Sensors and Actuators B 228 (2016) 43-52

Sensors and Actuators B: Chemical

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

SENSORS an

ACTUATORS

Impedimetric non-enzymatic glucose sensor based on nickel
hydroxide thin film onto gold electrode

@ CrossMark

Ana L. Rinaldi, Romina Carballo*!

IQUIFIB, National Research Council (CONICET), Faculty of Pharmacy and Biochemistry, University of Buenos Aires, Junin 956, CP 1113 Buenos Aires,

Argentina

ARTICLE INFO

Article history:

Received 17 September 2015
Received in revised form

24 December 2015

Accepted 29 December 2015
Available online 4 January 2016

Keywords:

Glucose

Non-enzymatic sensor

Nickel gold electrode

Electrochemical impedance spectroscopy
Blood sample

ABSTRACT

A non-enzymatic glucose sensor based on a thin layer of nickel immobilized on a gold electrode
(EAuNi(OH),) was used to perform impedimetric determination of glucose. The electrodeposition solu-
tion, composed of 0.010 M Ni(NOs),-6H,0 and 1M of chloride, allows only one active catalyst (NiOOH)
to be present on the gold electrode surface after activation with 0.1 M KOH.

Electrochemical oxidation of glucose on EAuNi(OH), electrode was evaluated by Cyclic Voltammetry
(CV) and Electrochemical Impedance Spectroscopy (EIS) in the concentration range of 0-14.8 mM of ana-
lyte.Ip/v!/2 vs scan rate graph shows a typical catalytic behavior by EAuNi(OH), toward glucose oxidation.
Measurements in the presence of possible interfering species (ascorbic acid, uric acid, dopamine) did not
affect the response of the analyte of interest.

EIS offers good sensibility and selectivity for the glucose detection by non-enzymatic glucose sensor
as an alternative to conventional methods. A single-frequency impedance method is proposed as trans-
duction principle. For that, the parameters of complex impedance (module, phase, real and imaginary
impedance) at each frequency were evaluated in function of glucose concentration and in terms of cor-
relation coefficient. These analyses show a better linear response for the module of impedance (|Z]) in
the range of 0-2 mM of glucose at 0.1 Hz (R?=0.984) with a slope of 484.7 2 mM~! of glucose. Finally,

EAuNi(OH), was successfully applied to the assay of glucose in blood samples.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Demand for monitoring glucose in the food industry, biotech-
nology and clinical diagnosis has been growing in recent years,
accompanied by a steady increase in the number of proposed
devices. Basically, glucose electrochemical sensors can be divided
into two categories: enzymatic and non-enzymatic electrochem-
ical sensors [1]. In some way, many investigations have been
undertaken on non-enzymatic glucose sensors (NEG) in order to
overcome the disadvantages of enzymes and mediators in biosen-
sors [2,3]. NEG sensors constitute the fourth generation of glucose
sensor technology, which are easier to prepare, cheaper, and have
higher stability compared with traditional glucose sensors [4].

Unlike biosensors where the enzyme acts as a catalyst, in NEG
sensors the nature of the modifier is of great importance since
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atoms at the surface of the electrode act as the electrocatalysts [5].
Although in some cases the mechanism of glucose oxidation at the
electrode surface is still not fully understood, a variety of materials
including the noble metals [6-8], metal oxides/hydroxides [9,10],
carbon nanotubes [11], graphene [12], polymers, and hybrids
[13,14] have been explored as NEG sensors in their response to
the electrocatalytic oxidation of glucose. In an effort to expand
on synergically catalytic effects of different metal oxides, metal
oxide/metal oxide (bimetallic oxide) composites have been pro-
posed for NEG sensors [15,16]. In other cases, metal/metal oxide
combinations have been explored in order to integrate advantages
of both metals (support) and metal oxides (modifier). In the latter
device, two aspects can significantly affect the electrochemical per-
formance of the sensor: (1) the properties of the support electrode,
such as large specific surface area, its geometry, and high electron
transfer rate, and (2) the method of preparation of the metal oxide
and its interaction with the support electrode [17-20].

In particular, Ni(OH),-based non-enzymatic glucose sensors
have excellent electrocatalytic activity toward glucose oxidation,
which is mediated by Ni™/Ni) redox couples in alkaline medium
[21]. The electrochemical preparation of particles, nanoparticles,
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and films of nickel from a solution containing this metal ion has
been investigated intensely during the last decades, even onto the
bare support electrode [22,23]. Many adjustable parameters, such
as the deposition potential or current, time, temperature, pH, and
electrolyte composition, allow to adjust the size, shape, thickness,
and spatial distribution of the electrodeposited nickel. Moreover,
numerous devices have been prepared by cathodic electrodepo-
sition of nickel on both traditional and nanostructured electrode
surfaces such as boron doped diamond [24,25], carbon [26,27] or
graphite [28,29]. However, as previously mentioned, it is interest-
ing to note that the interaction between the support material and
the metal oxide can be used to modify the electrocatalytic activity
of the latter or even enhance it greatly, such as in the case of gold
electrodes for electrochemical evolution of oxygen [30].In NEG sen-
sors, mixed Au/Ni surface oxide electrodes have been studied, in
which the electrooxidation of glucose is due to the presence of two
catalysts such as Au(OH) ads and NiOOH without any synergistic
interaction between them [31-35].

Amperometry is probably the most popular electrochemical
technique applied in the glucose sensors. Nonetheless, in the last
years the use of electrochemical impedance spectroscopy (EIS)
has been proposed as a transduction principle in these sensors. In
this new technology, electrochemical impedance spectroscopy is
more useful to study the analyte in lower concentrations, the elec-
trode/electrolyte interface and the electrode surface kinetics. It also
provides the advantages of cheap measurement, no sample pre-
treatment and the possibility to detect any kind of molecule, when
an interaction between recognition surface and analyte occurs. The
advantage of EIS over DC techniques is that this steady-state tech-
nique is capable of probing relaxation phenomena over a wide
frequency range, making high precision measurements since the
response may be indefinitely steady and can therefore be averaged
over a long period of time. Both types of Faradaic EIS, with and
without redox probe introduction, are based on the evaluation of
the change of charge transfer resistance (R¢) as a function of glucose
concentration [36,37].Inall cases, Rt must be obtained from an ele-
mental electrical circuit fitted to a set of impedance values, which
have been measured over a frequency range. This makes the use of
EIS become tedious and sometimes excessively long. As an alterna-
tive, a single-frequency analysis could be applied. In this case, the
fitting procedure is not necessary, although optimal parameters of
complex impedance, frequency and voltage values of the system
must be previously determined. However, very few reports have
employed this methodology and, those which have applied it, are
mostly glucose biosensors [38,39].

In this work, a gold electrode substrate modified by electro-
chemical deposition of thin films of nickel hydroxide, designated as
EAuNi(OH),, is characterized and employed as non-enzymatic glu-
cose sensor based on the EIS. The properties of both Ni(OH ), /NiOOH
and the material of the electrode are discussed. The experimen-
tal conditions of the impedance measurements that enable the
determination of glucose in blood at a single frequency were also
optimized.

2. Experimental
2.1. Materials

All chemicals used in this work were of analytical grade and
were purchased from Merck and Sigma-Aldrich, and they were
used as received, without further purification. Deionized water was
used for all aqueous solutions.
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Fig. 1. (A) SEM image of EAuNi(OH), (magnification 100000x ). (B) Energy disper-
sive X-ray analysis exploring the elemental composition of metals in EAuNi(OH);
electrode.
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Fig. 2. Cyclic voltammograms corresponding to the activation of EAuNi(OH), in
0.1 M KOH solution. Scan rate 50mVs~', 15 cycles.

2.2. Apparatus

Cyclic voltammetries (CVs) and amperometric measurements
were performed with a purpose built potentiostat (TEQ-Argentina),
with digital signal generator for implementation of different elec-
trochemical techniques. Electrochemical impedance spectra were
recorded using a potentiostat TEQ4-Z (TEQ-Argentina) and a fre-
quency response analyzer. Data analysis was performed with
the program ZView® (Scribner Associates, USA). A gold work-
ing electrode (0.36cm? geometric surface area), a Ag/AgCl KCI
3 M reference electrode (BAS) and a platinum wire auxiliary elec-
trode were used for voltammetric and electrochemical impedance
experiments. A purpose built Teflon cell was used in impedance
measurements.
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Scheme 1. Schematic representation of the gold electrode modification process.

Scanning electron microscopy (Zeiss DSM982 GEMINI SEM with
Field Emission Gun) and energy dispersive X-ray spectroscopy (EDS
INCA ENERGY, Oxford Instruments) were used to characterize the
morphology and structure of the EAuNi(OH),.

2.3. Preparation of the modified electrodes

Gold electrodes used for electrochemical experiments
were thoroughly cleaned by immersions in “Piranha” solu-
tion (H,SO4:H,0,/3:1) for 24 h, then rinsed with MilliQ water and
dried with nitrogen stream.

A non-deaerated solution of 0.010 M Ni(NOs3),-6H,0 and 1M
NH4Cl at pH 5 was used for electrochemical deposition of nickel to
obtain EAuNi(OH), after the activation in alkaline medium. Firstly,
the process involves electrochemical nucleation and growth of
nickel particles from nickel solution onto the gold electrode [22].
Electrodeposition of nickel was carried out by applying a potential
step of —1.3V vs reference electrode for 60s. Then, the film was
activated by cycling between 0 and +0.80V in aqueous 0.1 M KOH
solution for at least 15 cycles at 50mV s~! until reproducible peak
shape was obtained. The same procedure was applied at modified
glassy carbon electrode (GCNi(OH),).

EAu(OH)Ni(OH), was prepared following the procedure in [27]
by potentiostatic deposition of nickel from a 0.10 M acetate buffer
solution (pH 4.0) containing 0.001 M Ni(NOs3),-6H,0.

The nickel surface concentration (I'y;), was estimated by inte-
gration of the cathodic wave at about 0.38V corresponding to
the Ni™/Ni™ reduction process obtained in 0.1 M KOH solution
(50mVs~1) and referred to the 15th cycle, assuming that all the
nickel redox sites are electroactive on the voltammetric time scale.
The true surface area of the gold electrode, as determined by inte-
gration of Au oxide reduction peaks [40], was considered; this area
was about 1-1.3 cm?. For a set of ten EAuNi(OH), modified elec-
trodes, the average surface coverage of nickel was estimated in
4.9 x 102 mol cm—2, with a relative standard deviation of 14%.

2.4. Electrochemical measurements

All electrochemical experiments were carried out in 0.1 M KOH
and at room temperature.

The scan rate range in cyclic voltammetry (CV) was 0.001Vs~!
to1Vs1,

Electrochemical Impedance Spectroscopy (EIS) was used to
evaluate the performance of the sensor. This technique implies
the application of an alternate current (AC) rather than a con-
tinuous one (DC). In order to obtain the optimal frequency, a
frequency range of 100 kHz-0.1 Hz was used for impedance spec-
troscopic measurements. The amplitude of oscillation (AC) was set
to 10 mVgy;s. The optimal working potential was set to +0.600V
and +0.500V for measurements of glucose with and without blood
sample, respectively. Module of impedance (|Z|) at 0.1 Hz was used
to evaluate the response of the sensor.

CV measurements were performed in a glucose concentration
range of 0-6.6 mM, while in the case of impedance, concentrations
of 0-14.8 mM were evaluated.

Possible interfering species were tested at low concentrations
(normal physiological levels [1]) of 0.08 mM for ascorbic acid,
0.4 mM for uric acid and 0.05 mM for dopamine. High concentra-
tions of these analytes were also tested (0.3 mM for ascorbic acid,
2 mM for uric acid and 0.2 mM for dopamine).

2.5. Real sample analysis

To evaluate the applicability of the EAu(NiOH), for analysis in
real samples, the sensor was applied to the determination of glu-
cose in blood samples.

For the impedance measurements, the working solutions were
prepared so that the blood samples are spiked with glucose stan-
dard withrespect to a lower glycemia. Here, 500 L of blood sample
(3.7mM or 74 mgdL-! of glucose measured by a commercial hand-
held glucose meter) and known concentrations of glucose standard
(0,0.1,0.2,0.3,0.45,0.58,0.7,0.8,0.9,1,1.15,1.3,2 mM) were added
to 5mL of 0.1 M KOH.

Then, additional blood samples (n=3) were also diluted ten
times in 0.1M KOH and were measured using the proposed



46 A.L. Rinaldi, R. Carballo / Sensors and Actuators B 228 (2016) 43-52

15
y=0.409x - 0.930
10 R2=0.992
[)
< ° ol
£ pa
- 0 Olpc
5
[9)
y=-0.361x + 0.982
-10 R?= 0.986
-15
0 5 10 15 20 25 30 35

v 21 (mV-s1) 12

Fig. 3. Plots of the cyclic voltammetric (®) anodic and (O) cathodic peak currents

against v'/2 for EAuNi(OH); in 0.1 M KOH solution.
A 45 .
4 - 21
3.5
3
25
2
1.5 4
1
0.5
0
-0.5

A
0 200 400 600 800
E/mV (vs Ag/AgCl)

¥=0394x +1.083
R'=0986

1/ mA

Ip,/ mA
)

T T T T 1

0 5 10 15 20 25 30 35
v 12[ (mV-s1) 12
25 4

@)

lpl vii2g (mA'mV‘”Z'S"z)

M

0 200 400 600 800 1000 1200
viI(mV-s1)

Fig. 4. (A) Cyclic voltammograms of EAuNi(OH), in the presence of increasing con-
centrations of glucose: (a) 0, (b) 0.452, (c) 1.6, (d) 3.1, (e) 4.6, and (f) 6.6 mM. Inset:
plot current vs glucose concentrations for EAuNi(OH),.(B) Plot of anodic peak cur-
rent against v!/2, for a concentration of glucose of 6.6 mM. (C) Plot of anodic current
function (Ip/v'/2) against the scan rate (v), for a concentration of glucose of 6.6 mM.

methodology. The results were compared with those obtained by
the commercial handheld glucose meter.

3. Results and discussion

3.1. Morphological and electrochemical characterization of the
modified electrode

The nickel hydroxide thin film onto gold electrode (EAuNi(OH),)
was prepared following a modified and optimized procedure pro-
posed in the literature, as shown in Scheme 1. It briefly consisted
of the cathodic electrodeposition of nickel and its subsequent acti-
vation in alkaline medium. In the first step, the gold electrode was
placed in an acid solution of 1 M NH4CI containing 0.010 M nickel
nitrate and was held at a negative potential (—1.3 V)in order to elec-
trodeposit metallic nickel. Thus, at low Ni(NO3), concentrations,
the Faradaic efficiency of the deposition of nickel is nearly 100%
[41]. Moreover, the high chloride concentration could be modulat-
ing the deposition and electrocatalytic activity of Ni()/Ni(') onto
the gold substrate thanks to the presence of chloride ions on this
surface which enhance reduction and nucleation of nickel instead of
evolution of protons [42]. It is possible to describe the mechanism
of nickel deposition in which the resulting NiCl* species diffuses
from bulk to gold electrode surface where it is adsorbed, as shown
in the following equations (Eq. (1)) [43]:

Ni(NO3), — Ni** + 2NO3
NH4Cl — NH, +Cl~
Ni%* + CI™ < NiCI*

NiCl* « NiClh

ads

NiclH

2ds + e <« NiCladS

NiCl,4s + €~ < Ni+Cl™

Next, the modified electrode was conditioned in 0.1 M KOH solution
by potential cycling from 0.0 to +0.80 V at a sweep rate of 50 mV s !
for about 15 cycles of potential scans for the electrochemical prepa-
ration of the active and stable Ni(OH); (Eq. (2)):

Ni + 20H™ — Ni(OH), + 2e~

The morphology and elemental composition of the electrode-
posited nickel structures on the gold electrode in alkaline medium
are shown in the scanning electron microscopy (SEM) image and
energy dispersive X-ray microanalysis (EDX) spectra of Fig. 1A
and B, respectively. The size of nickel hydroxide nanoparticles
measured from the SEM image was about 190 nm (Fig. 1A). The
EDX analysis, employed for elemental identification, confirmed
the presence of nickel and nickel hydroxide onto the gold surface
(Fig. 1B).

Fig. 2 shows the evolution of the cyclic voltammograms for the
enrichment of the Ni(OH), species at the surface of the gold elec-
trode. The enhanced baseline current of the first cycle is associated
with the oxidation of Ni to Ni(). Then, the anodic and cathodic
peaks corresponding to Ni)/Ni() redox couple are observed at
about 0.48 and 0.38 Vvs Ag/AgCl, ata scanrate of 50 mV s~ !, respec-
tively. The peak currents increased gradually during successive
scans until a steady state was reached. In alkaline solutions Ni(OH),
was oxidized to NiOOH and turned to Ni(OH), by potential cycling
[1].

The activity of Ni electrocatalysts is known to differ depending
on the manner of electrode preparation. Therefore, it was found
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Fig. 5. Cyclic voltammograms corresponding to the addition of possible interfering
species: (a) 2 mM of uric acid, (b) 0.2 mM of dopamine, (c) 0.3 mM of ascorbic acid,
and (d) addition of 1.15 mM of glucose. The analytes were added sequentially to the
same 0.1 M KOH solution.

that two factors are important, film thickness and the choice of an
electrode material.

Yeo et al. have reported that a very thin layer of Ni hydrox-
ide deposited onto Au has a significantly higher anodic oxygen
evolution activity relative to a thick layer of Ni hydroxide formed
on bulk Ni or electrodeposited on Au. Moreover, they have also
reported that Au may modify the electronic properties of Ni(l
cations present in a thin film of NiOOH on its surface by a small
transfer of charge to the highly electronegative Au [30].

In our case, the nickel surface concentration (I'y;) was estimated
in4.9 x 10-° mol cm~2 and corresponding to a thin layer of Ni oxide
(<4 nm thick) [32].

Casella et al. have reported voltammetric and XPS studies of the
catalytic behavior of the Au/Ni surface combination toward the
electrooxidation of glucose with a thin nickel film. In this case,
two redox transitions were observed in voltammograms: one is
related to gold-oxide formation and re-formation of Au°, and the
other is due to the Nil)/Nil) system. It suggests that both active
catalytic species such as Au(OH) ads and NiOOH lead to electrocat-
alytic oxidation of glucose [31,32]. This same behavior is observed
when the electrode is modified in a solution without chloride ions
(Fig. S1). Instead, Fig. 2 shows no redox transition related to oxi-
dation/reduction of Au. Therefore, the formation of a thin film of
nickel/nickel hydroxide in EAuNi(OH), modified electrode is effec-
tive and the support material is completely covered.

In order to evaluate the properties of gold as substrate, a film
of nickel was deposited on glassy carbon electrode (GCNi(OH);)
following the same procedure. While a relation of Nil)/Ni(l) of
0.63 is observed for GCNi(OH), in the anodic peak, this ratio rose
to 0.93 for EAuNi(OH),. This would suggest that Au could facilitate
the oxidation of Ni() to Ni(" and activate the nickel surface with
suitable empty d-orbitals to rapidly catalyze the oxidation of the
organic analyte [1].

The electrochemical performance of EAuNi(OH), was studied
by cyclic voltammetry in 0.1 M KOH solution at different scan rates.
Both anodic and cathodic peak currents increase as function of scan
rate. Fig. 3 shows a linear dependence for Ipa and Ipc with the
square root of the scan rate, implying that the reaction is under
diffusion control of OH~ from the solution phase.
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3.2. Electrocatalytic oxidation of glucose

The oxidation of glucose by EAuNi(OH), was first studied
by cyclic voltammetry in the range of 0-6.6 mM (Fig. 4A). The
anodic peak current is linearly dependent to glucose concentra-
tion, increasing slightly in its presence (inset Fig. 4A). The response
to glucose for EAuNi(OH), was significantly bigger than that for
EAu(OH)Ni(OH), (Fig. S2). The anodic peak current is proportional
to the square root of the scan rate (Fig. 4B) indicating a typical
behavior for a mass transfer controlled reaction. In addition, the
cathodic peak current corresponding to the reduction of Ni™ to
Ni(l) decreases, which is attributed to the production of Ni(OH),
through the reaction between NiOOH and glucose. A plot of Ip/v!/2
with scan rate gives the same features as those revealed from
Fig. 4C. This curve is characteristic of catalytic controlled reactions.
In this way, EAuNi(OH), shows a remarkable electrocatalytic activ-

ity toward the oxidation of glucose in 0.1 M KOH, as seen in the
following reactions (Eq. (3)):

Ni(OH), + OH™ — NiOOH + H,0 + e~
NiOOH + glucose — Ni(OH), + intermediate

NiOOH + intermediate — Ni(OH), + gluconolactone

Selectivity is a very important parameter to be considered for non-
enzymatic glucose sensors. We studied the interference effect of
uric acid (UA), dopamine (DA) and ascorbic acid (AA) in low (normal
physiological levels [1]) and high concentrations. In low concentra-
tions, no reaction was observed, whereas in higher concentrations,
the response to interferents is seen at 0.1V but that does not affect
the oxidation of glucose. Fig. 5 shows the effect of 2 mM UA, 0.2 mM
DA and 0.3 mM AA on the response of 1.15 mM glucose. When uric
acid, dopamine and ascorbic acid were added successively in this
order in 0.1 M KOH solution, one couple of well-defined Ni()/Nj(D
redox peaks was observed without changes. Finally, a glucose con-
centration was added and the electrocatalytic response toward
oxidation of glucose was obtained.

3.3. Electrochemical Impedance Spectroscopy (EIS)
measurements

Electrochemical Impedance Spectroscopy (EIS) was used to
evaluate the performance of EAuNi(OH), as glucose sensor in a fre-
quency range of 100 kHz-0.1 Hz. The amplitude of oscillation was
set to 10 mV and the working potential was optimized to +0.500V
vs Ag/AgCl. Nyquist and Bode plots of the EAuNi(OH); in 0.1 M KOH
for different glucose concentrations are presented in Fig. 6.

In Fig. 6A, for a range of 0-2 mM of glucose, the Nyquist dia-
grams consist of two slightly depressed capacitive semicircles in
the high and low frequencies. The depressed semicircle in high
frequency region can be related to the combination of charge trans-
fer resistance and the double layer capacitance. The low frequency
semicircle was related to the adsorption of reaction intermediate
on the electrode surface. The equivalent circuit compatible with the
Nyquist diagram is depicted. In this electrical equivalent circuit, Rs,
CPEy; and R represent solution resistance, a constant phase ele-
ment corresponding to the double layer capacitance and the charge
transfer resistance, respectively. CPE,4s and R,qs are the electrical
elements related to the adsorption of reaction intermediates [44].
When glucose was added up to 2 mM to the cell, a decrease in the
diameters of the two semicircles was observed (Fig. 6A), while for
concentrations of glucose above 2 mM these did not change signif-
icantly under these experimental conditions (Fig. 6B).

Pletcher [5] suggested the electrocatalytic process implies a key
role for adsorbed intermediates. In our case, we observed that in
the concentration range up to 2 mM glucose the equivalent circuit
model involves a component related to the adsorption of reaction
intermediates. This would suggest that an initial oxidation of glu-
cose limited to the surface would then give rise to bulk oxidation
of glucose, as shown by the linear proportionality of peak current
to square root of scan rate in Fig. 4B.

Although the method based in the evaluation of the R¢ as
function of the glucose concentration could be employed for its
quantification in a range of 0-2 mM of analyte, it is very laborious
and extremely long, since Rt must be obtained from an elemental
electrical circuit fitted to a set of impedance values.

As an alternative, a single-frequency analysis can be proposed
for EIS measurements of glucose. However, the optimal param-
eter of complex impedance (module, phase, real or imaginary
impedance) and frequency values of the system must be previously
determined.
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Fig. 8. (A) Bode plots for EAuNi(OH)2 of impedance module against frequency for the glucose concentration range of 0-2 mM in blood sample. (B) Calibration curve for
module of impedance as a function of glucose concentration in blood at 0.1 Hz and +0.600V vs Ag/AgCl.

In order to determine the optimal parameter and frequency for
analytical measurement of glucose, the module (|Z|), phase (¢),
real impedance (Zr), and imaginary impedance (Zi) of complex
impedance were analyzed for each frequency and in function of
glucose concentration, separately (Fig. S3). The correlation of each
parameter with the glucose concentration for each frequency was
studied in terms of correlation coefficient (R?). These analyses show
a better linear response for glucose concentration up to 2 mM, with
a 0.984 correlation coefficient, for |Z| at 0.1 Hz. Fig. 7A shows the
calibration curve for —|Z| as a function of the glucose concentration

Table 1

in a linear range from 0 to 2 mM, which is based on the average of
eight values obtained in the time at 0.1 Hz for each glucose addition.

To be able to compare the repeatability of three modified
electrodes it is necessary to evaluate the normalized impedance
(relative value to zero concentration of glucose) (Fig. 7B). Trip-
licate sets of results show the repeatability and reproducibility
corresponding to the measurements with a relative standard devi-
ation (RSD) of less than 5% for a glucose concentration range of
0.1-0.5mM and about 10% for high glucose concentration range
(0.5-2mM).

Determination of glucose in blood samples using two different EAuNi(OH), electrodes and impedance measurements. Comparison with values obtained by a commercial

handheld glucose meter.

Blood sample |Z] (ohms)?

EAuNi(OH); #1 EAuNi(OH), #2

Proposed method (mM) Commercial handheld

Glucose meter (mg dL~')

1 2326.962 2309.759
2 2151.718 2128.353
3 1964.759 1932.917

5.040.3 (100 mgdL-1)° 95
8.8+£0.4(175mgdL 1) 172
12.8+0.5 (257 mgdL-1) 265

2 The blood samples were diluted ten times with 0.1 M KOH solution for the impedance measurements.

b Glucose concentration expressed as mgdL-!.
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Table 2

Comparison of the present EAuNi(OH), electrode with different non-enzymatic glucose sensors based on nickel.

Electrode Catalyst Potential (V)

Linear range (M)

Electrochemical method Determination in Ref.

blood sample

Au-Ni electrode Au(OH),¢s and NiOOH 0.6 (vs Ag/AgCl) 6x108t07x10* Amperometry No [31]
NiCFP? NiO 0.6 (vs Ag/AgCl) 2x106t025x1073 Amperometry No [45]
NiNWAP NiO/Ni(OH); 0.55 (vs SCE) 5x 1077 to7x 1073 Amperometry No [46]
Ni film Au nanoporous Au(OH),gs and NiOOH 0.4 (vs SCE) 1x10%to1x10°3 Amperometry No [35]
Ni-AuBPE® Ni(OH), 0.55 (vs Ag/AgCl) upto2x10-3 Chronoamperometry No [47]
GC/MWCNT/NiO NiO 0.6 (vs Ag/AgCl) 2x1074t01.2x 1072 Amperometry Yes (48]
Ni BDD Ni(OH), 0.46 (vs SCE) 1x10°to1x1072 Amperometry No [25]
NiO/NFd NiO 0.47 (vs Ag/AgCl) 5x 1076 to 5.5 x 1073 Amperometry Yes [49]
EAuNi(OH), NiOOH 0.6 (vs Ag/AgCl) upto2x10-3 Single-frequency impedance Yes This work

2 Carbon nanofiber paste.

b Nanowire arrays.

¢ Gold barrel plating electrode.
4 Nickel foam.

3.4. Performance of EAuNi(OH), in the determination of glucose
in real samples

To further evaluate the applicability of EAuNi(OH), in real sam-
ples, this modified electrode was used to determine glucose in
human blood samples. As shown, the electrocatalytic oxidation of
glucose requires an alkaline medium, thus the sample was diluted
ten times with 0.1 M KOH solution. Fig. S4 shows the CVs for a blood
sample with a glucose concentration of 0.45 mM (90 mg dL~! mea-
sured by a commercial handheld glucose meter), and subsequent
additions of glucose. It can be seen that EAuNi(OH), shows a good
catalytic activity for glucose even in the presence of the biologi-
cal matrix and it is insensitive to electroactive interfering species
commonly present in blood. The blood glucose levels should be
able to be screened in the range of 40-400 mgdL~! (2-20 mM). To
determine glucose in the range of 0-2 mM due to dilution in 0.1 M
KOH, impedance measurements were obtained for each sample as
indicated in Section 2.5. The working potential was optimized to
+0.600V vs Ag/AgCl according to what was seen in CVs. The Nyquist
plot for EAuNi(OH); (Fig. S5) shows a decrease of Rt values against
increasing concentrations of glucose. Fig. 8A depicts |Z| in a fre-
quency range of 0.1-100Hz for each blood sample spiked with
glucose standard. Finally, the single-frequency EIS measurements
were obtained under optimal experimental conditions previously
determined. The calibration curve for —|Z| as a function of the
glucose concentration in blood at 0.1 Hz is shown in Fig. 8B. This
demonstrates that the presence of blood can modify the absolute
values of |Z| at 0.1 Hz in the glucose determination but does not
change the slope significantly (470.6 vs 484.7 Q mM~! of glucose,
with and without blood, respectively), and R% (0.971) is suitable.
The lower limit of detection was 0.37 mM of glucose corresponding
to a blood sample with the lowest blood sugar.

The single-frequency EIS measurements of |Z| at 0.1 Hz and
+0.600V vs Ag/AgCl for three blood samples using two different
electrodes (EAuNi(OH); #1 and EAuNi(OH), #2) were obtained and
the calibration curve (Fig. 8B) was applied. The results thus obtained
together with those from a commercial handheld glucose meter are
summarized in Table 1. As shown, there is a satisfactory agree-
ment between the results obtained by the proposed impedance
methodology using EAuNi(OH), electrode and those measured by
a commercial handheld glucose meter.

Table 2 summarizes some non-enzymatic glucose electrochemi-
cal sensors in which the experimental parameters directly compare
to the procedure discussed in this paper. The gold surfaces modi-
fied with nickel are particularly included. From Table 2, it is evident
that amperometry is the most popular electrochemical technique
applied in glucose sensors.

4. Conclusions

A new approach on the modification of gold electrodes with a
thin layer of Ni(OH),/NiOOH has been presented in this work. The
highly electronegative Au seems to favor the generation of active
catalytic species NiOOH, which is a strong oxidant. Moreover, the
addition of high concentrations of chloride ions into the electrode-
position nickel solution avoids the presence of a mixed catalyst
Au(OH) ads and NiOOH, which responds to oxidation of glucose in
different ways. The repeated CVs of glucose by EAuNi(OH), show
no fouling due to adsorbed intermediates which might suggest a
bulk oxidation of glucose catalyzed only by NiOOH.

Furthermore, we demonstrated that single-frequency
impedance measurements can be applied to determine glu-
cose with a non-enzymatic glucose electrode. EIS, as transduction
method for EAuNi(OH), electrode, displays the best relationship
with the concentration of glucose for module of impedance (|Z]) at
0.1 Hz in the range of 0-2 mM of analyte in alkaline medium.

In this way, the unequivocal sensor response to glucose was
determined not only by the catalyst on the electrode surface but
also by the optimization of the impedance parameter, the fre-
quency, and the working potential.

Finally, the correlation between impedance and concentration
of glucose in a biological complex matrix was studied. The evalua-
tion of interfering species normally found in whole blood and the
good sensitivity for |Z| at 0.1 Hz and +0.600V vs Ag/AgCl indicate
that the EAuNi(OH), electrode could be used for glucose detection
in real samples in alkaline medium.
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