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Abstract

In this study, we present the use of a Ni-Cu alloy electrodeposited on a titanium electrode as a sensor for non-
enzymatic glucose oxidation. Electrochemical parameters such as bath composition, potential and deposition times
used to obtain the films, were studied. After optimization of operating conditions, the morphology, chemical
composition and surface structure of the Ni-Cu alloy electrodes were characterized using scanning electron
microscopy (SEM) coupled with energy dispersive X-ray (EDX) and X-ray diffraction spectroscopy (XRD).
Electrocatalytic activity of the modified Ni-Cu electrodes towards non-enzymatic glucose oxidation was then
evaluated by cyclic voltammetry, chronoamperometric and impedance spectroscopy. The experimental impedance
data were fitted with an equivalent circuit model representing the electrode/electrolyte interface, to evaluate the
charge transfer rate as well as the electrical characteristics of the catalytic surface. Cyclic voltammetry experiments
show that the Ni-Cu films prepared at -0.975V for 10 min significantly generated the highest oxidation current,
extended linear responses for glucose concentrations in the range of 0.25 to 8mM, with excellent values of the
limit of detection (LOD: 4.97uM) and sensitivity ( 546 pA mM-! cm?). Effects of endogenous interfering species
(ascorbic acid (AA), uric acid (UA), oxalic acid, fructose, sucrose, NaCl and KNOs;) on the electrocatalytic
response of Ni-Cu /Ti were also studied and showed that Ni-Cu /Ti is selective electrocatalyst towards glucose
oxidation. The application of Ni-Cu/Ti biosensor in real human saliva and urine samples is demonstrated using
chronoamperometric detection: the increase in current remains proportional to successive additions of glucose.
Finally, it was shown that the Cu-Ni/Ti sensor presented the lowest charge transfer resistance (Rct) and the highest
double layer capacitance values compared to those of the pure Ti, Ni/Ti and Cu/Ti electrodes. The improved

electrocatalytic activity is mainly attributed by the synergistic effect between Ni and Cu.
Keywords: Glucose oxidation, NiCu alloy, Electrocatalysis, Cyclic voltammetry, Chronoamperometric
Introduction

In recent years, the identification and determination of glucose have been important issues that have attracted much
attention in various fields such as clinical medical diagnostics, food industry analysis, biotechnology and
fermentation [1-3].

Glucose is the body's most important substance and main source of energy. It plays a crucial role in the functioning
of the body, its hydrolysis leading to its storage in the form of glycogen. It can protect and detoxify the liver and

promotes the metabolism of poisons [4-11].



However, abnormal fluctuations in blood glucose, such as hypo glycaemia and hyper glycaemia, are dangerous to
health [5,6] and can also lead to many adverse effects or serious problems that damage organs, particularly diabetes
[10,11]. Diabetes is one of the leading causes of death worldwide [9, 12].

Diabetes is a chronic metabolic disease characterized by persistent hyper glycaemia [13], in which the pancreas
cannot produce enough insulin to absorb and regulate glucose as an energy source [14, 15]. It is characterized by
a high accumulation of glucose in the blood [14-21], leading to other serious illnesses, such as kidney failure,
stroke, blindness, loss of sight, heart disease, nerve damage, and finally an enormous financial burden [14, 16-22].
Diabetes has become a global public health problem [23], according to a recent study by the World Health
Organization (WHO) and the International Diabetes Federation (IDF). The study found that nearly 422 million
people have diabetes, and by 2030 this number is expected to continue to rise rapidly to 642 million [24, 25].

For these reasons, it is crucial to put in place monitoring, regulation and control measures that enable rapid and
accurate detection of blood sugar levels. This is essential for the preservation of human health, the treatment of
diabetes, and the prevention and reduction of complications associated with diabetes mellitus.

Much effort has gone into developing techniques for detecting and quantifying glucose levels [26-27] including
colorimetry [28, 29], chemiluminescence [30], fluorescence [31-32], surface-enhanced Raman scattering [33, 34],
mass spectrometry [35, 36] and electrochemical methods [22, 27, 37-42]. This latter is considered the most
practical and promising due to its excellent performance. Consequently, the development of electrochemical
glucose sensors has attracted a great deal of interest in recent decades [17, 22, 43-44].

Depending on the sensitive materials used, electrochemical glucose sensors are classified into two categories:
enzymatic and non-enzymatic sensors [15, 45-47].

To date, most sensors are based on catalytic enzymatic detection approaches, which offer superior selectivity but
suffer from stability and storage problems [14, 48-54]. In order to overcome these limitations, alternative non-
enzymatic sensors are currently being developed [55-57]. These sensors are based on the direct oxidation of
glucose at the electrode surface, offering excellent performance in terms of sensitivity, selectivity, long-term
stability and low cost [13, 25, 50-51, 54, 58-59].

According to previous studies, a wide variety of inorganic modified electrode materials have been used, including
noble metals (Ag, Au, Pd and Pt) [60-69], transition metals (Cu, Ni, Zn, Ti, Mn) [3, 70-74], metal oxides (NiO,
CuO, NiCo0,04) [11, 13, 58, 75-89] as well as alloys such as (Pt-Pb, Pt-Au, Cu-Co, Pt-Ni, Ni-Cu) [90-97].

The study of alloy-based electrodes is motivated by the anticipation of an electrocatalytic synergy benefiting from
the combined properties of the alloy components. Kuwana et al examined the oxidation of carbohydrates on Ni-
based alloys [96-98]. They reported that Ni-containing alloys showed promising stability for glucose oxidation
[96, 99]. Khulbe et al [99] explored the behavior of Ni-Cu alloy in various catalytic reactions, including
hydrogenation reactions, conversion of hydrogen to orthoparasite and the H»/D, exchange reaction [96].

The novelty of our work lies in the absence of reports detailing the one step electrodeposition of Ni-Cu thin-film
on Ti to promote a non-enzymatic glucose sensor. Specifically, the influence of various electrodeposition and
detection parameters was studied including the impact of citrate complexing additive, electrodeposition potential
and duration, pH levels, selection of detection medium, and their influence on the glucose oxidation. Our research
has yielded novel findings demonstrating a significant enhancement in the electrocatalytic activity of Ni-Cu/Ti

towards glucose oxidation, coupled with excellent conductivity.



The aim of this work was to study the electrocatalytic activity of non-enzymatic glucose on a nickel-copper alloy
modified titanium electrode in an alkaline 0.1M KOH solution. Ni-Cu thin films were deposited on a Ti substrate
from a 0.6 M NiSO,.6H,0, 0.03 M CuSO,.5H,0, in presence of citrate. The electrodeposition mechanism of
the Cu-Ni alloy as well as the electrochemical behaviors of Ni?" and Cu®* ions, were investigated. Ni-Cu alloy
coatings were electrodeposited by chronoamperometric method at different potentials and deposition times.

The effect of electrodeposition parameters on the detection of non-enzymatic glucose was performed using cyclic

voltammetry, chronoamperometric and electrochemical impedance spectroscopy.

Experimental

1) - Materials and methods
Ni-Cu alloys were obtained onto titanium substrate (thickness 0.125mm, purity 99.6%, status annealed and size
100*100 mm?). The electrolytes contained 0.6M NiSO4 and 0.03M CuSOs4 (98.5% and 99% purity respectively,
purchased from Biochem Chemopharma), with 1M Na,SO4 (99.9% purity, Analar) and 0.4M H3BO5; (99.5%
purity, Biochem Chemopharma) as supporting salts. 0.15M Citrate salts were used as additives (99% purity,
Sigma-Aldrich). The initial pH was adjusted at 3 with sulfuric acid. A classical three-electrode cell was used
containing: a 2 cm? titanium substrate as working electrode, a platinum plate as counter-electrode and a calomel
electrode saturated with potassium chloride (SCE) as reference electrode.
All potentials were indicated with respect towards SCE. Thin films were obtained by chronoamperometric method,
at different potentials (-0.950V and -0.975V) for times ranging from 1 to 15 min, at room temperature. The
resulting electrode was washed and air-dried.
Sodium citrate was chosen as complexing agent. It is known to reduce the difference between the deposition
potential of Ni (E°=—0.25V/SHE) and Cu (E°=+0.34V/SHE) improving the deposition efficiency, achieving stress-
free deposition even at very high current densities.
Boric acid acts as a buffer agent at the electrode surface: by decreasing the hydrogen evolution at the electrode
surface, it helps to stabilize bath pH and prevent the formation of nickel and copper hydroxide precipitates on the
substrate.
The electrochemical response of interfering species such as ascorbic acid (AA, 99.7% purity Biochem
Chemopharma), uric acid (UA, purity >98% Fluka), oxalic acid (98% purity Prolabo), fructose (Fru, purity 99%
Sigma Aldrich), sucrose (Suc, purity 99% Fluka), NaCl (100% purity Analar NormaPur) and KNO3 (99% purity
Biochem Chemopharma) was studied in the presence of glucose (99% purity Biochem Chemopharma) on the Ni-

Cu alloy.

Glucose detection was also performed in two real human samples in 0.1 M KOH solution : in 1/10 diluted saliva
and in a 1/50 collected urine sample. Chronoamperometric measurements were performed in these diluted real

media and during the successive glucose additions to reach glucose concentrations of 0.5, 1 and finally 4 mM.
2) - Characterization

X-ray diffraction (XRD) analysis was carried out to study the phases of the crystal structure of the prepared sample
Ni-Cu/Ti modified electrode coatings. The instrument used for this analysis was the XRD (Siemens D-5000
diffractometer) using incident Cu Ko radiation (A = 1.5418 A) within a scan rate of 0.04°.



The Scanning Electron Microscopy (SEM) analysis equipped with Energy Dispersive X-ray Spectroscopy (EDS)
was performed to investigate the surface morphology and composition of Ni-Cu/Ti modified electrode. The

instrument used for this analysis was SEM Zeiss Gemini SEM 500 70-04.
3) - Detection medium of glucose

Nickel-Copper alloys were used to study the non-enzymatic oxidation of glucose C4H;,04 (99% purity, from
Biochem Chemopharma) using electrochemical methods such as cyclic voltammetry, chronoamperometric and

electrochemical impedance spectroscopy (EIS).

RESULTS AND DISCUSSION
Electrochemical measurements
Electrochemical measurement in supporting electrolyte on Ti

A preliminary cyclic voltammetry study of the supporting electrolyte consisting of Na,SO, (1M) + H;BO5 (0.4M),
enabled us to determine its stability range (Figure 1 (a)). 0.15M sodium citrate (CsHsNa3O7) was then added to
the supporting electrolyte to see whether citrate undergoes electrochemical reactions (Figure 1. (b)). It appears
clearly that no electrochemical reaction takes place at the electrode surface either with or without citrate, except

the H*reduction at -0,8V according to eq.1:

2HY +2e=—»H, ............... (eq.1)

Fig 1. : Cyclic voltammogram of titanium substrate immersed in: a) 1M Na,SO, + 0.4M H3;BO;, b) IM Na,SO0,
+0.4M H3BO; + 0.15M C¢HsNazO7, pH 3 with V,=8mV/s.

Electrochemical measurement in Ni, Cu and Ni-Cu containing solutions

Before moving on to the study of the Ni-Cu alloy, it was necessary to study the behavior of titanium substrate in
the supporting electrolyte containing respectively Ni>* or Cu?* salts . The CV curve recorded from the electrolyte
solution containing 0.6M NiSO4 + 0.1M H3BO3 + 1M Na,SO4+ 0.15M CsHsNazO;, pH=3 is shown in Fig. 2a.
During the forward sweep, a cathodic current appears in region A, from a potential of about -0.7V with a current
density of -0.15mA/cm?, corresponding to the reduction of nickel, followed by a significant increase in current at

more negative potentials due to the H* reduction.

On the backward sweep, the little oxidation peak referred as B at approximately -0.14V with a current density of
0.67mA/cm? is linked to the dissolution of the single Ni phase already formed previously [100]. This behavior has
been observed in the literature during the electrodeposition of nickel on different substrates [101, 102].

Fig. 2b shows the voltammetric response of a solution of 0.03M CuSO4 + 0.1M H3;BO3 +1M NaxSO4+0.15M
CeHsNa3;O7, pH =3. During the cathodic scan, a single reduction peak referred as A is observed at approximately
-0.370V, corresponding to a current density of -2.3mA/cm?. This feature is indicative of the copper reduction
process on the Ti surface. A limiting current is performed for a potential range between -0.6 to -0.8V, showing

that the copper reduction is under mass transfer control. During the backward scan, a crossover is performed



between the forward and the backward currents. This overpotential is due to the nucleation and growth process
induced by the electrodeposition of a metal on a foreigner substrate. At higher potentials, an intense anodic peak
B appears at about 0.11V, resulting from the dissolution of the copper deposit formed during the cathodic scan.

This is in agreement with a previous study for copper deposition on the FTO substrate [103].

Fig. 2 Cyclic voltammogram of Ti in: (a): 0.6M NiSO4+0.1M H3;BO; +1M Na;SO4+0.15M CsHsNazOs. (b): 0.03M
CuSO4 +0.1M H3;BO; +1M Na,SO4 +0.15M CgHsNa3zO7, Vy, =8mV/s, pH:3.

Figure 3. (a) shows voltammograms on the titanium electrode immersed in citrate solutions containing Ni** ions
(Ni** 0.6M 0.1M H3;BO; +1M Na;SOs+0.15M C¢HsNazO7), Cu?* ions (0.03M Cu?" + 0.IM H3;BO; +1M
NayS04+0.15M CgHsNa3O7) or both Ni** and Cu?' ions (Ni** 0.6M+ 0.03M Cu’" + 0.1M H;BO; +IM
NaxS04+0.15M CsHsNazO7). During the initial scan, a cathodic current was observed from -0.150V attributed to
the start of Cu?" reduction. A broad cathodic reduction peak (referred as peak A) is then observed at -0.320V,
similar to what was observed in the Cu electrolyte alone. This could be associated with the preferential cathodic
reduction of Cu?" ions in the Ni-Cu electrolyte [104]. When a normal co-deposition mechanism is involved, the
more noble metal, namely copper here, is reduced to more positive potentials than the less noble metal (here nickel)
[105]. This also indicates that during copper electrodeposition, the charge transfer step is rapid, and the growth
rate is controlled by the Cu?" diffusion from the in solution to the nucleation sites at the titanium electrode surface.
A low concentration of Cu?" ions in solution suggests that deposition is diffusion controlled over a wide potential
range from -0.46V to the onset of Ni deposition at around -0.7V, referred as B on the curve [104]. Thus, Ni is
deposited on a Cu pre-coated substrate and requires less energy than on a bare titanium surface, indicating that
incorporation of significant amounts of Ni into the deposits occurs rapidly over a relatively narrow potential range
[105]. This is followed by a significant increase in current at more negative potentials due to proton reduction,
corresponding to the disappearance of the nickel reduction peak, which is justified by the hydrogen evolution
reaction.

In the backward scan, two intense anodic peaks (referred as C and D) are observed at 0.13 and 0.20V. The first
peak is attributed to the copper oxidation because it is located as the same potential than that obtained for Cu alone
in solution. The second peak can be attributed to the dissolution of the Ni-Cu alloy. [100]. It should be noted that,
when Ni is alone in solution, nickel dissolution starts at potentials above - 0.14V, but in presence of Cu, there is
no nickel dissolution alone. This feature clearly shows the incorporation of Ni into the copper deposit; the double
oxidation peak indicating a two-phases Cu / CuNi deposit with different chemical compositions.

Figure 3 (b) shows the effect of citrate on the kinetics and mechanism of Ni-Cu alloy formation, with a decrease
in the current densities of the anodic and cathodic peaks in presence of citrate.

According to the results of the CV study, an appropriate range of current densities is chosen for the subsequent

deposition of Ni-rich Ni-Cu alloys [105].

Fig. 3 Cyclic voltammogram on a titanium electrode in an electrolyte containing (a): 0.6M NiSO4 + 0.03M CuSO4
+0.1M H3BO; + 1M Na;SO4 + 0.15M CgHsNazO7 (b): 0.6M NiSO4 + 0.03M CuSOs4 + 0.1M H3BO3 + 1M Na»SO4
without citrate, Vy=8mV/s at pH=3.

Chronoamperometric investigations



Fig.4 shows the chronoamperometry of Ni-Cu composite deposits, obtained at -0.950 and -0.975V for 7min and
10min electrodeposition times respectively. The Ni-Cu system is considered to be of the normal codeposition type
according to Brenner's classification [106].

The transients present a rapid increase in cathodic current density, followed by a stable value. This increase in
current density is linked to the formation and growth of Ni-Cu nuclei, as well as the increase in the number of
these nuclei on the electrode. This step is not followed by a decrease in current due to the diffusional control of
the reaction as could have been obtained, for example, in the case of pure copper reduction. Indeed, the deposition
potentials are located in the region where not only Cu?", but also Ni** and H* reductions can occur, the last two
being under charge transfer control. The current density stabilizes at a higher value in the transient obtained at -
975mV, compared to that at -950mV, which is in agreement with the CV study.

This means that the potential applied during deposition of the copper-nickel alloy influences the rate of

nucleation towards the active sites on the electrode surface.

Fig. 4 Chronoamperometry of Ni-Cu/Ti deposits obtained at: (a) -0.95V for 7min and (b) -0.975V for 10min.
Morphological and structural characterization

Fig.5 (a, b and ¢) shows the SEM images of Ni-Cu/Ti deposits obtained at [-0.975V for 10min]. The surface is
covered with homogeneous and compact deposit, composed of a mixture of spherical aggregates forming a
cauliflower morphology, with grains in the nanometer range. In addition, a smooth and uniform distribution of the
Ni-Cu alloy on the Ti surface was also observed. On the other hand, pure Ni and Cu deposits in Fig.5 (d, e, f and
g) presented spherical shapes. The Ti substrate is not entirely covered by the pure deposits, even for the pure Ni
film obtained in the same conditions than the Cu-Ni alloy. The surface morphology of the alloy is consistent with
the creation of more active sites for the electrochemical reaction, thus enhancing the electrocatalytic activity of the
nanoparticles through more efficient electron transfer between the analyte and the electrode.

It is also important to note that the Ni-Cu morphology is highly dependent on deposition potentials, a potential of
-0.950V (figure 5. h) leading to a rougher deposit composed by larger grains than those obtained at -0.975V.

Fig. 5 (a, b, ¢c) SEM images of Ni-Cu/Ti deposit obtained at -0.975V for 10min, (d, ¢): SEM images of Ni/Ti
deposit obtained at -0.975V for 10min, (f, g): SEM images of Cu/Ti deposit obtained at -0.370V for 10min and
(h): Ni-Cu/Ti deposit obtained at -0.950V for 10min.

Aida Varea et al (2012) succeeded in obtaining a cauliflower-shaped deposition surface on a substrate composed
of adhesion layers and electric beam evaporated Ti (25 nm)/Cu (250 nm) seeds [104]. In comparison with the work
of Umut Sarac et al (2013) [107], they made SEM images of Ni-Cu films grown on ITO substrates deposited at
different electrolyte temperatures. These images revealed the microstructure of the films, showing compact
surfaces free from cracks. The SEM images clearly show an increase in cluster formation with increasing
electrolyte temperature. In comparison, the surface of films deposited at an electrolyte temperature of 25°C is more

uniform than films deposited at higher electrolyte temperatures.

The Figure 6a shows an image at a magnification of Sum on a Ni-Cu/Ti sample deposited during 10 min at -
0.975V, and the corresponding the EDX spectrum (Fig.6b). EDX analyse carried out on the entire surface of the

figure, shows the presence of Ni and Cu in proportion of 44 and 56 wt % respectively.



Fig. 6 (a) SEM images of Ni-Cu/Ti deposit obtained at -0.975V for 10min, (b) EDX analysis of Ni-Cu/Ti obtained
at -0.975V for 10min.

Figure 7 shows XRD diffractograms of Ti, Ni/Ti[-0.975V, 10min], Cu/Ti [-0.370V, 10min], and Ni-Cu [-0.975V,
10min], as well as Ni-Cu/Ti [-0.975V, 10 min]. These diffractograms were indexed against CFC structure,
revealing the presence of characteristic lines for Cu (see JCPDF 04-836) in Figure 7(c), Ni (see JCPDF 65-2865)
in Figure 7(b), and the Ni-Cu alloy (see JCPDF 65-7246) in Figure 7(d). In this diagram, some additional
diffraction peaks can be seen, attributed to the titanium substrate (see JCPDF 44-1294), indicating the thinness of
the Ni-Cu coating.

It has been established that Ni and Cu exhibit CFC gratings with similar lattice parameters, forming a solid solution
across the entire phase diagram [104].

The three characteristic diffraction peaks (111), (200), and (220) observed at 44, 51.25, and 74.1 degrees were
assigned to the CFC crystals of the Ni-Cu alloy, respectively [94, 108]. The (111) crystallographic plane shows a
maximum intensity compared with the other deposition planes studied [109], attributable to the incorporation of
Cu atoms into the Ni lattice. That result can explained the change in surface morphologies obtained between the

pure Cu and Ni deposits and the alloy [104].

Fig. 7 X-ray diffractograms of (a): Ti, (b): Ni/Ti, (¢) Cu/Ti and (d) Ni-Cu/Ti.
Electrochemical behavior of Ti, Ni/Ti, Cu/Ti and Ni-Cu/Ti towards the non-enzymatic oxidation of glucose

Figure 8(a) shows cyclic voltammograms on the various electrodes, namely Ti, Ni/Ti, Cu/Ti and Ni-Cu/Ti, in
KOH medium. Measurements were carried out in the potential range [-0.2V; -0.750V] at a sweep rate (V) of 8
mV/s. On Ti substrate no current was detected, while on Cu/Ti electrode there was an anodic current corresponding
to the water oxidation for potentials higher than 0,6V. No other reaction was observed on these electrodes, since
no other anodic or cathodic peaks were detected.

However, for the Ni electrode, anodic and cathodic peaks referred as A and B were observed at 0.42V and 0.35V
respectively. These peaks are less intense than those observed for the Ni-Cu alloy (see peaks C and D). They can
be attributed to the formation of nickel hydroxide (Ni(OH),) in KOH medium, corresponding to the Ni(II)-Ni(III)
redox couple, on both electrodes. This process involves the formation of NiOOH, as described by equations (2 and
3), as reported in the literature [89, 94-95, 110-114].

According to the electron transfer which occurs in an alkaline medium, the mechanism of the electrochemical

reaction can be proposed as follows:

Ni+20H™ —= Ni(OH), + 2e~ (eq.2)
Ni(OH), + OH™ - NiOOH + H,0 +e~ (eq.3)

These experimental results are consistent with some works reported in the literature [94, 95, 110].

Figure 8 (b) shows the voltammograms recorded on different electrodes in the SmM glucose + 0.1M KOH

detection medium. No significant response is observed for the bare titanium electrode, unlike other electrodes for



which large anodic peaks can be observed for potentials higher than 0.2V. They correspond to the non-enzymatic
oxidation of glucose (C¢H,,0¢). The intensity of these peaks increases gradually going from Cu (referred as A),
Ni (referred as B) and Cu-Ni (referred as C) electrodes.

This increase in current intensity can be attributed to the synergistic and electronic effect between Ni and Cu
generated by the Ni(OH),/NiOOH and Cu(OH),/CuOOH couples at the electrode surface, in reaction with
glucose [96, 115]. Similar results were observed by Saman Nisar, and Ji-Eun Lim and M. Jafarian, who studied
the electrochemical oxidation of glucose on Ni-CuNPs@VC/GCE, Nix-Cu,/GCE and Ni-Cu/GCE electrodes
respectively [94-96].

According to previous works [94-95], [98, 110-113], [116-123], it is widely accepted that in 0.1 M KOH solution,
the mechanism can be simply summarized as follows: Ni is first oxidized Ni(Zl) in (eq. (3)), which is then oxidized
in Ni(Ill) (eq. 4). Glucose molecules are first adsorbed onto the Ni-Cu active sites to be oxidized to gluconolactone
(CH10O¢) at higher potentials, with the simultaneous reduction of Ni(I11)in Ni(II) according to equatios (eq.5).
The same mechanism can be applied for Cu, oxidized into Cu(II)and then Cu(I1I) species according to equations
(eq.5- eq.6-eq.7). In this way, the Ni-Cu surface layer can be transformed into a mixture of redox couples
Ni(OH),/NiOOH and Cu(OH),/CuOOH. Therefore, the possible process of non-enzymatic glucose oxidation on

the surface of Ni-Cu/Ti nanoparticles can be simply summarized by the following reactions [115, 121, 124]:

Ni+20H™ - Ni(OH), + 2e~ (eq.2)
Ni(OH), + OH™ - NiOOH + H,0 + e~ (eq.3)
2NiOOH + glucose = 2Ni(OH), + gluconolactone (eq.4)
Cu+ 20H™ - Cu(OH),+2e~ (eq.5)
Cu(OH), + OH™ -» CuOOH+H,0 + e~ (eq.6)
2CuOO0H+ glucose = 2Cu(OH), + gluconolactone (eq.7)

The general mechanism proposed:

2 NiOOH + 2CuOOH + 2glucose - 2Ni(OH), + 2Cu(OH), + 2gluconolactone (eq.8)

Figure 8(c) performed on Ni-Cu/Ti, highlights the significant increase of the oxidation peak, after the addition of

glucose into the KOH solution.

Fig. 8 Cyclic voltammograms obtained on the different deposition electrodes: Ti, Ni/T1i, Cu/Ti, Ni-Cu/Ti, (a): 0.1M
KOH without addition of glucose, (b): in 5SmM glucose + 0.1M KOH, (c): comparison of the curves previously
obtained on Cu-Ni/Ti electrode with and without glucose; pH=13, Vy,=8mV/s.

Choice of detection medium

The influence of the medium on the electrocatalytic activity Cu-Ni/Ti electrode (E= -0.975V at t= 10min) was
studied. The comparison of the voltammetry results obtained in (0.1M KOH + 5mM Glucose, pH 13), (0.1M PBS
(0.1M K,HPO4 + 0.1M KH,PO4) + 5mM Glucose, pH 7.1) and (0.2M KCIl + SmM Glucose, pH 9), is shown in
Figure 9. There was no significant response of glucose on the Ni-Cu/Ti modified electrode in PBS medium as
well as in KCl solution. For this reason, a KOH medium with a concentration of 0.1M was finally chosen for the

preparation of non-enzymatic glucose solutions for the further works.



Fig. 9 Cyclic voltammogram for the Ni-Cu/Ti deposit obtained [-0.975V 10min] in different media: SmM Glucose
+0.1M KOH, 5mM Glucose+0.2M KCl and 5SmM Glucose+0.1M PBS (0.1M K,HPO4 + 0.1M KH,POs),
Vb=8mV/s.

Influence of time and potential used for Cu-Ni deposition.

The voltammograms in figure 10 (a, b) show that the electrodeposition time has a major influence on the
electrocatalytic response to glucose oxidation. The CV curves in fig.10 (a) and fig.10 (b) are performed on Cu-
Ni/Ti obtained at -950mV and -975mV respectively, for deposition times ranging from Imin to 15min. The higher
current densities for the glucose oxidation reaction are respectively for a deposition time of 7min at -950mV and
10min at -975mV. Fig.10 (c) compares the highest intensity curves for each potential. The best electrocatalytic
activity for glucose oxidation is obtained at -0.975V and a deposition time of 10 min, since the intensity of the
oxidation peak referred as B is the highest. This is why 10 minutes was chosen as the optimum deposition time.
For deposition times lower than 10 min, the accumulation of active Ni-Cu sites is insufficient; when the deposition

time increases the excess Ni-Cu reduces the electron transfer [114].

Fig. 10 Cyclic voltammograms of Ni-Cu/Ti in (SmM glucose+0.1M KOH, pH=13) at different deposition times
and potentials (a): -0.950V, (b): -0.975V and (c): superposition of the highest intensity curve with obtained for
each potential, V,=8mV/s.

Effect of citrate in Cu-Ni deposition bath

Figure 11 shows the cyclic Ni-Cu/Ti voltamperograms recorded in presence and absence of citrates in Cu-Ni
deposition bath. It is obvious than in presence of citrate, the deposit exhibits a higher oxidation peak (referred as
A). The increase in the electrocatalytic activity towards glucose oxidation is probably due to an higher

concentration of the pairs Ni(OH),/NiOOH and Cu(OH),/CuOOH on the electrode

Fig. 11 Cyclic voltammogram in 5SmM glucose+0.1M KOH solution at pH=13 obtained on Ni-Cu/Ti deposited at
(-0.975V, 10min and pH=3), (a): in absence of citrate, (b): in presence of citrate.

Effect of pH of the Cu-Ni bath

The pH of the Cu-Ni solution was varied from 3.0 to 5.0, in order to determine the optimum range for the
electrocatalytic oxidation of glucose on the Ni-Cu/Ti modified electrode. Figure 12 shows that the best
electrocatalytic response is recorded for pH 3 with a high current intensity of 3.8 mA/cm? compared to those
performed at pH 4 and 5. It is concluded that the pH effect affects electrocatalytic activity. Consequently, pH 3.0

was employed in subsequent studies.

Fig. 12 Cyclic voltammograms in 5SmM glucose+0.1M KOH from pH= 13, for Ni-Cu/Ti films deposited at [-
0.975V, 10min] at different pH= (3, 4 and 5), V,=8mV/s.

Effect of glucose concentration in the detection bath

The effect of the glucose concentration contained in the detection bath, on the Ni-Cu/Ti electrode voltamperometry

responses was shown in Figure 13.



Figure 13 (a) shows the voltamperograms obtained on the Ni-Cu/Ti electrode, for glucose concentrations varying
from 0.25 to 8 mM. The anodic peak current for the glucose oxidation increases linearly with its concentration in
solution with a correlation coefficient of 0.997 (Fig.13 (b)). It is noticeable that the correlation coefficient value
obtained on Ni-Cu/Ti is higher compared to the values cited in the literature by Saman Nisar et al [94], done on a
Ni-Cu NPs @V C/GCE electrode with R?= 0.985. This difference may be due to the detection medium, the nature
and morphology of the Ni-Cu/Ti electrode.

Fig. 13 (a) Cyclic voltammograms of Ni-Cu/Ti deposited at [-0.975V, 10min and pH=3] at different glucose
concentrations in 0.1M KOH, pH=13, V,=8mV/s (b): Variation of the maximum of the oxidation peak obtained

in (a) as a function of the glucose concentration.

Thanks to figure 13 (b) and equation (9) written below, it is possible to determine the limit of detection (LOD)

using the following equation:
LOD=(3.3SDV)/b ............ .(eq.9)

Where SDV represents the standard deviation for 10 repetitions of cyclic voltammetry performed in the 0.1 M
KOH blank solution and is estimated to 8.23 *10* mM™! cm™%; b is the slope of the linear regression obtained from

the calibration curve of the variation in glucose concentrations.

The LOD value obtained is around 4.97 uM, in the same order than those determined in the literature. The Ni-Cu
sensor suggests good glucose detection, this result indicating that Ni-Cu/Ti is a promising candidate for the

development of new non-enzymatic glucose sensors [94, 125].

The sensitivity deduced from the slope of the linear equation in Fig.13 (b) was 546 uA mM-' cm? for glucose

concentrations between 0.25 and 8mM.
Effect of the scan rate used for glucose oxidation CV curves

We monitored the influence of the scan rate on the glucose oxidation current in order to assess the kinetics and
nature of the electrochemical process at the Ni-Cu/Ti interface. As shown in Figure 14 (a), increasing the scan
rate from 3 to 100 mV/s results in a shift of the glucose oxidation peak towards more anodic potentials and an

increase of current densities.

On the other hand, during the backward scan, small reduction peaks appear at high scan speeds. Gluconolactone
species produce during glucose oxidation don’t have enough time to diffuse far from the electrode and are reduced
when the scan is reversed.

Figure 14 (b) shows the variation of the anodic peak currents obtained in Fig.14 (a) as a function of the square
root of the scan rate. The current evolution of the glucose oxidation peaks increases linearly with the square root
of the scan rate, with a correlation coefficient of 0.997; the electrochemical oxidation of glucose at the electrode
surface is then under a diffusion-controlled process, probably slower than the electro-oxidation of Ni-Cu/Ti

electrode itself [96].



Fig. 14 (a) Cyclic voltammograms on Ni-Cu/Ti film deposited at [-0.975V, t=10min, pH=3] in 5mM glucose +
0.1M KOH, pH=13, at different scan rates, (b) variation of the anodic peak current obtained in (a) as a function of

the square root of the scan rate.
Test of electrocatalyst stability of the Cu-Ni/Ti electrode

To test the stability of the electrocatalyst, 250 potential sweep cycles were performed on the same Cu-Ni/Ti
electrode, at a constant sweep rate of 20 mV.s!, in 5 mM glucose + 0.1M KOH electrolyte (Figure 15). The current
densities for the electro-oxidation of glucose appear almost constant over the 250 cycles, indicating the stability
of the electrocatalyst Fig 15 (a). This result can be better seen in figure 15 (b) where the maximum of the oxidation

peaks in figure 15 (a) has been plotted for each cycle, showing quite constant values.

Fig. 15 (a) Stability of the electrocatalyst for 275 potential sweep cycles performed in 5 mM glucose + 0.1 KOH,

20 mV s, (b): Histogram of maximum of the current intensity peaks obtained in (a) over the different cycles.
Chronoamperometric detection of glucose

Fig. 16 (a) shows double step choronoamperograms for the Ni-Cu/Ti in the presence of glucose over a
concentration range of 0.25 to 8Mm, with applied potential steps of 560 and 250 mV, respectively. These potentials
are located in the oxidation and reduction peaks obtained in the figure 16 (a).

The beginning of the curves shows a rapid decrease in current at the start of the process oxidation, followed by its
stabilization at higher values as the concentration of glucose in solution is high. After 180s, the potential is switch
towards the cathodic region of the corresponding CV curves. The currents performed are negligible, indicating an
irreversibility of the glucose oxidation process.

Fig.16 (b) presents the variations of i = f (t-1/2) obtained short times in the decreasing parts of figure 16(a). Indeed,

when the reaction is under mass control, this curve follows a linear behavior according the Cotrell’s law [12].

i(t)=n.F.C.D'2. ¢t 12,12 (eq.10)

With: i (t): current density (A.cm™?), n: Number of electrons exchanging glucose case is 1, D: diffusion constant

(cm?.s™"), C: concentration (mol/cm®), F: Faraday's constant (96500 C), t: time (s)

The dominance of a diffusion-controlled process appears evident for all concentrations in glucose in solution,
especially, in Fig 16 (c), plotted for our nominal 5SmM glucose concentration. From the slope of the line obtained,
the value of the calculated diffusion coefficient is 8.8%107 cm?/s with a correlation coefficient of 0.998. This result
is in the same order of magnitude than that obtained by M. Jafarian et al [96] on a Ni-Cu/glassy carbon electrode:
D = 1x 10-5 cm2. s-1. The difference may be due to the medium used in that case: 0.1 KOH + 5Mm glucose.

Fig. 16 (a) double steps chronoamperograms recorded at different glucose concentration in 0.1M KOH solution,
pH=13, on Ni-Cu/Ti film deposited at [-975mV, t=10min, pH=3], at imposed potentials (E;= 0.560V 180 sec,
E>=0.250V 100 sec, (b): Cottrell curve plotted from the first 25 s of the chronoamperograms obtained in (a), (c):
Linear fit of the Cottrell curve plotted from the chronoamperogram of SmM glucose + 0.1M KOH

Selectivity of the Ni-Cu/Ti electrode towards glucose



Selectivity is an important parameter towards sensors. It provides information on the possibility of detecting only
the analyte of interest in a mixture.

As part of the study of sensor selectivity, glucose was oxidized at 0.560V in the presence of interfering species. In
figure 17, the amperometric response is recorded on the Ni-Cu/Ti electrode in the 0.5 mM glucose + 0.1 KOH, by
gradually adding every 5 minutes an interfering specie, namely ascorbic acid (AA), uric acid (UA), oxalic acid
(OA), fructose, sucrose, NaCl and KNOj3 before adding again 0.5 mM of glucose at the end. The interferent
concentration was 0.01 mM, much lower than that of glucose in the solution, as it can be in human body [126].
The results clearly show that additions of interferent species do not change the glucose oxidation current, indicating

that the Cu-Ni/Ti electrode possess an excellent selectivity.

Fig. 17: Amperometric response of Ni-Cu/Ti electrode to injection of 0.5mM glucose followed by addition of

0.01mM interference species AA, Ur, oxalic acid, Fru, Sucr, NaCl and 0.5mM glucose recorded at 300s intervals

in 0.1M KOH solution at 0.560V.

Glucose detection in real human saliva and urine

To assess the feasibility of the prepared sensor in real sample analysis, glucose detection in human saliva and urine
samples was investigated using the Ni-Cu/Ti electrode sensor. Ten-fold diluted saliva was added to a 0.1M KOH
solution and human urine sample collected was diluted in a 1:50 ratio with KOH 0.1 M solution. The i-t responses
at 0.56V/ESC in saliva or urine containing solutions, were performed for successive glucose additions to reach
concentrations of 0.5, 1 and finally 4 mM (see figure 18 (a) and (b) respectively). In both media, the current
response increases progressively with each successive glucose injection, to reach the same values than those
obtained previously (see Fig.16). No noticeable change in the anodic current density was performed in presence
of saliva and urine, the electrode keeping its rapid detection. These results suggest that the high performance of
the Ni-Cu/Ti sensor is maintained, that sensor can be then used for glucose detection in real saliva and urine

samples.

Fig. 18: Amperometric response of Ni-Cu/Ti electrode in 0,1 M KOH + 10% saliva (a) and in 0,1 M KOH + 2%
urine respectively, followed by glucose additions every 300s to reach [0.5, 1 and 4mM] concentrations of glucose

in solutions. E=0.56V/SCE
Impedance spectroscopy characterization

Electrochemical impedance spectroscopy experiments were performed on Ti, Cu/Ti, Ni/Ti and Ni-Cu/Ti in a SmM
glucose + 0.1M KOH solution, at a potential of 0.56V with an amplitude of 10 mV, in the frequency range between
100 KHz and 10 MHz. The impedance diagrams of the Nyquist plots are shown in (Figure. 19 (a), Figure.19 (b)
is a magnification of Figure.19 (a)). They show an imperfect single capacitive loop corresponding to a process
limited by an electron transfer step during the electrocatalytic oxidation of glucose. The smaller the diameter of

the semicircle, the greater the glucose oxidation reaction will be. The decrease in the semi-circle diameter in



function of surface varies in the order Ti > Cu/Ti > Ni/Ti > Ni-Cu/Ti. That confirms the electrocatalytic activity
of this alloy with respect to glucose oxidation, in good agreement with voltammetry results. A simple equivalent
circuit consisting of a solution resistance (Rs) in series with a parallel circuit of a constant phase element (CPEdI)
and a polarization/charge transfer resistance (Rct) (Figure 19 (¢)) has been employed to fit the EIS data for glucose
oxidation. The CPE is used, because the formed double layer does not usually present an ideal capacitance

behavior; its impedance is expressed as:

1

YL (eq.11)

ZcpE=

Where Y) is the admittance constant, j is the imaginary number, o is the angular frequency (o = 2xf) and n is the
exponent of CPE. The n value, which varies from 0 to 1, depends on the surface roughness and heterogeneity
because of the non-uniform current distribution. The n value can determine the nature of the electrochemical
element; the element is an ideal capacitance if n = 1. The corresponding results processed with the impedance
fitting software ZSimpWin, are reported in Table 1. The mean Rs value is about 32 £ 5 Q.cm?, the electrolyte
being conductive thanks to the high KOH concentration. The Rct obtained on bare Ti is clearly higher than those
on Cu and Ni respectively. The lowest value was determined on the modified Cu-Ni/Ti surface showing a
synergetic effect between Ni and Cu for glucose oxidation as well as a good electrical conductivity [127]. It should
also be noted that the capacitance of the Ni-Cu/Ti double layer is 3494 pF.cm, which is the highest value, showing

again the synergetic effect between Ni and Cu.

Fig. 19 (a) and (b) Nyquist and Bode diagrams respectively of the different electrodes: Ti, Cu/Ti [-0.370V 10min],
Ni/Ti [-0.975V 10min] and Ni-Cu/Ti [-0.975V 10min] at an applied potential of 0.56V in SmM glucose + 0.1M
KOH with comparison of experimental data (scatter) and fit data (black line), (¢): Equivalent electrical circuit
model for glucose oxidation in basic medium on Ni-Cu/Ti modified electrode used to fit experimental impedance

data

Table.1: EIS parameters obtained by adjusting the Nyquist of different electrodes in a 0.1M KOH solution in the
presence of 5 mM of glucose at room temperature at an applied oxidation potential of 0.56V:

Various Rs (Q.cm?) CPE (uF.cm?) Freq power n Rct
electrodes (Q.cm?)
Ti 37 16.7 0.95 4.53*10*

Cu 32 249 0.83 952

Ni 32 302 0.95 336

Ni-Cu 29 3494 0.87 249

Effect of the glucose concentration on EIS measurements performed on Ni-Cu/Ti electrode.

The electrochemical impedance diagrams were recorded on the Ni-Cu/Ti electrode [-0.975V 10min] in a basic
0.1M KOH medium for different glucose concentrations [0.25- 8mM] at an imposed oxidation potential of 0.56V

in Nyquist and Bode-phase plots. The results are shown in Figure 20 (a and b).



Figure 20.a shows the Nyquist diagram, comprising imperfect semicircles with a single high-frequency capacitive
loop corresponding to the first process limited by an electron transfer step of glucose oxidation. The diameters of
the semicircle and then the charge transfer resistance, vary inversely with the glucose concentration. This decrease
indicates a good interaction between the glucose and the Ni-Cu layer [127, 9] and is characterized by the adsorption
of glucose on the modified electrode. An equivalent result can be deduced from the impedance modulus |Z]
obtained at low frequency in the Figure 20 (b): when the glucose concentration increases, the value of |Z| at low
frequency decreases significantly. At the same time, the phase angle curves 0 present a single peak that indicates
that the oxidation involves a single constant, which corresponds to the charge transfer reaction, meaning that the

glucose oxidation is the main process.

Fig. 20 (a) and (b) Nyquist and Bode diagrams respectively of the Ni-Cu/Ti electrode [-0.975V 10min], at different

glucose concentrations compared with experimental data (scatter) and fit data (black line)

The values of the electrochemical impedance parameters obtained by fitting the data are presented in Table 2,
showing that the Rct values decrease significantly with increasing variation in glucose concentration indicating

that glucose oxidation occurred at a higher rate.

Table.2: EIS parameters obtained by adjusting the Nyquist of the modified electrode in a 0.1M KOH solution in

the presence of different concentrations of glucose at room temperature at an applied oxidation potential of 0.56V.

[Glucose] mM Ry(Q.cm?) CPE (mF.cm?) Freq power n R
/Parameters (Q.cm?)

0.25 28.2 2.34 0.81 737

0.5 28.5 2.87 0.83 674

1 29.6 2.93 0.85 621

2 30 3.31 0.85 564

3 32.5 3.66 0.87 428

4 28.6 3.20 0.86 308

5 28.7 3.49 0.87 249

6 29.5 3.74 0.85 196

7 29.1 3.83 0.84 134

8 29.8 3.65 0.83 106

These results indicate that Ni-Cu/Ti can be used as an electrochemical sensor for glucose detection, which is

consistent with and confirmed by the voltammetry cyclic and chronoamperometry results.

On the other hand, the CPE values were not influenced by the increase in glucose concentration, nor the electrolyte

resistance values (Rs), because the glucose concentrations remain very low [9].
Conclusion

In conclusion, Ni-Cu alloy films were successfully electrodeposited on Ti substrate from a bath containing nickel
and copper sulfates in a boric acid media. The beneficial role of citrate added in the electrolyte was studied as well

as the effects of pH, potential and duration on the surface morphology, structure, chemical composition and



electrochemical properties of the Ni-Cu/Ti sensor towards the glucose oxidation. Thanks to these preliminary
studies, the best sensor was obtained for a potential of -0.975V applied for 10min. We also focused on the detection
bath, a good electrocatalytic activity for glucose oxidation being determined in KOH media. In addition, this sensor
demonstrated fast response time, high sensitivity and stability in the 0.25-8 mM concentration range. It was found
to be a convenient and effective electrochemical sensor for glucose oxidation. The modified electrodes showed
electrocatalytic activity for non-enzymatic oxidation of glucose at around 0.56V, while no activity or lower results

were found on the Ti and the Cu/Ti or the Ni/Ti electrodes respectively.

In addition, the manufactured sensor showed good selectivity for glucose detection in the presence of common
interfering molecules. Its applicability was also evaluated in biological samples such as human saliva and urine.
The high electrocatalytic activity of Ni-Cu/Ti was attributed to the synergistic and electronic effect resulting from
the combination of Ni and Cu to form a bimetallic Ni-Cu catalyst.

The performance of the as prepared Ni-Cu/Ti allows this material to be considered as a suitable alternate for non-

enzymatic electrochemical glucose sensors.
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