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The present study examines the synthesis of Co3O4 ultra-nanosheets (Co3O4 UNSs) and Co3O4 ultra-nanosheet-
Ni(OH)2 (Co3O4 UNS-Ni(OH)2) via solvothermal process and their application as non-enzymatic electrochemical
sensors for glucose detection. X-ray diffraction and transmission electron microscopy results confirmed the
Co3O4 UNS deposition on Ni(OH)2 surface. The presence of Co3O4 UNSs on Ni (OH) 2 surface improved the sen-
sitivity of glucose detection, from the increase of glucose oxidation peak current at the Co3O4UNS-Ni(OH)2/glassy
carbon electrode (current density: 2000 μA·cm−2), compared to the Co3O4 UNSs. These results confirmed that
Ni(OH)2 on glassy carbon electrode is a sensitive material for glucose detection, moreover the Co3O4 UNSs can
increase the interaction and detection of glucose due to their high surface area. The estimated limit of detection
(S/N = 3) and limit of quantification (S/N = 10) of the linear segment (5–40 μM) are 1.08 μM and 3.60 μM re-
spectively. The reproducibility experiments confirmed the feasibility of Co3O4 UNS-Ni(OH)2 for the quantitative
detection of certain concentration ranges of glucose.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Themain research focus in glucose detection is the development of a
stable and sensitive non-enzymatic electrochemical sensor due to the
intrinsic problems associatedwith enzymes. Sensitive and selective glu-
cose sensors are important in different applications [1]. Determination
of these factors is not only relevant for applications in blood sugar
monitoring, but also in the food industry, bio-processing and in the
development of renewable, sustainable fuel cells [2]. The application
of non-enzymatic electrode for the direct oxidation of glucose gives
greater sensitivity, with oxidation currents as high as mA cm−2 [2,3].
However, the superior selectivity and relative non-toxicity of enzyme
based electrodes are the focus of commercially available glucose
sensors. Recent investigations have shown that the development of
non-enzymatic electrochemical glucose sensors utilizing Pt and Ag
resulted in the poisoning by the adsorbed intermediates which led to
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lower sensitivities [4,5]. Moreover, the presence of common interference
such as ascorbic acid (AA) and uric acid (UA) decreases the accuracy of
glucose detection at these electrodes [6].

In recent years, scientists have focusedmore attention to the organi-
zation of nanostructures, transcending new dimensions for the design
of functional materials [7–9]. Recent reports have shown that materials
with the same composition but differentmorphologies exhibit different
properties which are suitable for a wide range of applications [10,11].
The increase of the available surface area enhances the ability of the
composites to interact with other materials, are one of themain advan-
tage of this type of material. Cobalt oxide (Co3O4), an eco-friendly
material with favorable capacitive characteristics, is a suitable material
for a wide range of applications such as supercapacitors, sensors,
heterogeneous catalysts and magnetic materials [12–14]. NiO and
Ni(OH)2 are other materials which can be used in glucose detection
[15], NiO is an efficient catalyst for glucose electro-oxidation in alkaline
medium, due to the absence of poisoning from reactive intermediates in
solution [16]. Yu Lei et al. [17] fabricated NiO–Pt nanofibers using a two-
step method, and obtained improved sensitivity of glucose detection,
the presence of Pt nanoparticles. Cao et al. [18] reported a method to
synthesize different morphologies of Co3O4 with a highly ordered
superstructure. They obtained various shapes of Co3O4, such as simple
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nanoplates to well-organized cabbage-like structures, and confirmed
the influence of morphology on the detection of certain analytes. There-
fore, the synthesis of Co3O4 nanocomposites with the incorporation of
NiO or Ni(OH)2 as a non-enzymatic glucose sensor is an interesting
approach, due to the ability of nanoscale Co3O4 to exist in different
morphologies, which may influence its detection sensitivity. In this
work, we report the synthesis of Co3O4 UNSs and Co3O4 UNS-Ni(OH)2
via the solvothermal method and their applications as non-enzymatic
glucose electrochemical sensors.

2. Experimental methods

2.1. Synthesis of Co3O4 UNS-Ni(OH)2 and Co3O4 UNSs

The CoSO4·7H2O, Ni power, D-(+) glucose, Cobalt (II,III) oxide pow-
der (b10 μm), and hexadecyl trimethyl ammonium bromide (CTAB)
were procured from Sigma-Aldrich (St. Louis, Mo, USA). All chemical
reagents were of analytical grade and used as received. In a typical
process, 1.5 g CoSO4·7H2O was dissolved in a mixture of water (6 ml),
methanol (36 ml) and 1.5 g of CTAB, and stirred for 20 min until the
solution turned red. The solution was then transferred into a 60 ml
Teflon-lined stainless steel autoclave. Nickel powder (0.08 g) was then
added into the solution and autoclaved at 170 °C for 24 h in the
solvothermal process. When the reaction was complete, the autoclave
was cooled to room temperature; the precipitates were filtered and
washed with distilled water to remove the excess reagents. In the
final step, the samples were calcined at 250 °C for 4 h. The synthesis of
Co3O4 UNSs was repeated in the absence of Ni powder, to investigate
the influence of Ni(OH)2 on the morphology and sensing performance
of the Co3O4 UNSs in glucose detection. Moreover, to understand the
influence of Ni(OH)2 on glucose detection, the synthesis process was
repeated in the absence of CoSO4·7H2O.

2.2. Fabrication of the glucose sensor

The synthesized Co3O4 UNSs, Co3O4 UNS-Ni(OH)2, mixture of Cobalt
(II,III) oxide (micro-size)/Ni(OH)2 (ratio 1:1), Cobalt (II,III) oxide
(micro-size) and Ni(OH)2 were dispersed separately (1 mg) in DMF
(1 ml) with ultra-sonication for 10 min, to obtain a homogenous
suspension. Then, 5 μl of the homogenous suspension was dropped on
polished glassy carbon electrode (GCE) surface and dried at room
temperature.

2.3. Instruments

Transmission electron microscopy (TEM) (Philips CM200, at an
operating voltage of 200 kV) was used to investigate the morphology
of the Co3O4 UNSs and Co3O4 UNS-Ni(OH)2. X-ray diffraction (Siemens
D5000, Cu Kα radiation) was used to analyze the crystalline structure
of the powders. Electrochemical impedance spectroscopy (EIS) mea-
surements were performed in 1 mM Fe (CN)63−/4− (1:1) solution in
0.1 M KCl supporting electrolyte. The impedance spectra were obtained
over a frequency range of 100 kHz–0.1 Hz, with an acquisition of 10
points per decade and signal amplitude of 5mV around the open circuit
potential. The analysis of the impedance spectra was performed by
fitting the experimental results to equivalent circuits using the non-
linear least-square fitting procedure. A potentiostat/galvanostat model
PGSTAT-302N from Autolab (Ecochemie, Netherlands), controlled by a
USB IF030 (MetrohmAutolab) interface cardwith the FRA.EXE software
(version: 409.007, distributor: MetrohmMalaysia) installed in a PCwas
used to perform these experiments. A glassy carbon electrode (GCE),
Ag/AgCl and a platinum wire (Pt) were the working, reference and
counter electrodes, respectively and the current density was used
instead of current. UV–vis spectroscopy (Shimadzu, Japan) was used
to determine the concentration of glucose in solution. The wavelength
was scanned from 190 to 400 nm to determine the presence of glucose.
3. Results and discussions

3.1. Characterization of Co3O4 UNSs and Co3O4 UNS-Ni(OH)2

3.1.1. TEM and selective area electron diffraction (SAED) pattern
The TEM images of Co3O4 UNSs and Co3O4 UNS-Ni(OH)2 are shown

in Fig. 1(a), (b) and (c), (d), respectively. The results clearly show two
different morphologies of Co3O4 where most of them are in the ultra-
hexagonal nanosheet form (Fig. 1(a)).Moreover, a highermagnification
of the TEM image (Fig. 1(b)) confirms the transparent state of the
synthesized Co3O4 UNSs. The ultra-nanosheet morphology of the
Co3O4 provides a large surface area for greater sensitivity and faster
reaction with the analyte. The TEM images of the Co3O4 UNS-Ni(OH)2
with a lower and higher magnification are shown in Fig. 1(c) and (d),
respectively. The result confirms a homogenous ultra-nanosheet
morphology of the Co3O4 deposited on the Ni(OH)2 surface. Moreover,
the TEM images reveal that the size of Co3O4 UNSs deposited on
Ni(OH)2 has decreased compared to Co3O4 UNSs in the absence of
Ni(OH)2, thus the deposited Co3O4 UNSs have larger surface area.
Selective area electron diffraction (SAED) patterns of Co3O4 UNSs and
Co3O4 UNS-Ni(OH)2 are shown in Fig. 1(e) and (f) respectively. The
SAED pattern of Co3O4 UNSs reveals a polycrystalline phase but shows
two separated phases which belongs to Co3O4 UNSs and Ni(OH)2, for
the Co3O4 UNS-Ni(OH)2.

3.1.2. The XRD results
The XRD patterns of Co3O4 UNSs and Co3O4 UNS-Ni(OH)2 are shown

in Fig. 2(a) and (b) respectively. Fig. 2(a) shows the intensity for the
(1 1 1), (2 2 0), (311), (222), (400) (331), (422) (511) and (440)
peaks which are attributed to Co3O4 (XRD Ref. code: 01-073-1701).
The XRD results confirm that Co2+was converted to Co3O4 UNSs during
the solvothermal process. The XRD result in Fig. 2(b) confirms the pres-
ence of Co3O4 UNS-Ni(OH)2. The peaks marked with (♦) are attributed
to Ni(OH)2 ((006), (009), (105), (107), (1010) and (0014), ref. code:
(00-006-0044)) in Fig. 2(b). TheXRD result confirms that theNi powder
was oxidized to Ni2+. Therefore, from the XRD and TEM results, the
synthesis of Co3O4 UNSs in the presence of Ni powder resulted in the
decrease of the size of Co3O4 UNSs. The Ni powder was also oxidized
to Ni2+, and the presence of Ni2+ enhanced the sensitivity of glucose
detection [19]. Moreover, the TEM images show the agglomeration of
Co3O4 UNSs on the Ni(OH)2 surface, which is a major disadvantage of
this synthetic method. The effect of the particle size on the sensitivity
of glucose detection will be discussed in the next section. Moreover,
the XRD patterns indicate that the Co3O4 is a single phase with polycrys-
talline structure,while theCo3O4-Ni(OH)2 is a dual-phase polycrystalline
structure. In addition, greater brightness of the Co3O4 spots reveals a
higher degree of crystallinity compared to the Co3O4-Ni(OH)2. In fact,
the XRD patterns are in good agreement with SAED patterns.

3.1.3. EIS results
The interfacial properties of the GCE electrodesmodifiedwith Co3O4

UNSs and Co3O4 UNS-Ni(OH)2 were studied by EIS. Fig. 3(a) and (b)
shows the Nyquist and Bode plots of (1) Co3O4 UNS-Ni(OH)2/GCE,
(2) Co3O4 UNSs/GCE and (3) bare GCE and their equivalent circuits in
1 mM Fe(CN)63−/4− (1:1) in 0.1 M KCl supporting electrolyte. The
Nyquist plots of all three electrodes show large semicircles which are
due to the high interfacial resistance (Rct). The behaviors of Co3O4

UNS-Ni(OH)2/GCE and Co3O4 UNSs/GCE are similar to the bare GCE
but have semicircles with smaller diameters. The Nyquist plots indicate
a “depressed semi-circle”with the center of the circle below the ZR axis,
which is due to the deviation from the double layer capacitance. A con-
stant phase element (CPE)was introduced instead of a pure capacitor in
thefittingprocedure to obtain a good agreement between the simulated
and experimental data. The impedance of CPE is defined as ZCPE = Q−1

(jω)−n; where Q is the combination of properties related to the surface
and electroactive species independent of frequency; “n” is related to the



Fig. 1. TEM images of: (a, b) Co3O4 UNSs and (c, d) Co3O4 UNS-Ni(OH)2. (e) The selective area electron diffraction patterns of (e) Co3O4 UNSs and (f) Co3O4 UNS-Ni(OH)2.
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slope of the log Z vs. log f. The parameters obtained by the simulation of
the EIS results of Co3O4UNS-Ni(OH)2/GCE and Co3O4UNSs/GCE confirm
the influence of Ni(OH)2 on the decrease of Rct (Table 1). The equivalent
circuit diagram of Co3O4 UNS-Ni(OH)2/GCE and Co3O4 UNSs/GCE
(Fig. 3(a) and Table 1) shows that the capacitance (CPE) is parallel
with the Rct which is due to the pore formation on the electrode surface.
The decrease of CPE (Q) from Co3O4 UNSs/GCE to Co3O4 UNS-Ni(OH)2/
GCE is attributed to the agglomeration phenomenon, which decreases
the size of the Co3O4 UNSs deposited on the Ni(OH)2 surface. Surface
roughness has a large influence to the CPE behavior. The fractal dimen-
sion (D) is around 2–3 for a rough surface. The electrode surface can be
considered between 2 dimensions (flat) and 3 dimensions (similar
to a porous cube). Other researchers believe that for these type of
electrodes, the interfacial impedance is modified by an exponent, n =
1 / (D − 1) [20]. For a smooth surface, the fractal dimension (D) is 2.0
and n = 1, while for a highly contorted surface, D is 3 and n = 0.5.
The decrease of “n” from Co3O4 UNSs/GCE to Co3O4 UNS-Ni(OH)2/GCE
shows an increase in the surface roughness. The increase in surface
roughness increases the available surface area, which is one of the
objectives of the electrode fabrication. Each parallel Rct element is repre-
sented by a semicircle with a diameter smaller than the Rct of Co3O4

UNSs/GCE, which is due to a much faster interfacial electron transfer
process and higher conductivity of the electrochemical sensing plat-
form. The effect of Ni(OH)2 is confirmed by the Bode plots in Fig. 3(b).
The comparison of log |Z | of all three electrodes shows that the charge
transfer resistance has decreased significantly with the presence of
Ni(OH)2.

3.2. The performance of Co3O4 UNSs and Co3O4 UNS-Ni(OH)2 modified GCE
in the detection of glucose

Fig. 4(a) shows the cyclic voltammograms of Co3O4 UNS-Ni(OH)2/
GCE (1), Co3O4 UNSs/GCE (2), Ni(OH)2/GCE (3) and bare GCE (5) in
the presence of 1.0 mM glucose, and Co3O4 UNS-Ni(OH)2/GCE in the
absence of glucose (4) in 0.1 M NaOH. The inset of Fig. 4 shows the
comparison of the cyclic voltammogram of Co3O4 UNS-Ni(OH)2/GCE
(1) with modified GCE with Co3O4 micro-size (N10 μm) and modified
GCE with the mixture of Co3O4 micro-size/Ni(OH)2 (with ratio of 1:1)



Fig. 2. XRD pattern of: (a) Co3O4 UNSs and (b) Co3O4 UNS-Ni(OH)2.

Fig. 3. (a) Nyquist and (b) Bode plots of (1) Co3O4 UNS-Ni(OH)2/GCE, (2) Co3O4 UNS/GCE
and (3) bare GCE and their equivalents circuits in 0.1 M KCl solution containing 1 mM
Fe(CN)6 3−/4− (1:1).

Table. 1
Electrochemical parameters obtained by simulation of the EIS results on the
GCE, Co3O4 UNSs and Co3O4 UNS-Ni(OH)2 in a 0.1 M KCl solution containing
1 mM Fe(CN)6 3−/4− (1:1).

Electrode R1 (Rs)
Ohm·cm2

R2 (Rct)
kOhm·cm2

Q
Y (mOhm−1·sn cm−2)

n

GCE 5.73 1.789 0.01215 0.8661
Co3O4 NUS/GCE 5.81 1.551 0.03235 0.7112
Co3O4 NUS/nickel oxide
hydroxide/GCE

5.78 0.824 0.04147 0.6814
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in the presence of 1.0 mM glucose and 0.1 M NaOH (scan rate:
50 mV s−1). The Co3O4 UNS-Ni(OH)2/GCE shows good response and
improved performance for the oxidation of glucose compared to
Co3O4 UNSs/GCE and Ni(OH)2/GCE, and is consistent with previous
report [21]. The increase of the oxidation peak current to more than
1800 μA·cm−2 and the shift of the oxidation peak potential to lower
than 0.4 V confirm the high sensitivity of this electrode for glucose de-
tection. There are two reasons for the improved catalytic performance
of the Co3O4 UNS-Ni(OH)2 compared to Co3O4 UNSs and Ni(OH)2/GCE.
First, the size of the Co3O4 UNSs deposited on the Ni(OH)2 surface is
smaller than the Co3O4 UNSs synthesized without the Ni(OH)2, thus
the available surface area is increased and the agglomeration phenom-
enon could not significantly influence the reaction of the deposited
Co3O4 UNSs with glucose. Second, the presence of Ni(OH)2 could im-
prove the performance of the Co3O4 UNS-Ni(OH)2/GCE for the detection
of glucose. From the comparison of the oxidation peak potential in plots
(1) and (2), the oxidation peak of Co3O4 UNS-Ni(OH)2/GCE is shifted to
more positive region with the presence of Ni(OH)2, which is consistent
with previous reports [15,19]. In addition, from the comparison of plot
(1) with plots (2) and (3), the synergistic effect of the Ni(OH)2 and
Co3O4 UNSs on the current response of the modified electrode with
Co3O4 UNS-Ni(OH)2/GCE toward glucose oxidation can be observed in
Fig. 4. The possiblemechanisms for the direct electrochemical oxidation
of glucose can be given in the following equations [19,20]:

Co3O4 UNSsþ OH− þH2O→3CoOOHþ e− ð1Þ

CoOOHþ OH−→CoO2 þH2Oþ e− ð2Þ

CoO2 þ glucose→CoOOHþ glucolactone ð3Þ

Ni OHð Þ2 þ OH−→NiOOHþH2Oþ e− ð4Þ

NiOOHþ glucose→Ni OHð Þ2 þ glucolactone: ð5Þ

Initially, the Co3O4 and Ni(OH)2 are oxidized to CoOOH and NiOOH,
as in Eqs. (1) and (4) respectively. This is followed by the further oxida-
tion of CoOOH to CoO2. The increase of the oxidation peak current is due
to the reaction between NiOOH, CoO2 and glucose, where the glucose is
oxidized to glucolactone simultaneously, however the uncoated GCE
shows no signs of the glucose oxidation peak (Scheme 1). Moreover,
the results clearly show the effect of nanostructured materials on the
sensitivity of glucose detection (inset of Fig. 4(a)). The increase of the
Co3O4 UNS-Ni(OH)2/GCE (1) peak current is much higher than the fab-
ricated electrodes of Cobalt (II,III) oxide (micro-size)/Ni(OH)2 (ratio
1:1) (2) and Cobalt (II,III) oxide (micro-size) (3) (inset of Fig. 4(a)),
which suggests a superior catalytic activity of Co3O4 UNS-Ni(OH)2/
GCE toward glucose oxidation. This is due to the morphology of Co3O4

UNS-Ni(OH)2 which not only offers larger space for ion diffusion, but
also increases the availability of the catalytic material for glucose
oxidation.

Fig. 4(b) shows the CVs of Co3O4 UNS-Ni(OH)2/GCE at different scan
rates with 1 mM glucose in 0.1 M NaOH. The linear increase of the oxi-
dation peak current with scan rate shows that the electrode reaction of
the immobilized Ni(OH)2/NiOOH redox couple is a surface-confined
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electrochemical process. The linear regression equation can be
expressed as Ipa = 25.74υ (mV s−1) + 28.81(R2 = 0.993) (Fig. 4(c)).
Moreover, the almost linear relationship of Ipa and v1/2 shows that the
redox reaction is also a diffusion-controlled process, due to the presence
of OH− diffusion between the supporting electrolyte and the electrode
surface (Fig. 4(d)). Due to the diffusion controlled process of the OH−,
the redox reactions on the electrode surface (Eqs. (1) and (4)), are also
rate limiting, which limit the reactions (3) and (5) [22–26]. Therefore,
the reaction on the electrode surface is basically a diffusion controlled
process.
Fig. 4. (a) Cyclic voltammograms of: Co3O4 UNS-Ni(OH)2/GCE (1), Co3O4 UNS/GCE (2), Ni(OH)
50mV·s−1). Co3O4 UNS-Ni(OH)2/GCE in the absence of glucose (4) in 0.1M NaOH (scan rate: 5
(II,III) oxide (micro-size)/Ni(OH)2 (ratio 1:1) (2) and Cobalt (II,III) oxide (micro-size)/GCE (3) i
of scan rate on the peak current density of Co3O4 UNS-Ni(OH)2/GCE. (c) The plot of anodic peak
in the presence of 1.0 mM glucose and 0.1 M NaOH. (d) The plot of anodic peak current density
The dependency of the amperometric response on the applied
potential of Co3O4 UNS-Ni(OH)2/GCE under batch conditions was esti-
mated over a potential range of 0.25 V to 0.50 V (Fig. 5(a)), in 1.0 mM
glucose and 0.1 M NaOH (scan rate: 50 mV·s−1). An appropriate work-
ing potential was selected based on the least positive potential with
good selectivity, and also a potential with a large analyte-dependent
current. Fig. 6 indicates that 0.35 V fulfills these conditions; therefore,
it was chosen as the working potential. A comparison of the selected
working potential of this work with previous reports [27–28] shows a
significant decrease in the applied potential of the working electrode,
2/GCE (3) and bare GCE (5) in the presence of 1.0 mM glucose and 0.1 M NaOH (scan rate:
0mV·s−1). (inset: Co3O4 UNS-Ni(OH)2/GCE (1), modified GCE with the mixture of Cobalt
n the presence of 1.0 mM glucose and 0.1MNaOH, scan rate: 50mV s−1. (b) The influence
current density (μA·cm−2) vs. scan rate (mV s−1): 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
(μA·cm−2) vs. scan rate (mV s−1)1/2 in the presence of 1.0 mM glucose and 0.1 M NaOH.



Scheme 1. The oxidation states of different species of oxide and hydroxide of Co for
glucose oxidation.

Fig. 5. (a) Effects of appliedpotential on the current density response of Co3O4 UNS-Ni(OH)2/GCE
to successive injections of glucose in 0.1 M NaOH with an applied potential of 0.35 V. (c) The c
represent ± standard deviation.

505M.R. Mahmoudian et al. / Materials Science and Engineering C 59 (2016) 500–508
which is one of the advantage of Co3O4 UNS-Ni(OH)2/GCE in glucose
detection.

The amperometric response of Co3O4 UNS-Ni(OH)2/GCE toward the
addition of glucose aliquots in 0.1 M NaOH was also performed and
shown in Fig. 5(b). The responses were rapid, within 5 s. The current in-
creases with the concentration of glucose between 5 and 200 μmol l−1.
The calibration curve for the Co3O4 UNS-Ni(OH)2/GCE shows two linear
segments: the first linear segment increases from5 to 40 μMwith a linear
regression equation of I = 1.089 (μA μM−1 cm−2)–5.299 (R2 = 0.991)
(Fig. 5(c)), while the second linear segment increases up to 200 μM
with a linear regression equation of I= 2.145 (μA μM−1 cm−2)–30.980
(R2= 0.992) (Fig. 5(d)). The limit of detection (LOD) and limit of quanti-
fication (LOQ) of Co3O4 UNS-Ni(OH)2/GCE were calculated from the
following equations: [29].

LOD ¼ 3SB=b ð6Þ

LOQ ¼ 10SB=b ð7Þ

where SB is the standard deviation of the blank solution and b is the slope
of the analytical curve, as shown in Fig. 5(c) and (d). The estimated LOD
to 1.0mMglucose and 0.1MNaOH. (b) Steady-state response of Co3O4UNS-Ni(OH)2/GCE
alibration curve from 5 to 40 μM. (d) The calibration curve from 40 to 200 μM. Error bars



Table 3
The detection of glucose concentration in test samples (results based on six replicate de-
terminations per sample).

Sample Added/μmol l−1 Found/μmol l−1 (RSD%) (n = 6) (Recovery%)

1 10 9.9725 2.7725 99.35
2 100 99.8251 2.1658 99.82
3 200 200.1298 2.8183 100.06

Fig. 6. (a) Current density–time response of Co3O4 UNS-Ni(OH)2/GCE upon successive ad-
dition of 100 μM glucose, 100 μM of ascorbic acid, dopamine, uric acid, 200 μM glucose in
0.1 M NaOH at 0.35 V. (b) Current density–time response of Co3O4 UNS-Ni(OH)2/GCE
upon successive addition of 100 μM glucose, 100 μM of lactose, sucrose, fructose, and
200 μM glucose in 0.1 M NaOH at 0.35 V.
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(S/N = 3) and LOQ (S/N = 10) of linear segment (5–40 μM of glucose)
are 1.08 μM and 3.60 μM respectively. In addition, the sensitivity
is 1.089 μA μM−1 cm−2 (5–40 μM of glucose) for the linear segment.
Table 2
Summary and comparison of the estimated LOD and sensitivity range of the present work and

Type of electrode Electrolyte Performa

LOD/μmo

NiO–Pt NFs/GCE 0.1 M NaOH 0.31
Cu–NiO/GCE 0.4 M NaOH 0.5
CAT-NiO PBS pH 7 0.6
Nanoscale Ni hydroxide modified CILEa 0.5 M NaOH 6
Co3O4–rGO nanocomposites 0.1 M NaOH 0.18
PINA(SDS)/Ni(OH)2 modified CPE 0.1 M NaOH 90
sG–Ni/NiO 0.1 M NaOH 0.28
NiO-HMS 0.1 M NaOH 0.53
NiMOFs 0.1 M NaOH 6.15
Co3O4 UNS-Ni(OH)2/GCE 0.1 M NaOH 1.08
From Table 2, the LOD of glucose for the Co3O4 UNS-Ni(OH)2/GCE is
lower than those obtained on NiMOFs (6.15 μmol l−1) [37] and nano-
scale Ni hydroxide modified with CILEa (6 μmol l−1) [31] and is compa-
rable to that of Cu–NiO/GCE (0.5 μmol l−1) [27] indicating a favorable
analytical performance of this electrochemical sensor.

For analytical applications, a recovery experiment was also carried
out to examine the prospective use of the Co3O4 UNS-Ni(OH)2/GCE.
Three different concentrations of glucose (10, 100 and 200 μmol l−1)
were added in 0.1 M NaOH, kept at the optimum potential of 0.35 V.
All measurements were performed six times (n = 6) and the average
recoveries are listed in Table 3. The recoveries and relative standard
deviation (RSD) results show the feasibility of the fabricated electrode
for the quantitative detection of certain concentration ranges of glucose.
Easily oxidized compounds such as ascorbic acid (AA), dopamine (DO)
and uric acid (UA) (Fig. 6(a)) and some sugars such as lactose, sucrose
and fructose (Fig. 6(b)) are usually found together with glucose. In
addition, the presence of other carbohydrate compounds can influence
the detection of glucose. Therefore, interference tests were also per-
formed with the addition of 100 μM glucose, followed by the addition
of 100 μM of AA, DO, UA, lactose, sucrose, fructose and 200 μM glucose
in 0.1 M NaOH, respectively. The result shows that AA, DO, and UA in
Fig. 6(a) and lactose, sucrose, and fructose in Fig. 6(b) have negligible
interference on glucose detection. The result also confirms that the elec-
trode surface remains stable and viable, and the depletion of glucose is
themain reason for the decrease in the oxidation current. Themodified
electrode showed acceptable stability and the response remains stable,
even after 10 continuous cycles (~89%) which indicates that the inhibi-
tion of glucose detection is absent. This is due to the ultra-nanosheet
morphology of Co3O4 UNSs with a large surface area that increases the
adhesion of materials on the surface of GCE. The high selectivity of
Co3O4 UNS-Ni(OH)2/GCE can be explained by the repelling effect.
Co3O4 has an isoelectric point (IEP) of ~8 and is negatively charged in
0.1 M NaOH. The UA, AA and DO are also negatively charged due to
the loss of protons in the presence of hydroxyl ions andphenolic groups.
Therefore, the electrocatalytic oxidation of UA, AA and DO at Co3O4

UNS-Ni(OH)2 is decreased by the charge repelling effect [32].

3.3. Analysis of real samples

The Co3O4 UNS-Ni(OH)2/GCE has been utilized for glucose detection
in a commercial green tea. All measurements were performed six
times (n = 6). The results were compared with the standard method
previous reports.

nce Sensitivity Linear range Reference

l l−1 μA μM−1 cm−2 μmol l−1

0.18 100–6000 [17]
0.171 0.5–5000 [27]
0.159 1–1000 [30]
0.202 50–2300 [31]
1.366 0.5–1277 [33]
0.584 160–750 [34]
0.482 0.1–5 [35]
2.39 1.67–420 [36]
0.395 1.8–1200 [37]
1.089 5–40 This work



Table 4
Amperometric and UV–vis spectrometric determination of glucose in commercial beverage green tea.

Sample Added (mM) Amperometric measurements UV–vis-spectrometric measurements

Founding (mM) Recovery% RSD% (n = 6) Founding (mM) Recovery% RSD% (n = 6)

1 0.04 0.0403 100.58 3.2961 0.0399 99.38 0.2277
2 0.08 0.0794 99.27 2.2516 0.0802 100.32 0.7364
3 0.16 0.1594 99.67 3.5434 0.1600 100.00 0.7705
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of UV–vis spectrometry (Table 4). The real sample was purchased and
the concentration of glucose was determined by the standard addition
method. This was achieved with the addition of 0.1 M NaOH solution
to a fixed volume of real sample (1 ml) at the optimum potential of
0.35 V. The results are in good agreement with the data obtained from
the reference method (standard UV–vis spectrometry).

4. Conclusions

Co3O4 ultra-nanosheets (Co3O4 UNSs) and Co3O4 ultra-nano-
sheet-Ni(OH)2 (Co3O4 UNS-Ni(OH)2) were synthesized via a
solvothermal process, and the Co3O4 UNS-Ni(OH)2 was utilized as a
sensor for the detection of glucose. XRD and TEM results confirmed
the presence of Co3O4 UNS-Ni(OH)2 and the deposition of ultra-hex-
agonal transparent Co3O4 on the Ni(OH)2 surface. The GCE coated
with the Co3O4 UNS-Ni(OH)2 gave the highest electrocatalytic activ-
ity compared to the modified GCE with Co3O4 UNSs. EIS results con-
firmed that the charge transfer resistance of the coated GCE with
Co3O4 UNS-Ni(OH)2 was decreased compared to the Co3O4 UNSs,
which is attributed to the presence of Ni(OH)2. The estimated limit
of detection (S/N = 3) and limit of quantification (S/N = 10) of the
linear segment (5–40 μM of glucose) are 1.08 μM and 3.60 μM
respectively. The ultra-transparent Co3O4 deposited on Ni(OH)2
surface provides the highest available surface area and lowest RCt,
which are the principal reasons for its high performance in glucose
detection. One of the main advantages of the fabricated Co3O4 UNS-
Ni(OH)2 in glucose detection is its high sensitivity, even in low
positive potential regions.
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