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Abstract. This article proposes for consideration the experimental results of applying the
method of laser surface modification for the manufacture of a highly sensitive enzyme-free
sensitive layer of the working electrode of a glucose sensor using nickel oxide as an example.
This technology can be integrated into the lab-on-a-chip concept. Using cyclic voltammetry,
the sensitivity of the proposed system to the addition of microdoses of glucose to the solution
for unmodified and laser-modified nickel surfaces was studied. The formed structure of metal
oxide sensors was studied for the determination of D-(+)-glucose in the range of analyte
concentrations up to 1.5 uM. In addition, the sensitive layers made using the proposed
technology showed durability and reproducibility of properties. This allows us to conclude that
the demonstrated method of laser-induced metal surface modification is suitable for the
production of a wide range of enzyme-free glucose sensors.
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Introduction

Quantitative glucose monitoring is of great world-wide interest because it might significantly
diminish the risk of such adverse health effects as various heart trouble, renal failure, or cecity
and thus considerably improve the life quality of people with diabetes [1]. Which is one in the
SARS-CoV-2 post-pandemic situation, with a large number of diabetic patients infected with
COVID-19, has enlarged the interest in real-time glucometer devices [2]. In retrospect, elevated
levels of glucose in the blood and urine is one of the key occasions of disability or even death.
This metabolic malady occurs when blood insulin concentrations fall below 3.9-6.2 uM (fasting
glucose level) or 3.9-7.8 uM (2 hours after food ingestion). In the case of using other biological
fluids (sweat, tear, or saliva [3-9]) as analytes, it is necessary to determine significantly lower
glucose concentrations: 0.02-0.6, 0.1-0.6, and 0.05-1 uM, respectively. It takes 15-30 minutes
to establish a steady-state concentration when analyzing sweat or tear liquid. In the case of
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saliva investigation, the measured glucose level can be immediately correlated with that in
blood. Generally, methods such as mid-infrared spectroscopy, liquid spectrophotometry, and
voltamperometria are applied for glucose levels monitoring, and the choice is made taking into
account the specifics of each of the approaches. Among the mentioned methods,
electrochemical approach offers the advantages of high accuracy, facile scalability, and ease of
analysis of the received measurement signal.

The conventional model of glucose oxidation can be described as follows: at low
potentials, the process begins with the anomeric carbon’s hydrogen removing. A gluconate ion
is formed on the surface at low potentials, while the formation of -gluconolactone corresponds
to high potentials. As a result of particle desorption and subsequent hydrolysis, only the
gluconate remains in the solution [10]. The electrocatalysis process starts with the analyte’s
adsorption on the electrode surface [11-13]. The superficies of the sensing area play a crucial
role [14]. Pletcher suggested that the catalytic process of hydrogenation occurs
contemporaneously with the organic substances adsorption. Indeed, the elimination of the
hemiacetal hydrogen is presumed to be the limiting step in glucose electrooxidation [15].
In addition, chemisorbed hydroxyl radicals are supposed to participate in the slow stage of the
process [16]. Thus, non-enzymatic glucose determination is a pH-controlled process, and OH-
containing fluids are suitable for it. This is the reason for the higher sensitivity of non-enzymatic
glucose sensors in higher pH environments. Consequently, both electronic and geometric
factors must be considered in the manufacture and study of electrocatalysts to take full
advantage of the possible improvements of the sensor from the kinetics point of view.

Among various materials [17-18], nickel-oxide-based structures with a developed surface
have attracted considerable interest due to their sufficient susceptibility and selectivity
to D-(+)-glucose detection. The oxidative activity of nickel-based materials in the glucose
determination arises as a result of the rapid transformation of NiO / NiOOH redox pairs formed
on the top of electrode surfaces in fluids. Nickel trivalent particles act as the catalyst in the
oxidation reaction, which produces a flux of electrons into the surface. However, since nickel
oxides and oxyhydroxides have high electrical resistivity, it is often precipitated on the
electrode surface. Nevertheless, this additional layer has ensured more efficient electron
transfer [19]. Despite the high sensitivity of nickel oxide and advanced state of knowledge
regarding the catalytic reactions on its surface, fabrication of sensing metal-based
nanostructures mostly requires aggregate chemical synthesis and time-consuming and
expensive production techniques.

A wide spectrum of NiO layer formation techniques has been investigated including
physical (magnetron sputtering, pulsed laser deposition, thermal deposition), and chemical
(reactive evaporation, spray pyrolysis, and chemical vapor deposition) approaches [20]. All
proposed methods require a large amount of time: from several hours to days (if additional post-
processing is required). Among the various techniques of laser-driven local alteration of metal,
foils make it possible to overcome aforecited disadvantage, providing the possibility of direct
formation of functional coatings on Ni electrode surface. According to Wagner’s model, as a
result of laser radiation and thick metal layer interaction, a parabolic profile of oxygen
penetration into the layer is formed [21]. Laser-driven oxidation methods make it possible to
obtain almost any thermodynamic stable metal oxides and gradient layers with thicknesses up
to 200 um [22].

The paper analysis indicates that publications on electrocatalysts for amperometric
glucose detection in the overwhelming majority of cases do not resemble scientific research in
the field of synthesis of new substances. There are no usual attributes, such as patterns of
morphology and phase characteristics from the synthesis conditions, kinetic patterns, chemical
and phase analysis, the relationship of the surface structure with the material’s analyte
sensitivity, the proposal of synthesis models, or the response to the disturbance (here
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electrocatalytic properties) of the material and their verification, etc. A feature of this work is
the choice of the laser-driven surface alteration as a technology that makes it possible to vary
the synthesis conditions over a wide range. The main goal of this paper is to estimate how the
structure and composition effects on the catalytic properties of the nickel-based materials for
potential use in enzymeless measurements of glucose by the electrochemical method.

Methods

Sodium hydroxide (NaOH) pellets (99.5 %), D-(+)-glucose (99.5 %) were purchased from
Vecton LLC. Both background and stock solutions of glucose were prepared by dissolving the
reagents in deionized water. Nickel foil (99.6 %) sample with a working size of 10 mm. sqr.
was supplied by Contact LLC.

A novel laser-driven surface alteration technique for non-enzymatic glucose sensor’s
working electrode preparation was used. Laser processing of the Ni foil was carried out using
a pulsed laser (Minimarker-2, CNI LOT) generating 1064 nm wavelength with a pulse duration
of 4+200 ns. The beam profile followed a Gaussian distribution with a spot of 1 mm
and a repetition frequency of 30 kHz, resulting in 50 % overlap. Laser energy fluence was
from 30 to 240 mJ-cm™. The experiments were made in the atmospheric air at ambient
temperature. For cyclic voltammetry (CV) experiments, the backsides of samples were
passivated by rosin, with a 10 x 10 mm? window.

All electrochemical measurements were performed using electrochemical potentiostat
VersaStat 4 Princeton Applied Research. For CV measurements, a three-electrode system has
been employed. NiO-Ni sample was used as a working electrode, Pt wire was used as a counter
electrode, a silver-chloride electrode (Ag/AgCl) with a KCI solution was used as a reference
electrode. The Ag/AgCI reference electrode was separated from the electrochemical cell with
0.1 M NaOH electrolyte using a salt bridge. CV curves were scanned with different voltage
scan rates varying between 3 and 80 mV-s** under magnetically stirred conditions. Recording
the CV scans repeatedly up to 3000 cycles showed high stability of the studied electrode.

A detailed description of the methodology, choice of modes and materials is presented in
more detail in a previously published work [26].

Results and Discussion

SEM images of the boundary between the processed and unprocessed (pristine) regions of a
nickel electrode are given in Fig. 1. The pristine region is essentially a smooth Ni surface.
It can be seen that the treatment by laser irradiation results in alteration of the surface.
EDX analysis indicates that the laser-induced modification adduced to a change of Ni/O ratio
on the surface from 95.96 + 0.04/4.04 to 92.02 + 0.06/7.98, which is evidence of surface
oxidation induced by laser irradiation in an oxygen-containing medium. This evidence is also
supported by the results of Raman spectroscopy.

The Raman spectra are shown in Fig. 2. For the processed metal, characteristic NiO peaks
are observed with maxima at 512 cm™* (longitudinal optical vibrations, LO, which is due to the
presence of defects and is absent in the spectrum of crystalline NiO according to [23] and
960 cm™* (2LO) [24] alongside peaks related to carbon inclusions (1332, 1601, 2920 cm™), the
latter probably due to surface contamination of the sample with carbon [25]. Thus, the described
laser modification of the nickel surface leads to the formation of an oxide layer.

Although the nickel foil treatment was carried out in an atmosphere containing about
20 % oxygen, the amount of oxygen in the altered layer remains rather low. This may be due
to the peculiarities of the selected mode of surface alteration when a protective atmosphere of
evaporated nickel was formed during laser treatment, which prevented the penetration of
oxygen to the surface. In this case, evaporation and condensation of the material occurred,
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which did not lead to its significant loss. This is confirmed by the SEM results, which show the
absence of porous structures.

The SEM and Raman spectroscopy results indicate the fundamental possibility of
producing oxide layers in solution through the described laser-driven surface alteration. The
considered fabrication method makes it possible to obtain a developed oxidized metal surface
quickly and reproducibly.

Fig. 1. SEM images of vicinities of the boundary between the processed and unprocessed
regions of a nickel electrode surface at different magnifications
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Fig. 2. Raman spectra obtained from the boundary region between the processed and
unprocessed areas of a nickel electrode

Study of the electrooxidative activity of pristine Ni foil. At the first stage, the behavior
of pristine Ni foil in 0.1M NaOH was studied. The characteristic peaks of the transition
Ni (111) / Ni (1) [26] were not observed (Fig. 3). Additional electrochemical treatment (anodic,
1.5V, 60 s), etching, and mechanical activation of the surface of the initial foil lead to the
appearance of transition corresponding peaks on the CV. Upon increasing the analyte
concentration from 0.1 to 1.5 uM, both anodic and cathodic peaks current (Fig. 3, inset) was
increased, which can indicate the surface oxidation of glucose molecules. The slight variation
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of the anodic and cathodic peak positions is likely due to the crystal structures of the
electrochemical formed surface layers change [27,28].
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Fig. 3. Cyclic voltammograms of pristine Ni and NiO in 0.1 M NaOH solutions at scan rate
of 20 mVv-s?t

The most likely reaction scheme can be supported by electrochemical activation of NiO
followed by the redox reactions on the NIOOH surface, which were discussed
elsewhere [29,30]. On the NiOOH surface, glucose oxidizes to gluconolactone which reacts
with a water molecule to form gluconate and hydronium ions.

Study of the electrooxidative activity of modified NiO-Ni layer toward glucose. For
non-enzymatic sensing study, CV measurements have been carried out with NiO-Ni sample as
the working electrode at a scan rate of 20 mV-s* in the presence and absence of glucose, in the
0.1 M NaOH electrolyte as demonstrated in Fig. 4. When a preliminary laser-activated nickel
foil is used as a working electrode in 0.1 M NaOH media, characteristic peaks of the
Ni (111) / Ni (I1) transition are observed on CV at potentials of about 0.4 V. In the region of high
glucose level, an anodic peak intensity decrease is also observed. It is likely due to the poisoning
of the work surface. In this case, the intensity observed for laser-modified nickel is higher than
for the oxide formed by anodic treatment.
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Fig. 4. Cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the
presence of D-(+)-glucose concentrations up to 20 mM
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The effect of scan rate on the anodic and cathodic peaks current (la and I¢) of 1 uM
D-(+)-glucose was measured in the range of 3 to 80 mV-s? (Fig. 5). It was detected that both
the anodic and cathodic peaks current (la and Ic) gains linearly with the scan rate’s square root
((mV-sH)¥?). The glucose oxidation in those conditions is limited by diffusion. The diffusion
coefficient was counted for the pseudo plane electrode in reversible charge transfer mode and
was 1.8 x 102 cm?s%, This value is higher than the previously described quantity [31].
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Fig. 5. Cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the
presence of 1 uM of D-(+)-glucose at different scan rates. Inset: anodic and cathodic current
versus the square root scan rate
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Amperometric study for NiO-Ni sensitive layer. The electrocatalytic behavior of the
NiO-Ni sensitive layer on glucose oxidation was examined by monitoring a current replication
on glucose adjunction at a fixed potential (Fig. 6). Firstly, the working potential was determined
by the dropwise adjunction of 0.1 pM glucose in 0.1 M NaOH. At a potential of 0.4 V, a
sufficient signal-to-noise ratio, adequate correlation coefficient value, and current response
were measured. All results are in an agreement with the corresponding value obtained in [32].
At a potential of 0.4 V, the current response increases linearly with analyte quantity in the range
of 0.1 -1.5 pM. A correlation coefficient is counted to be of 0.996. Taking into account the
slope (0.005 mA-mM™1) and electrochemical area (1.2 cm) of the formed sensitive layer, the
susceptibility of the structure was calculated as 0.4 mA-uM *-cm™. The limit of detection
(LOD) (0.4 uM) and the limit of quantification (LOQ) (1 mM) also were calculated.

The current value does not diverge from linearity at higher analyte quantity. This fact
indicates that neither poisoning of the electrode nor glucose isomers formation is affected,
which is an opposite situation compared to that known to occur in high-pH solutions [33], which
could be attributed to low D-glucose concentrations. The performance of the reported NiO-Ni
structures in the range of 0.6 — 2 uM D-glucose concentration allows us to suggest their use as
sensitive elements for determining the glucose level in blood. Usage of the formed structures
for the analysis of saliva, tears, or sweat requires improvement of the detection limit and the
limit of quantification, for example, by increasing the electrochemical area.
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Fig. 6. Amperometry of D-(+)-glucose on NiO-Ni sensitive layer in 0.1 M NaOH solutions
with Est = 0.4 V under continuous agitation. Inset: the anodic and cathodic peaks current
versus the D-(+)-glucose concentration

Table 1 shows the comparison of working detection potentials, sensitivity, LOD,
preparation time of the currently prepared NiO-Ni sensitive layer with previously cited nickel-
based structures in terms of working potential range, sensitivity, limits of detection, and
fabrication complexity. The proposed method of laser modification is a much simpler and faster
technique compared to standard methods of sol-gel synthesis, sintering, and pressing. In spite
of the simplicity of the proposed NiO-Ni sensitive layer fabrication methodology, it shows
comparable D-glucose detection performance. At the same time, the samples obtained using
this technology showed comparable sensitivity and detection limits. It is planned to further
increase the detection limit and sensitivity of the element by introducing additives of other
materials (copper, iron, carbon in various forms), which is planned as a continuation of work
on this topic.

Table 1. Comparison of working detection potentials, sensitivity, LOD, preparation time of this
work with previously reported studies for glucose detection.

Sensing layer pc\)/'t/e%rtli(;rl],gv mSAeESIJ\I/TI*\llI?r/n*Z LOD, mM Pr(:ipris(r;tri]on Reference
Ni-Cu-Vulcan carbon 0.5 1.5 0.02 10-12 [30]
Ni/Au nanowires 0.6 1.9 0.1 10-12 [34]
NiCo2S4/ Ni 0.45 0.2 6 0.5 [35]
NIO/MWCNT 0.5 0.1 0.01 5 [36]

composite

Ni(OH). and NiO 0.58 0.1 0.7 30 [37]

NiO-Ni 0.4 0.6 0.6 1/3 This work

Repeatability and stability of NiO-Ni sensitive layer. Reproducibility and consistency
of results are the main parameters for the performance of the device. Cyclic voltammetry is
known as a precision and accurate method [38]. Repeatability is an important goal for sensor
performance. The reproducibility of the readings of the system under study was studied by
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analyzing the CV of three groups of layers, sensitive to NiO-Ni, prepared in different
experiments. All samples were investigated under cyclic conditions in a 0.1 M NaOH solution
to 0.1 uM D-glucose response with continuous stirring. The Figure 7 shows the averaged data
for 6 samples: 3000 cyclic voltammograms, which were obtained on NiO-Ni sensitive layers.
Repeatability of standard derivation was measured to be 4 %. It shows that the formed structure
is not poisoned by the reaction products formed during the whole course of the process.
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Fig. 7. 3000 cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the
presence of 0.1 pM of D-(+)-glucose at scan rate of 50 mV-s !

The stability of the prepared oxide layer was also evaluated by keeping a NiO-Ni sensitive
layer for 100 days at ambient conditions. The measured current remains 85 % of the initial value
after 100 days. This demonstrates that the prepared non-enzymatic glucose sensor has a high
shelf-life stability. A decrease in the anodic and cathodic currents during long-term cyclic
measurements can be related to the formation of y-NiOOH, in which the volume of the working
surface of the electrode increases up to the formation of microcracks. Physical destruction of
the working surface is known to occur [39]. The results convincingly indicate the high
reproducibility and high stability of the preliminarily prepared sensitive layer of NiO-Ni for the
enzyme-free determination of D-(+)-glucose.

Conclusions

Nickel-based oxide nanostructure was formed on a metallic nickel surface by laser-driven
modification approach. Formed structures were examined to be sensing electrodes for non-
enzymatic glucose detection. The formed NiO-Ni structure morphology and chemical
composition were investigated. Electrochemical analysis of NiO-Ni electrode behavior in
alkaline solution confirmed the glucose-sensitive oxide layer to be presented on the top of the
electrode. The electrochemical glucose detection results indicate enhancement of the electrode
performance after laser modification as compared to Nickel foil.

A linear sensitivity of 0.4 mA-uM t-cm™2 with a correlation coefficient of 0.996 was
obtained. Reproducibility and stability of the proposed non-enzymatic D-(+)-glucose sensor
were established by long-term measurements. These results reveal the potentiality of producing
advanced functional materials (in the present case, NiO-Ni structures with a modified surface)
for competitive glucose sensors by implementing low-cost lasers to perform the metal oxidation
and surface activation processes.
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