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Ni(OH), nanosheets on Ni foam was prepared by the direct precipitation method. The morphology and phase composition

of the as-prepared Ni(OH), nanosheets/Ni electrode were characterized by scanning electron microscopy and X-ray

diffraction, respectively. The electrode’s electrochemical behavior was investigated by cyclic voltammetry and the

constant potential amperometry technique. The best performance of the glucose sensor can be obtained at 0.51 V in 0.2

M sodium hydroxide solution. The as-prepared Ni(OH), nanosheets/Ni electrode shows high sensitivity with 1130 pAmM-

1cm? at the glucose concentration range of 2 uM to 40 uM and 1097 uAmM'lcm‘2 at the range of 0.1 mM to 2.5 mM. The

response time of this electrode is less than 2 seconds, and its detection limit is 1 uM.

1. Introduction

Glucose biosensors are widely used in the field of food
industry, clinic diagnostics, and biochemical analysis [1, 2].
Efficient, fast and reliable measurement of glucose is greatly
needed, especially in clinical diagnostics[3]. Therefore, much
effort has been put into the development of electrocatalytic
glucose sensors[4-6]. Glucose oxidase based biosensors have
demonstrated some useful applications. However, these
enzyme type sensors suffer from the insufficient stability of
enzyme activity during the immobilization process and even in
the storage period, which cause a significant problem to most
sensor designs [7]. As an attractive alternative to overcome
some of the limitations of enzymatic biosensors,
enzymatic sensors have received increasing interest in recent
years.

Various noble metals (e.g. Pt, Au, Ni and Cu), alloys (e.g. Pt-
Pb), and oxides (e.g. NiO, Ni(OH), and CuO) have been
investigated in the development of effective non-enzymatic
glucose sensors[8]. Compared with noble metals, copper and
nickel oxide have been attracted more attention because of
their lower cost and more excellent catalytic performance for
nonenzymatic glucose sensing in alkaline medium([9-11]. The

non-
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electrochemical oxidation of glucose by the Ni(OH),/NiOOH
redox couple formed on the electrode surface in alkaline
medium makes nickel of particular interest[12-16].

Ni-based glucose electrochemical biosensors have been
fabricated on the capillary electrode such as a nanopore
polycarbonate membrane template [16]or a Ti/TiO, nanotube
array[17]. However, these methods suffer from complex and
time-consuming synthesis routes. It is therefore expected the
direct use of Ni foil is more convenient and applicable to he
glucose sensor chip, but the sensitivity of this sensor only
achieved 670 uA/mM—cm2[18]. Ni foam has been drawn
attentions due to its advantages such as high conductivity,
three dimensional network structure and much higher loading
amount of active materials per unit electrode area[19-21].
Nanostructure materials possess large surface-to-volume ratio
and high active sites, thus favoring a greater and faster
reaction between the glucose solution and the electrode. It is
well known the electrochemical performance of the nickel
nanostructure electrode may be regulated by the control of
many factors such as particle size, surface morphology,
composition and structure. Therefore, the controlled synthesis
of novel metal oxide nanostructures is of considerable interest
to achieve the required size, morphology and structure of the
nanostructure. To the best of our knowledge, there are very
few reports on the Ni(OH), nanosheets on Ni foam prepared
by the direct precipitation method for the non-enzymatic
glucose sensing applications.

In this work, Ni(OH), nanosheets on Ni foam was prepared by
the direct precipitation method. This preparation method is
simple, low temperature and cost effective synthesis method
in the preparation of Ni(OH), nanostructure on Ni foam for the
non-enzymatic glucose sensor applications.
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2. Experimental details

2.1 Reagents and apparatus

All Chemicals including nickel nitrate (Ni(NOs),), aqueous
ammonia analytically pure (NHs;*H,0), glucose (CgH1,05),
sodium hydroxide (NaOH), ethanol (C,H¢O), hydrochloric acid
(HCl), were of analytical grade and used as received without
further purification.

The electrode surface morphology was observed by an
environmental scanning electron microscopy (XL30 FEG ESEM,
FEI Company, United States), whereas the crystalline phase
was examined by an X-ray diffraction (XRD) system with Cu Ka
radiation (A = 0.15405 nm) (Rigaku Company, Japan).

2.2 Preparation of the Ni(OH),/Ni electrode

A nickel foam plate with a thickness of 0.1 mm was sheared
into an approximately 1.0 cm x 1.0 cm, which was then used as
the electrode substrate. The nickel plate was polished by
abrasive paper and washed with dilute hydrochloric acid and
acetone in the ultrasonic cleaners for approximately 3 minutes
to clear up the surface impurities. Deionized water was then
used to wash up the residual reagents. Subsequently, the
samples were placed into a plastic tube containing 4 mL 0.1 M
Ni(NO3), and different volumes (10, 30 and 50 uL) of pure
aqueous ammonia (NH;eH,0). The plastic tube was then
placed into the Constant Temperature Incubator. The
temperature was kept at 30 °C for an appropriate time (8, 10
and 16 hours). The samples were then removed, rinsed with
deionized water, and dried at 40 °C.

2.3 Characterizations

Electrochemical experiments were performed using an
electrochemical workstation (CHI660D, Chenhua Instruments
Company of Texas, USA). This electrochemical cell consists of a
three-electrode system with a Ni(OH),/Ni electrode (1.0
cmx1.0 cm) as the working electrode, an Ag/AgCl electrode
was used as the reference electrode and a platinum as the
counter electrode. Cyclic voltammetry (CV) was performed in a
0.2 M sodium hydroxide solution with a potential range of 0 to
0.7 V at the scan rate of 50 mVs-1 to observe the redox peaks
and detect the stability. The electrode evaluation was
performed by the constant potential amperometric technique
in a 0.2 M sodium hydroxide solution with continuous stirring.
Approximately 5 pL of the 0.2 M glucose solution was injected
at regular intervals so that the resultant concentration varied
from 10 uM to 3 mM. All the experiments were conducted at
the environment temperature (25 °C).

3. Results and discussion
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3.1 Characterization of the Ni(OH),/Ni electrode

The morphologies and microstructures of the obtained Ni(OH),/Ni
electrodes were characterized by field emission SEM. As shown in
Fig. 1, the Ni(OH), nanosheets evenly and compactly covered the
surface of the Ni foam. The nickel nitrate probably reacted
continually with aqueous ammonia to form the monodisperse
nickel hydroxide particles. Subsequently, these monodisperse
particles agglomerated with each other to form the nanosheets on
the nickel foam surface.

n Ny

= 100nm f§

Fig. 1 SEM images (a—d) of Ni(OH),/Ni electrodes prepared with 4 mL
0.1 M Ni(NOs), and 10 (a), 30 (b), and 50 pL (c) analytically pure
aqueous ammonia at 30 °C for 8 (d), 10 (e), and 16 hours (f),
respectively.

From Figs. 1a to 1c, the increasing volume of aqueous ammonia in
the reaction solution results in the high aggregation and non-
uniformity of nanoparticles and nanosheets on the Ni substrate, so
the 10 pL aqueous ammonia is enough to prepare the Ni(OH),/Ni
electrodes. The reaction time also affects the growth of the
Ni(OH),/Ni electrodes, which are shown in Figs. 1d to 1f. The
uniform the compact films composed of nanosheets can be
achieved under the depositing time of 10 hours. Thus, we further
investigated the performance of the Ni(OH), nanosheets /Ni
electrodes grown in the 10 pL aqueous ammonia and deposited for
10 hours.
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Fig. 2 XRD patterns of the as-prepared Ni(OH),/Ni material prepared
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with 4 mL 0.1 M Ni(NOs), and 10 pL analytically pure aqueous
ammonia at 30 °C for 10 hours.

The XRD patterns of the as-prepared Ni(OH), nanosheets films
are shown in Fig. 2, which exhibits several well-defined
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diffraction peaks. According to the JCPDS cards of no. 14-
0117/38-0715, the diffraction peaks of 26 = 11.01°, 21.97°,
33.7°, 60.43° show the typical characteristics of a-Ni(OH),.
Similarly, the diffraction peaks of 26 = 19.34°, 33.1°, 38.6°,
52.12°,59.1°, 62.7°, 70.7° show the typical characteristics of B-
Ni(OH),. These values indicate that the Ni(OH), nanoparticles
deposited on the nickel foam are the mixture of a-Ni(OH), and
B-Ni(OH), [22, 23].

3.2 Electrochemical performance of the Ni(OH), nanosheets / Ni
electrodes

7+ ---- A: pure Ni foam
6 [ 3 B: pure Ni foam+glucose
5 -+ C: Ni(OH),/Ni
<
<« £6 — D: Ni(OH)y/Nitglucose
= 4 g R=0.9999 /\D
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Q=) © Ni(OH)/Ni+glucose F \‘-\
1= 2 2 ,; >
; < ¢ ° 102 18 s / 3
4 / W\
O 1 Square root of scan rate/mV s
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Fig. 3 CVs of the Ni foam and the as-prepared Ni(OH),/Ni electrode
with and without glucose (0.2 mM) in 0.2 M NaOH solution. The inset
is oxidation peak currents to the potential scan rate of the as-prepared
Ni(OH),/Ni electrode with glucose. The scan rate is 50 mvs™.

The Ni foam and Ni(OH), nanosheets /Ni electrode were tested
in 0.2 M sodium hydroxide solution with and without glucose
by CV to examine the electrochemical characterization of the
as-prepared Ni(OH), nanosheets /Ni electrode. The resultant
cyclic voltammograms were shown in Fig. 3. Curve A and B in
Fig.3 is the cyclic voltammogram of the bare Ni foam in the
sodium hydroxide solution without and with glucose,
respectively. The current value of oxidation peak in Curve A
was less than 1mA and increased a little at the presence of
glucose (curve B), indicating that the bare Ni foam electrode
has poor catalytic performance. Curve C and D in Fig.3 is the
cyclic voltammogram of the Ni(OH), nanosheets /Ni electrode
in the sodium hydroxide solution without and with glucose,
respectively. A pair of well-defined oxidation and reduction
peaks can be clearly observed. This is ascribed to the redox
reaction of Ni(OH),/NiOOH, indicating that the electrochemical
process was semi-reversible [24]. The current value of the
oxidation peak slightly increased in the presence of glucose
(0.2 mM) in the sodium hydroxide solution (curve D). As shown
in curve D, one oxidation peak at +0.44 V and two reduction
peaks at +0.30 V and +0.37 V are observed. As discussed in
Fig.2, two kinds of Ni(OH), with different crystal phases exist
on the surface of the Ni foam. According to ref.[23], the
reduction peak potentials of B -Ni(OH), are higher than that of

This journal is © The Royal Society of Chemistry 20xx

a-Ni(OH),, whereas the migration rate of protons in B -Ni(OH),
is much smaller than that in a-Ni(OH),. Thus, the reduction
peak at +0.37 V is ascribed to B -Ni(OH),, whereas the
reduction peak at +0.30 V is ascribed to a-Ni(OH),.

The redox peak current increases with the potential scan rate,
which was shown in the inset of Fig.3. The redox peak currents
are proportional to the square root of the scan rates with the
correlation coefficient values of 0.9999, indicating that this
reaction is controlled by the diffusion process of OH™ [25].

3.3 Electrocatalytic oxidation of glucose

3. 3. 1 Electrocatalytic oxidation mechanism of glucose

The CV of the as-prepared Ni(OH), nanosheets/Ni electrode
was performed in 0.2 M sodium hydroxide solution with
different glucose concentration from 0.3 mM to 1.8 mM at a
scan rate of 50 mVs™' to further examine the oxidation
mechanism of the as-prepared Ni(OH), nanosheets/Ni
electrode for glucose. Fig.4 shows the resultant cyclic
voltammograms. The in-set of Fig.4 shows the linear
relationship between the oxidation peak current values and
corresponding glucose concentration.
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Fig. 4 CVs of the Ni(OH),/Ni electrode in 0.2 M NaOH solution
containing different glucose concentrations from 0.3 mM to 1.8 mM.
The in-set is the corresponding calibration plot of the oxidation peak
current to glucose concentration.

It can be seen from Fig.4 when the glucose solution was added
into the electrolytic cell, the oxidation peak current clearly
increased, whereas the reduction peak current slightly
decreased. As CV was performed, Ni(OH), was transformed
into NiOOH at the oxidation peak. The ionization energy of Ni*
is 3393 kimol™, which results in a strong oxidation capacity of
NiOOH. A part of NIiOOH transformed into Ni(OH), by
capturing an electron from glucose. The generated Ni(OH), can
be oxidized to NiOOH again, which leads to the increase in the
oxidation peak current and shift in the oxidation peak
potential. This process can be described by reaction equations
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(1) to (3). Another part of NiOOH obtains an electron from the
electrode to be reduced into Ni(OH),, which can be described
by reaction equation (4).

Ni(OH), + OH"— NiOOH + H,0 + e’ (1)

NiOOH +glucose — Ni(OH), +glucolactone (2)
Ni(OH), +OH — NiOOH + H,0 + e (3)
NiOOH + H,0 + e — Ni(OH), + OH" (4)

3. 3. 2 Optimal potential range for the amperometric
detection of glucose

As shown in Fig.4, when the potential is higher than 0.45 V, the
ordinate value of the CV curves rises linearly along with the
increase in the glucose concentration. The sensitivity at
different potentials is almost the same, indicating that a
potential higher than 0.45 V can be applied for the
amperometric detection of glucose. However, the oxidation
peaks simultaneously shift to a more positive potential with
the increase in glucose concentration, which results in a
decrease of the oxidation peak current at 0.45 V. Thus, a very
low potential results in a small linear detection range. In
contrast, if the applied potential is too positive, the noise
amplitude is very large that the test limit is seriously affected.
Interfering organics may also be directly electro-oxidized at a
very positive potential. We found that 0.48 V to 0.55V is the
optimal potential range for the amperometric detection of
glucose using the as-prepared Ni(OH), nanosheets/Ni
electrode. In this experiment, we selected 0.51 V as the
potential in testing the steady state current response.

3. 3. 3 Amperometric detection of glucose

Fig. 5a shows the well-defined amperometric response of the
as-prepared Ni(OH), nanosheets/Ni electrode to glucose at the
concentration range of 2 uM to 40 uM with a response time of
less than 2 s. From the inset curve in Fig. 5a, 0.1 uM glucose
clearly cannot be detected. However, when 1 uM, 2 uM, and 3
UM glucose were added in the condition, well-defined
amperometric responses were observed, which indicates that
the detection limit of the as-prepared Ni(OH), nanosheets/Ni
electrode is at least 1 uM at a signal-to-noise ratio of 3. The
amperometric detection of high concentration glucose was
also performed, the result of which was shown in Fig.5b. Two
corresponding calibration curves were also obtained as shown
in Fig.5c. Curve A shows the relationship between the
amperometric response and glucose concentration at the
range of 2 uM to 40 uM, with a sensitivity value of 1133
uAmM'lcm'z. Curve B shows the relationship between the
amperometric response and glucose concentration at the
range of 0.1 mM to 2.5 mM, with a sensitivity value of 1097
uAmM'lcm'z. The sensitivity, detection limit, linear range, and
response time of the as-prepared Ni(OH), nanosheets/Ni
electrode were compared with previously reported typical
non-enzymatic and enzymatic methods for glucose
determination, which are listed in Table 1 [16,25-31].
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Fig. 5 (a) Amperometric responses of the Ni(OH), nanosheets /Ni
electrode toward 2 uM and 5 pM glucose concentration in 0.2 M
sodium hydroxide solution at 0.51 V. (In-set) Detection limit of the
Ni(OH),/Ni electrode. (b) The amperometric responses of the Ni(OH),
nanosheets/Ni electrode toward 0.1 mM, 0.2 mM, and 0.4 mM
glucose concentration in 0.2 M sodium hydroxide solution at 0.51 V. (c)
The corresponding calibration curves of Ni(OH), nanosheets/Ni
electrode for the determination of glucose (curve A: 2—40 uM; curve B:
0.1-2.5 mM).
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Table 1 Performances of the different glucose sensors

)

Electrode Sensitivity (p.AmM‘lcm'2 Detection limit Response time Reference

Ni(OH),/Ni 1130 (2-40 um) 1uM <2s This work
1097 ( 0.1-2.5 mM)

Ni(OH),/graphene 328 0.6 uM 2s [16]
NiO/CPEs 55.9 0.16 pM <5s [25]
Ni/MWNTs 45.3 Not given Not given [26]
Au micropillar 13.2 60 uM Not given [27]
GOx-SWNT-PVI-Os/SPE 32 0.07 uM <5s [28]
GC/CNT/HRP-GOx/PTBO 113 Not given Not given [29]
AuNP-SAMs-PNT/HRP-GOx 0.3 Not given Not given [30]
Pt/Au/C 4.7 2 uM Not given [31]
A/NiONFs-GO/GCE 1100 0.77 uM <5s 132]

Our Ni(OH), nanosheets/Ni electrode clearly exhibited much
higher sensitivity, comparable linear range, lower detection
limit, and shorter response time compared with the previously
reported glucose sensors using NiO/CILE (NiO-modified carbon
paste electrode), Ni/multi-walled carbon nanotubes, Ni(OH),
and graphene nanoparticles modified glassy carbon electrode,
graphene oxide, NiO nanofibers, and Nafion-modified glassy
carbon electrode.

3.4 Effect of interferences on glucose oxidation

1.2
09} 0.2 mM AA
< 0.2 mM UA |
=06l 0.1mM |
qc) glucose
=
=
Oos
00 1 1 1 1 1 1
0 50 100 150 200 250 300 350
Time/s

Fig. 6 Amperometric response of 0.1 mM glucose, 0.2 mM AA and 0.2
mM UA additions to the Ni(OH), nanosheets/Ni electrode in 0.2 M
NaOH.

The interference effect of 0.2 mM AA and 0.2 mM UA on the
amperometric response of 0.1 mM glucose was studied in 0.2

This journal is © The Royal Society of Chemistry 20xx

M NaOH solution at the potential of 0.51 V to evaluate the
selectivity of the as-prepared Ni(OH), nanosheets /Ni
electrode. As shown in Fig.6, the current response of 0.2 mM
UA is much lower than 0.1 mM glucose, but 0.2 mM AA
generates a comparative current compared with 0.1 mM
glucose. The normal concentration of glucose is approximately
3 mM to 8 mM, which is much higher than the concentrations
of AA (0.10 mM) and UA (0.10 mM) in the blood [26]. Thus, the
two interfering species are nearly neglectable compared with
that of glucose by the Ni(OH), nanosheets/Ni electrode. All the
results demonstrate that the selectivity of the sensor for
glucose detection was satisfactory.

3.5 Stability and reproducibility test

The electrochemical stability of the as-prepared Ni(OH),
nanosheets/Ni electrode was tested by CV in 0.2 M sodium
hydroxide solution for 100 times at a scan rate of 50 mVs-1.
The oxidation peak current increased by 25%, and each scan
contributed an average increment of 0.25%. However, the
stability clearly improved when 0.2 mM glucose was added to
the NaOH solution. The oxidation peak current only increased
by 5% after 100 continuous scans. Each scan contributed an
average increment of 0.05%, indicating that the Ni(OH),
nanosheets/Ni electrode was very stable. The as-prepared
Ni(OH), nanosheets/Ni electrodes were kept in sealed plastic
sample bag for 50 days and then immersed into 0.2 M sodium
hydroxide solution for 30 minutes before using. Both CV and
constant potential amperometry technique were used to
retest their performance. The oxidation peak current only
dropped 8% in the same test condition. These results
demonstrate that the as-prepared Ni(OH), nanosheets/Ni

J. Name., 2013, 00, 1-3 | §
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electrode has good stability. The reproducibility of as-prepared
Ni(OH), nanosheets/Ni electrode was estimated for the
response at different electrodes. The response changed with a
relative standard derivation of 6.7% for 10 electrodes, implying
good repeatability.

Conclusions

In this study, we successfully prepared a non-enzymatic
glucose sensor based on an as-prepared Ni(OH),
nanosheets/Ni electrode using a simple one-step synthetic
process called the direct precipitation method. This synthetic
method is simple and timesaving. All the raw materials are
cheap and easy to obtain. The electrode and resulting
materials were characterized by SEM, XRD, CV, and the
constant potential amperometry technique. The sensitivity of
the glucose sensor is as high as 1130 p.AmM'lcm'z, whereas
the detection limit is lower than 1 uM. The stability and
reproducibility of this sensor are excellent. Thus, the
developed tool is a promising non-enzymatic glucose sensor
that can be widely used.
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