Journal of Applied Electrochemistry (2023) 53:315-329
https://doi.org/10.1007/510800-022-01757-z

RESEARCH ARTICLE q

Check for
updates

A novel and ultrasensitive non-enzymatic electrochemical glucose
sensor in real human blood samples based on facile one-step
electrochemical synthesis of nickel hydroxides nanoparticles

onto a three-dimensional Inconel 625 foam

Rafiaa Kihal'2 - Hassina Fisli® - Mohamed Lyamine Chelaghmia'® - Widad Drissi' - Chahira Boukharouba’ -
Sara Abdi' - Mouna Nacef' - Abed Mohamed Affoune’ - Maxime Ponti¢*

Received: 18 May 2022 / Accepted: 4 September 2022 / Published online: 17 September 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

In this contribution, a simple and novel non-enzymatic electrochemical sensor for the detection of glucose was successfully
prepared by direct in situ growth of nickel hydroxide nanoparticles (Ni(OH),NPs) onto a three-dimensional Inconel 625foam
(IN625F) substrate through a facile electrochemical route, using cyclic voltammetry (CV) method in alkaline medium with-
out addition of nickel salts. Then, surface characterization of modified Ni(OH),/IN625F electrodes was carried out through
advanced technologies, such as scanning electron microscopy (SEM) and X-ray diffraction (XRD). The electrochemical
catalytic behavior of the fabricated electrodes was investigated using CV and amperometric methods. The results revealed
that the novel modified sensor, Ni(OH),/IN625F, showed the highest sensitivity of 5685 pAmM~!' cm~2 over a wide lin-
ear concentration range from 1 tol0 mM, with lowest detection limit (LOD) of 2 pM (S/N=3), and short response time
within <2 s. Therefore, the proposed non-enzymatic electrochemical sensor demonstrated high selectivity and stability, good
reproducibility, and low cost. In addition, analysis of human blood samples was performed. Hence, the constructed glucose
sensor, Ni(OH),/IN625F, with suitable performance could be used as a promising material in real human blood samples.
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1 Introduction

Carbohydrates are one of the most important sources of
energy, providing a wide range of essential functions such
as rapid digestibility, blood cholesterol control, and glu-
cose regulation [1, 2]. Thus, diabetes mellitus is a common
and serious chronic disease which is a significant public
health problem, and often characterized by hyperglycemia.
Therefore, determination of glucose concentration plays
an important role in clinical diagnostics [3-7]. In fact,
various methods have been frequently used for glucose
detection, such as fluorescence spectroscopy [8], HPLC
[9], electrochemiluminescence [10], and colorimetry [11].
However, these methods have some limitations in terms
of time consumption and cost-effectiveness. To solve this
problem, it’s necessary to develop novel electrochemical
glucose sensors with low cost, simplicity, stability, and
portability [12-14].

Thereafter, electrochemical glucose sensors can be clas-
sified into two categories, based on their sensing mecha-
nisms: enzyme-based biosensors and non-enzymatic

@ Springer

sensors. Then, enzyme-based biosensors are distinguished
by their high cost of enzymes, instability, and poor repro-
ducibility. Immobilization of glucose oxidase (GOx) is
difficult on various substrates, and their performance is
highly sensitive to changes in temperature, humidity, pH
and substrate composition [15-17].

To address these issues, researchers have concentrated
their efforts on developing and fabricating non-enzymatic
glucose sensors with extended stability, fascinating sensi-
tivity, simplicity, fast response, and outstanding catalytic
performance [18-21]. Up to date, noble metals and their
alloys, non-noble transition metals, and especially tran-
sition metal oxides/hydroxides have been considered as
potential active materials for developing non-enzymatic
glucose sensors, owing to their less expensive and more
abundant on earth than noble metals [22, 23]. Diverse
transition metal hydroxides, based on Ni(OH), material,
were proposed as a new kind of electrode configuration
and shown improved electrochemical performance toward
glucose molecules in an alkaline medium [24, 25]; the
electrooxidation mechanism of glucose to glucolactone at
electrode’s surface might be significantly improved by the
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well-known catalytic effect of the redox system Ni(OH),/
NiOOH [26-28].

Currently, significant advancements have been made in the
fabrication of materials, such as metallic or intermetallic foams
[29]. These new low-density materials have a unique com-
bination of physical and chemical properties, allowing them
to be used in a wide range of applications [30]. Among the
different metallic foams, nickel foam (NF) is an ideal porous
metal scaffold with a 3D network for growing Ni(OH), NPs
that has been used as a substrate for glucose sensors, owing
to its low-density, high electronic conductivity, large surface
area, and low cost [28].

Actually, various porous metal foams, such as Inconel 625
foam and 316L stainless steel foam, are widely used as con-
ductive substrates for the deposition of Ni(OH), NPs. Among
them, Inconel 625 foam (IN625F) is a cubic nickel-based
superalloy reinforced with a solid solution containing molyb-
denum and niobium on its nickel-chromium matrix [31, 32].
Compared to other foams, Inconel 625 foam exhibited better
stability, in particular excellent resistance to corrosion and
oxidation [33, 34]. However, to our knowledge, there are no
reports have been found in the literature on the use of Inconel
625 foam as a new electrocatalyst material that can boost the
electrocatalytic activity of non-enzymatic glucose sensing.
Therefore, the modification of Inconel 625 foam with nickel
hydroxide nanoparticles by direct in situ growth is beneficial
to enlarge its active surface area, improve nano-confinement
effect, as well as enhance its electrocatalytic performance.

In this work, we report for the first time the modification
of an inactive and a novel commercially three-dimensional
Inconel 625 foam electrode into an active and ultrasensitive
non-enzymatic electrochemical glucose sensor, through the
direct in situ growth of nickel hydroxide nanoparticles, using a
facile and simple one-step electrochemical method in alkaline
medium without nickel salts added. Further, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) techniques
were used to characterize the surface of prepared Ni(OH),/
IN625F electrodes. Cyclic voltammetry (CV), electrochemi-
cal impedance spectroscopy (EIS), and amperometric meas-
urements were used to investigate the electrochemical surface
properties and electroanalytical performance of the fabricated
sensors. In addition, analysis of real human blood samples by
this non-enzymatic sensor was also performed with excellent
stability and good reproducibility.

2 Experimental sections
2.1 Materials and reagents

All chemical reagents used in this work were of analytical
grade. Sodium hydroxide (NaOH), potassium ferricyanide
(K5Fe(CN)g), D-(4)-glucose (Glc), L(+)-ascorbic acid (AA),
uric acid (UA), sucrose (Suc), and acetaminophen (AP) were
purchased from Sigma—Aldrich and Fluka and were used
without any purification. Commercial Inconel 625 foam was
bought from Atlantum Company (Munich, Germany) and its
chemical composition is depicted in Table 1. Samples of blood
serum were acquired from a local hospital. Electrolytes were
prepared with deionized water (DI).

2.2 Instruments

Electrochemical experiments were carried out using a poten-
tiostat (Princeton Applied Research, AMETEK, USA) at room
temperature. A 3-electrode setup was used, containing unmod-
ified IN625 foam or modified Ni(OH),/IN625F as the working
electrodes, saturated calomel electrode (SCE) as the reference
electrode, and platinum (Pt) wire as the counter electrode. All
potentials values were cited versus SCE. CV, amperometric,
and EIS measurements were used to assess the electrochemi-
cal surface properties and the electrocatalytic performance of
modified Ni(OH),/IN625F electrodes. CV measurements were
carried out in the potential range of 0.0-0.7 V, with a fixed
scan rate 50 mVs~!. Amperometric measurements were done
at varied sensing potentials into a stirred alkaline medium. EIS
technique was used in the frequency range of 100 to 0.1 Hz,
with an amplitude voltage of 10 mV and a working potential
of +0.5 V.

For glucose detection in real human blood samples by our
prepared sensors, the current response of 25 pl real blood sam-
ple in 10 ml of NaOH 0.1 M solution was measured with an
applied potential of +0.6 V. Surface morphology and crystal-
line structure of the as-prepared electrodes were examined by
scanning electron microscopy (SEM) analysis using a JEOL
JSM-IT 100, and X-ray diffraction (XRD) using a D8 Advance
Brucker diffractometer (CuKal, 2), respectively.

2.3 Preparation of modified Inconel 625 foam
Prior the modification, the open-cell Inconel 625 foam (IN625)

substrates (0.5x 0.2 cm) were ultrasonically soaked with ace-
tone, ethanol, and then rinsed with deionized water. Next,

Table 1 Chemical composition

Ni
of Inconel 625 foam (wt.%) '

Element Cr

Mo Fe Nb Ti Si Al S Mn

Content Bal 22.76

7.96 4.18 2.86 0.39 0.37 0.36 0.28 0.20
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cleaned foams were dried in air at 100 °C for 2 h. Afterward,
Inconel 625 foam substrates as working electrodes were acti-
vated to generate Ni(OH), nanoparticles (NPs), using the
100 continuous CVs at 100 mV/s in alkaline solution (0.1 M
NaOH) and in the range of 0.0 to 0.7 V. After reaching 100
cycles of CVs, the reproducible and stable CV curves were
obtained. As a result, the modified Ni(OH),/IN625F electrodes
were designed and used as the active material for enzymeless
glucose sensors.

3 Results and discussion

3.1 Electrochemical formation and characterization
of Ni(OH),/IN625 foam

The active and stable nanoparticles of Ni(OH), can be grown
onto IN625 foam electrode via multiple scan cyclic voltam-
metry in 0.1 M NaOH solution. As observed in Fig. 1, a pair
of well-defined redox peaks is obtained, in every voltam-
mogram. So, the oxidation peak is due to the oxidation of
Ni(OH), phase to form NiO(OH), while the reduction peak
is due to the reduction of NiO(OH) to form Ni(OH),. Then,
the proposed redox process may be represented by the fol-
lowing equations [26, 35-37]:

Ni + 20H™ — Ni(OH), + 2¢" (1

Ni(OH), + OH™ — NiOOH + H,0 + le" )

These peaks become more intense by increasing the num-
ber’s cycles until reaching the 100" cycle, which indicated
that the amount of Ni(OH), deposited onto IN625 foam

e o 29
A~ N

Current (mA)

S & & o o
[o) NN "N O B e B ]

1"Cycle

00 01 02 03 04 05 06 07
Potantial (V vs. SCE)

Fig.1 100 cycles of CV curves recorded on Ni(OH),/IN625F elec-
trode preparation at 100 mV s~!, with inset [Illustration of anodic and
cathodic peak currents against the number of cycles]
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electrode surface was proportional to the plating time. After
100 cycles of CV scan, the anodic and cathodic peak cur-
rents values become stable (see Inset of Fig. 1), implying
that the full surface of IN625 foam has been converted into
Ni(OH),.

These results indicate that Ni(OH), NPs were success-
fully deposited onto IN625 foam via a simple electrochemi-
cal method. Furthermore, the main components of nickel-
based IN625 foam, which are chromium and molybdenum,
improve its structural stability and electrochemical reactiv-
ity. It is well known also that the redox Ni**/Ni** couple
has excellent catalytic activity in alkaline medium. Then,
Mo and Cr NPs aren’t directly involved in the redox reac-
tion like Ni atoms, but they are influenced by a synergetic
combination with Ni to accelerate electron transport at the
surface’s electrode, improving the sensor’s sensitivity to
glucose detection.

SEM micrographs and XRD pattern of Ni(OH),/IN625
foam electrodes are shown in Fig. 2. As illustrated in Fig. 2a,
the foam has a three-dimensional cross-linked structure,
containing spherical pores with an average size of 200 pm.
It also has substantial and uniform wrinkles on its surface,
which gives it high porosity, large specific surface area,
and more active sites. As seen in SEM micrographs (b,
¢), Ni(OH), nanoparticles were grown and well dispersed
into IN625 foam surface after the activation process in
an alkaline medium without the addition of nickel salts,
forming a modified 3D super nanostructure foam adorned
with Ni(OH), NPs with an average particle size of about
40-50 nm. Figure 2d shows the X-ray diffraction pattern
of the modified electrode. From this figure we observed,
four peaks at angular positions of 19.33°, 51.88°, 60.18°,
and 72.58° correspond to (001), (102), (003), and (201) dif-
fractions of hexagonal $-Ni(OH), structure (JCPDS cards
No. 00-014-0117). The characteristic Ni(OH), peaks are
in good agreement with previous work reported by [23, 24,
28]. Furthermore, the crystalline peaks appeared at 44.53°
and 72.58° were indexed to the diffraction planes of (411)
and (2 12 1) of orthorhombic Ni—Cr-Mo alloy in IN625 foam
(JCPDS cards No. 00-007-0050). In addition, the observed
three peaks at 44.53°, 51.88°, and 76.40°, corresponding to
(111), (200), and (220) crystalline planes of cubic phase Ni
in IN625 foam (JCPDS cards No. 00-004-0850). Results of
XRD confirmed the successful in situ growth of Ni(OH),
NPs onto IN625 foam.

3.2 Electrochemical surface properties of Inconel
625 foam electrode

To evaluate the electrochemical properties of unmodified
and modified IN625 foam electrodes through the ferricya-
nide system, CV and EIS were performed in 5 mM Fe(CN);~
as redox probe in an alkaline medium (0.05 M NaOH) at the
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Fig.2 a Low, b medium and ¢ high-magnification SEM images and d XRD pattern of Ni(OH),/IN625 foam electrode

surface of both electrodes (Fig. 3). Figure 3a represents the
overlay of the consecutive cyclic voltammograms of unmod-
ified and modified foam electrodes, respectively, recorded
at a potential sweep from 0.0 to 0.7 V and acquired at a
scan rate of 50 mV s~'. From this figure, we observed in
the first cycle of unmodified electrode two pairs of redox
system which appear in all CVs and become more obvious
as the number of cycles increases. The first pair located at
0.35 and 0.25 V, which assigned to the redox process of the
ferrocyanide/ferricyanide couple, as follows [38]:

Fe(CN);” + e~ — Fe(CN)~ 3

The second pair appeared at 0.65 and 0.45 V, due to the
redox process of Ni**/Ni® according to the Egs. (1-2) men-
tioned above. During the activation process, Ni-based IN625
foam surface electrode is oxidized into Ni(OH),NPs, and
its continued growth leads to a change in its electrochemi-
cal properties, which is explained in real time for the first
time using Fe(CN)g_ as redox probe. This is shown by the
relationships between the anodic and cathodic peak cur-
rents and the peak-to-peak (AEp) separation with cycle’s
number, where both the anodic and cathodic peak currents
of the ferrocyanide system, as well as the redox process of

Ni**Ni**, gradually rise with increasing cycle’s number (see
Fig. 3b). Moreover, the peak-to-peak separation (AEp) of
the ferrocyanide system was slightly decreased to 80 mV at
the Ni(OH),/IN625F compared to 120 mV for unmodified
inconel foam (see Fig. 3c). These results indicate that the
direct in situ growth of nickel hydroxide nanoparticles onto
IN625 foam substrate improved the electrode surface area,
providing more active sites for the glucose electrooxidation
reaction, as well as increased conductivity, and the electron
transfer rate at electrode/electrolyte solution interface.

The EIS was also used to study the interface properties
of the unmodified and modified IN625 foam electrodes,
under the same conditions as CV (see Fig. 3d). The Nyquist
plot shows a semicircle part recorded at high frequencies,
which correspond to a limited electron transfer process, and
the diameter of the semi-circular part indicates the electron
transfer resistance (R,,), in order to control the kinetics of
electron transfer across the electrode/electrolyte interface.
However, the modified Ni(OH),/IN625F electrode with
low diameter of the semi-circular portion shows a very low
electron resistance and facilitated the interfacial conduction
between electrode/electrolyte when compared with unmodi-
fied electrode. By fitting the impedance data with the equiva-
lent circuit (see Fig. 3d, inset), the measured R, value of
Ni(OH),/IN625F electrode (983.5 Q) is nearly two times

@ Springer
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Fig.3 a CVs curves of 5 mM Fe(CN)z_ in 0.05 M NaOH at Ni(OH),/
IN625F electrode, acquired at a fixed scan rate of 50 mV s~ for
100 cycle, b Plots of anodic and cathodic peak currents vs. number

as low as that of the unmodified (2735 Q) electrode. As a
result, the activation has a significant effect on the electro-
chemical surface properties of the unmodified IN625 foam
electrode by converting Ni into Ni(OH),.

The electrochemical surface areas of unmodified IN625F
and modified Ni(OH),/IN625F electrodes were determined
from the slopes of the curves L, vs. v (see Fig. S1), using
Randles—Sevcik’s equation, as follows [39]:

I, = 0436 nFACy/ L2 @)
RT

where Ip is the peak current (A), A is the electroactive area
of the electrode (cm?), C is the bulk concentration (mol
cm™>), and D is the diffusion coefficient (cm? s7!), and v :
is the applied scan rate (V s~!). Through the calculation,
the electroactive surface area of modified electrode is 0.09
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of cycles, ¢ Peak-to-peak (AEp) separation vs. number of cycles, d
Nyquist plots obtained for unmodified and modified electrodes in
5 mM Fe(CN)z’ solution prepared in 0.05 M NaOH [Inset: The
equivalent circuit]

cm?. This value is higher than 0.06 cm? value of unmodified
electrode. The results show that the proposed electrode’s
surface area has been enlarged than unmodified electrode,
due to the modification.

The effect of the potential scan rate on the electrochemi-
cal behavior of hydroxy and oxy-hydroxy-Ni species onto
Ni(OH),/IN625F electrode is also investigated by CV in
0.1 M NaOH solution, as presented in Fig. 4a. The anodic
and cathodic peak currents are proportionate to the scan
rate’s square root, and the well-defined redox peaks were
clearly observed at various scan rates ranging from 10 to
1000 mV s~!. Figure 4b shows an excellent linear relation-
ship between peaks currents and sweep rate’s square root,
as following equations:

Ipa (mA)=0.613v"? [(mVs™")!?] - 1.346 and Ipc
(mA)= —0.591v"? [(mVs~)"2] + 1.744, with high cor-
relation coefficients of 0.999. This linearity suggests a
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diffusion-controlled process for the electrochemical reaction
occurs over the Ni(OH),/IN625F electrode surface.

The electrode surface coverage (I'*) of the redox species
of Ni(OH), onto IN625F electrode can be determined using
the following equation [40, 41]:

212
I, = <ZRFT >vAF* )
where I'* is the surface coverage of redox species (mol cm™>).
Then, the estimated T™* value was 2.56 x 10~8 mol cm™2. On
the other hand, the electrochemical parameters related to
modified electrodes such as the electron transfer coefficient
(a,) and electron transfer rate constant (K,) can be calculated
from the CV response, owing to the surface-confined elec-
troactive species of modified electrode at low concentration
using Laviron’s theory [42, 43]. For peak-to-peak potential

separation AE,>200/n mV, E,, and E,, were expressed
according to the following equations:

E,. =E°+ [RT/(1 — a)nF|lnv (6)
E,.=E’ = (RT [anF)lnv @)

InK,=aln(l —a)+ (1 —a)lna
— In(RT/nFv) - a(l — Q)nFAE, /RT ®)

where E° is the standard electrode potential (V) and the
other terms have their usual meanings. At higher scan rates
[400-1000 mV s™'], the peak potential demonstrates a linear
relationship with the logarithmic function of scan rate, as
seen in Fig. 4c. The estimated values of a, and K were found
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Fig.5 CVs responses of a IN625F, b Ni(OH),/IN625F electrodes
without and with 0.5 mM glucose addition in 0.1 M NaOH at a sweep
rate 50 mVs~!. EIS responses of ¢ IN625F, d Ni(OH),/IN625F elec-

to be 0.37 and 1.18 s, respectively, using linear regression
and Egs. (6-8).

3.3 Electrocatalytic oxidation of glucose on IN625F
and Ni(OH),/IN625F electrodes

After the modification mentioned above, a comparative
study on the electrocatalytic activity of unmodified IN625F
and modified Ni(OH),/IN625F electrodes to glucose oxi-
dation was examined using CV and EIS techniques in the
absence and presence of glucose. As shown in Fig. 5a, b,
the CV curves of both electrodes without glucose addition
revealed a pair of redox peaks, assigning to the redox couple
of Ni*?/Ni*3, as follows [1, 37, 44]:

Ni(OH), + OH™ & NiOOH + H,0 + ¢~ )
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trodes without and with 0.5 mM glucose addition in 0.1 M NaOH
at+0.5 V in the frequency range of 100 kHz at 0.1 kHz

After the addition of glucose, the oxidation peak cur-
rent at modified electrode is significantly larger than that at
unmodified electrode, due to the excellent electrocatalytic
property of Ni(OH), NPs, and larger active surface area of
the modified electrode. The mechanism for oxidation of glu-
cose by Ni(OH),-based material could be described by the
following reaction [37, 44]:

NiOOH + glucose < Ni(OH), + glucolactone 9)

In this reaction at anodic potentials, when glucose gradu-
ally diffuses to the electrode’s surface, it’s quickly oxidized
to gluconolactone by strongly oxidizing Ni(IIl) species,
which was simultaneously reduced to Ni(II). Therefore,
the concentration of Ni(III) decreases while that of Ni(II)
increases, resulting in an increase in anodic peak current
and a decrease in cathodic peak current. The anodic peak
potential shifted to a more positive potential, owing to
the diffusion-limited process of glucose at the electrode’s
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surface. Finally, gluconolactone turned into gluconic acid
by hydrolysis, as follows.

Gluconolactone — Gluconicacid (10)

The results show the strong effect of the activation on the
electrocatalytic oxidation of glucose at modified electrode
surface compared with unmodified electrode.

Figure 5c, d compares the Nyquist plots of unmodified
and modified electrodes in the absence and presence of glu-
cose. The Nyquist plot of unmodified IN625F electrode in
the absence of glucose showed a remarkable charge transfer
resistance (R,) about 22 k Ohm. However, when 0.5 mM of
glucose was added, the R, value is decreased to 17 k Ohm
than without glucose (see Fig. 5¢). The estimated R, value
of modified Ni(OH),/IN625F electrode in the absence of
glucose was around 6.2 k Ohm (see Fig. 5d). This value
decreased more quickly by two times to reach 3.5 K Ohm
than in the presence of glucose. The results revealed that the
modified electrode exhibited a higher electrical conductiv-
ity and a much faster charge transfer phenomenon toward
glucose oxidation than unmodified IN625F electrode. The
result is well confirmed by CV.

In order to study the electrochemical kinetics of modified
Ni(OH),/IN625F electrode during the electrooxidation of
glucose, CV curves were carried out in 0.1 M NaOH within
0.5 mM glucose at various scan rates, as marked in Fig. S2.
With increasing scan rates, the anodic and cathodic peak’s
currents also increase (Supporting Information, Fig. S2a).
Furthermore, the oxidation and reduction potentials, respec-
tively, shifted to more positive and negative potentials. In
addition, an excellent linear relationship between peaks cur-
rents and scan rate’s square root with high correlation coef-
ficient of 0.999 was exhibited in Fig. S2b, suggesting that
the diffusion-controlled process governs the electrocatalytic
oxidation of glucose on the surface of the modified Ni(OH),/
IN625F electrode, which is beneficial for voltametric and
amperometric glucose sensing. Furthermore, the plot of log
Ipa vs. log v reveals excellent linearity, with a slope that is
extremely close to the theoretical value of 0.5 (Fig. S2¢),
demonstrating that the modified Ni(OH),/IN625F electrode
showed a diffusion-controlled process for glucose oxidation.

3.4 Electroanalytical performance of Ni(OH),/
IN625F electrode towards glucose detection

In order to demonstrate the glucose sensing application of
Ni(OH),/IN625F electrode, CV and amperometry techniques
were both employed. Figure 6a illustrates CV curves of the
proposed Ni(OH),/IN625F electrode versus the sequential
injections of glucose concentrations, at a constant scan rate
of 50 mVs~'.When glucose concentrations increased, the
anodic peak currents gradually increased, while the cathodic
peak currents decreased. Inset of Fig. 6a also shows the

anodic peak currents increased with lower glucose concen-
trations from 4 pM to 0.05 mM. However, as presented in
Fig. 6b, two linear responses are expressed as follows: one
from 4 uM to 1 mM represented by: I, (1A)=492.343C,
(mM) + 634.073 with R>=0.999 and the other from 1 mM
to 3.5 mM displayed as follows: I, (pA)=175.615Cg,
(mM) 4 939.430 with R>=0.987. In addition, the sensitivity
and detection limit (LOD) of the developed sensor were cal-
culated to be 5470 pAmM ™! cm™2 and 10 pM, respectively.

Figure 6¢ shows the amperometric curves of modified
electrodes, Ni(OH),/IN625F, carried out at three sensing
potentials 0.5, 0.55, and 0.6 V, in order to find the opti-
mum sensing potential by subsequent glucose injections.
We noticed that all amperometric curves exhibited a con-
siderable improvement in current responses occurred rapidly
with successive injections of glucose within 2 s, indicating a
rapid oxidation between glucose molecules and electrode’s
redox sites. The result showed that the proposed non-enzy-
matic Ni(OH),/IN625F sensors had an outstanding sensitive
and fast response toward glucose oxidation, under alkaline
medium.

Figure 6d reveals three corresponding calibration plots
resulting from the amperometric curves, demonstrating
that all response currents increased linearly with subse-
quent glucose injections. As a result, linear slopes can be
seen in the calibration graphs at various sensing poten-
tials, due to the formation of intermediates, which are then
adsorbed on the electrode’s active sites, and reducing the
number of OH™ catalytic sites, thus inhibiting the oxida-
tion reaction of glucose. So, at sensing potential 0.5 V,
the first calibration graph of the proposed sensor shows
two linear ranges: one from 1 pM to 1 mM represented
by: I, (pA)=389.866Cg, (mM) +15.617 with R%?=0.998
and the other from 1 to 8 mM expressed as follows: I,
(BA)=128.110Cg, (mM) +285.752 with R*=0.999. The
second calibration graph at 0.55 V presents the first linear
range from 1 pM to 1 mM as the following equation: I,
(HA) =438.042CG, (mM) +47.664 with R?=0.999 and
the second linear range from 1 to 8 mM is as follows: I,
(A)=166.401Cg, (mM)+318.391 with R?=0.998. Finally,
the third calibration plot at 0.6 V illustrates the following:
one from 1 uM to 1 mM expressed by: I, (pA)=511.668Cg,
(mM) + 167.666 with R>=0.999, and the other from 1
to 10 mM displayed as follows: I, (pA)=174.469C,
(mM) + 529.541 with R*>=0.998. The calculated sensi-
tivity of the prepared sensors at sensing potential of 0.5,
0.55, and 0.6 V was found to be 4332, 4867 and 5685 pA
mM~! cm™2, respectively. Then, the limit of detection (LOD)
was estimated to be 11, 4 and 2 pM (S/N=3) for Ni(OH),/
IN625F sensors at sensing potentials 0.5, 0.55 and 0.6 V,
respectively.

As aresult, the electrocatalytic performance of Ni(OH),/
IN625F sensor with optimum sensing potential 0.6 V
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Fig.6 a Ni(OH),/IN625F sensor CVs with consecutive injections of
glucose concentrations at 50 mVs~™! with inset: [CVs with lower glu-
cose concentrations], b Plot of Ipa vs. concentration, ¢ Typical amper-
ometric responses of Ni(OH),/IN625F sensors, carried out at varied

showed the highest sensitivity, widest linear range, and low-
est limit of detection when compared with other sensors at
0.5 and 0.55 V sensing potentials, suggesting that the newly
proposed electrode appears to be a promising contender for
non-enzymatic electrochemical glucose sensing. Table.2
also compares the obtained analytical performance of our
newly proposed glucose sensor to others based on Ni foams
previously reported in the literature.

3.5 Anti-interference, reproducibility, and stability
of Ni(OH),/IN625F sensor

The effect of some common interfering species present
in human blood serum, such as L-ascorbic acid, aceta-
minophen, uric acid, and sucrose, on the electrochemical
response of Ni(OH),/IN625F sensor toward glucose, was
examined using an amperometry technique into a stirred
0.1 M NaOH solution with subsequent 1 mM glucose
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1—10 uM], d Corresponding calibration curves of Ipa vs. concentra-
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injections and 0.1 mM of interferents at sensing potential
0.6 V. As shown in Fig. 7a, there are insignificant current
responses toward interferents (less than 4%) on the ampero-
metric curves when compared to glucose, implying that the
fabricated Ni(OH),/IN625F as non-enzymatic sensor has an
excellent selectivity toward glucose in the vicinity of inter-
fering species. In addition, the current response of 1.0 mM
glucose was measured to assess the reproducibility of five
Ni(OH),/IN625F sensors that were independently prepared
under the same conditions, as shown in Fig. S3. The esti-
mated relative standard deviation (RSD) was found to be
4.98%, indicating that the various designed sensors had a
good reproducibility. Therefore, to evaluate the repeatability,
five consecutive CV measurements of 1.0 mM glucose were
taken using the same sensor (see Fig. S4). The estimated
RSD of the response current was 2.39%, suggesting that the
Ni(OH),/IN625F sensor has excellent repeatability and is
not contaminated by glucose oxidation products. Therefore,
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Table2 Comparison of th_e Electrode Sensitivity (LA Linear range (mM) LOD (uM) References

pgrformance of newly de&gned mM-~! cm™2)

Ni(OH),/IN625F sensor with

other glucose sensors based on o-Ni(OH),-tGO/NiF* 955 0.5-22.5 _ [45]

Ni foam NiO superstructures/NiF® 395 0.018-1.2 6.15 [46]
Ni(OH),/NiF¢ 1130 0.002-0.04 1 [47]
Ni(OH), nanowires /NiF¢ 1598 0.1-6 1 [48]
PDs—NiCo,0,/NiF* 806.17 0.005-0.25 2.75 [49]
Nifoam' - 0.05-7.35 22 [50]
Ni,;S,NS/NiF® 6148.0 0.005-3.0 1.2 [51]
ZnCo,0,/NiF? 15.64 0.1-3 4 [52]
Ni/NiF 2370 0.01-0.7 5 [53]
CoPO MA/NiF 3550 0.001-1.16 1 [54]
Ni(OH), flakes/NiF* 2617.4 0.0025-1.05 2.5 [55]
NiCo,0, NWs/NiF! 5916 0.001-3.987 0.94 [56]
Ni—-Al-Mn/NiF™ 2253 0.015-2 1.49 [57]
Ni(OH),/ IN625F 5685 0.001-10 2 This work

do—nickel hydroxide Ni(OH),-reduced graphene oxide (rGO) nanocomposite on nickel foam

Pnickel oxide (NiO) superstructures on nickel foam

“nickel hydroxide Ni(OH), nanosheets on nickel foam

dnickel hydroxide Ni(OH), nanowires on nickel foam
“Polymer dot (PD) bridged nickel cobalt oxide (NiCo,0,)-coated Ni foam

fnickel foam

ENickel sulfide(Ni;S,) nanoflakes (NS) on nickel foam
"Zinc cobaltite (ZnCo,0,) on nickel foam

inickel (Ni) nanoparticles on nickel foam

Jcobalt phosphate (CoPO) microsheet arrays (MA) supported on Ni foam
Knickel hydroxide Ni(OH), flakes on nickel foam

'nickel cobalt oxide (NiCo,0,) nanowires on nickel foam

"Hollow Ni—Al-Mn triple layered hydroxide (HLTH) nanocomposites-modified Ni foam

this sensor can be used repeatedly. Thereafter, the ampero-
metric response curves were recorded every fifteen days over
two months to examine the stability of Ni(OH),/IN625F sen-
sor, as shown in Fig. 7b. So, the sensor was kept dry between
two measurements. The results showed only a reduction in
the current response of 6.4% for 1.0 mM glucose in an alka-
line medium (0.1 M NaOH) at 0.6 V, indicating that the
Ni(OH),/IN625F sensor has a higher stability when stored
in the environment.

3.6 Glucose detection in blood serum samples

The Ni(OH),/IN625F sensor’s feasibility was further tested
utilizing the same glucose concentrations in human blood
serums, as well as a standard sample. The Ni(OH),/IN625F
sensor had a close current response, as illustrated in Fig. 7c,
indicating that it might be used in real applications. There-
after, the applicability of newly Ni(OH),/IN625F sensor
for real blood samples was examined by a commercial glu-
cometer and then by our proposed sensor using amperomet-
ric measurements. I-t curves were recorded at 0.6 V (see

Fig. 7d) and the findings were gathered in Table 3. The pro-
posed sensor gave us the recoveries varied from 93.27 to
103.60%. The results suggest that newly Ni(OH),/IN625F
sensor is recommended to glucose determination in real
human blood.

4 Conclusions

For the first time, Ni(OH), nanoparticles were successfully
grown onto Inconel 625 foam via a simple and facile elec-
trochemical route using CV method in an alkaline medium
without addition of nickel salts. Electrochemical surface
properties of Inconel 625 foam electrodes during the activa-
tion process were explained by CV method for the first time
in real time using potassium ferricyanide as redox probe.
Analytical performance of the prepared sensors was studied
by cyclic voltammetry and amperometric measurements. As
a result, the IN625 foam electrode was successfully modi-
fied, and its electrochemical properties were improved. The
results show that the activation has a significant effect on
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Fig.7 a Amperometric current—time of Ni(OH),/IN625F sensor with
stirred successive additions of 1 mM glucose and interfering spe-
cies of 0.1 mM uric acid, 0.1 mM ascorbic acid, 0.1 mM sucrose and
0.1 mM acetaminophen, b Illustration of current-time of Ni(OH),/
IN625F sensor toward 1 mM glucose in 0.1 M NaOH for two months,

Table 3 Practicality of the newly amperometric sensor for detecting
glucose in human blood serum samples

Samples Concentration of glucose (mM) Recovery (%)

Proposed non- Determined by a com-
enzymatic method mercial glucometer

(mM) (mM)
3.72 3.47 93.27
7.77 8.05 103.60
24.03 24.28 101.04

the electrochemical surface properties of IN625 foam elec-
trode by converting Ni into Ni(OH),. The novel modified
sensor, Ni(OH),/IN625F, with optimum sensing potential
of 0.6 V characterized by a large surface area, showed also
the highest sensitivity of 5685 pAmM~! cm™ over a wide
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¢ Responses of Ni(OH),/IN625F sensor to the same glucose concen-
trations in human blood sample and in a standard sample, d Ampero-
metric current-time of Ni(OH),/IN625F sensor in a stirred 0.1 M
NaOH containing human blood serum at 0.6 V

linear concentration range from 1 pM to10 mM, with faster
response time < 2 s, as well as lowest detection limit (LOD)
of 2 pM. Therefore, the fabricated sensor, Ni(OH),/IN625F,
exhibited a fascinating selectivity in the vicinity of inter-
fering species, high stability, and good reproducibility. In
addition, the results revealed also good recoveries to glucose
in human blood serum samples. Thus, the newly designed
glucose sensor, Ni(OH),/IN625F, with suitable performance
and low cost could be used as a promising device for real
sample analysis.
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