSD
Ni-TMAF/NF (uM) (uM) (%) (%)
sweat N 4.82 96.4 4.90

10 9.81 98.1 2.31

20 19.6 98.0 0.73

saliva S 4.8 96 3.11

10 9.72 97.2 1.89

20 19.7 98.5 1.79

human sweat and saliva samples. Recovery rates are critical in
assessing the accuracy of the sensor as they reflect how well the
sensor can quantify glucose levels compared to known
concentrations. The recovery values of the glucose in human
sweat were raised about ~96.4—~98.1% with RSD% values in
the range of 0.73—4.90. In human saliva samples, the recovery
values were extended in the range 96.0 to 98.5%, with RSD%
values between 1.79 and 3.11. The developed glucose sensor
platform based on Ni-TMAF/NF nanomaterials shows strong
potential for biomedical applications, likely due to its favorable
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attributes such as high sensitivity, rapid response, and accurate
recovery rates in real biological samples such as serum and
sweat. This positions the sensor as a promising tool for
noninvasive glucose monitoring in clinical diagnostics.

4. CONCLUSIONS

The study successfully demonstrated a small electrochemical
sensing platform for glucose detection. The developed sensors
exhibit promising characteristics, including high sensitivity, a
wide linear detection range, rapid response times, and excellent
selectivity. The Ni-TMAF electrodes exhibited outstanding
electrocatalytic oxidation properties and demonstrated the
capability of detecting glucose even at very small concen-
trations. This high sensitivity, combined with the electrodes’
wide linear detection range, makes them particularly effective
for glucose sensing, allowing for precise detection even at low
glucose levels, which is crucial for accurate monitoring in both
clinical and physiological environments. This can be attributed
to the abundant electrochemical surface area (ECSA), boosted
charge transfer efficiency, and well-dispersed 3D Ni-TMAF-
based electrochemical sensors revealing swift detecting
response time, a low limit of detection, greater sensitivity
with a wide range, outstanding reproducibility, and a strong
ability to sensing of glucose.
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