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ABSTRACT: Glucose and calcium ion play key roles in
human bodies. The needlelike NiCo2O4 nanostructures are in
situ deposited on three-dimensional graphene foam (3DGF)
by a facile hydrothermal procedure. The structure and
morphology of the hierarchical NiCo2O4/3DGF are charac-
terized by scanning electron microscopy, transmission electron
microscopy, and X-ray diffraction. With the self-standing
NiCo2O4/3DGF as electrochemical electrode, it can realize the
high-sensitivity detections for glucose and calcium ion. The
limit of detection can reach 0.38 and 4.45 μM, respectively. In
addition, the electrochemical electrode presents excellent selectivity for glucose and calcium ion. This study demonstrates that
NiCo2O4/3DGF is a unique and promising material for practical application in both glucose and calcium ion sensing.
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■ INTRODUCTION

Diabetes has become one of the biggest global threats to human
health. The blood glucose level is the most representative
characteristic of this disease, including type 1 and type 2
diabetes.1 To measure the blood glucose level, the development
of glucose sensor has been greatly encouraged, especially in the
field of nanotechnology.2 Tremendous efforts have been put
into developing low-cost, high-sensitivity, and excellent
selectivity glucose sensors3 since the natural enzymes applied
in conventional sensors have several drawbacks, like low
stability and high cost. On the other hand, calcium ion also
plays a vital role in human blood for maintaining various
physiological functions of the human body. A large number of
diseases are related to the concentration of Ca2+ in the blood,
such as secondary hyperparathyroidism (SHPT),4 pheochro-
mocytoma (PHEO), and hypocalcemia. Therefore, detecting
the concentration of calcium ion is of great importance in
biological and clinical analysis and more works need to be done
for limitation of the determination of calcium ion.
It has been demonstrated that nanostructured transition-

metal oxides are applicable to the fabrication of enzyme-free
glucose sensors,5−10 supercapacitors,11,12 energy storage,13,14 or
lithium-ion battery15 owing to its attractive shape, unique size,
and high stability. Recently, nanomaterials including Pt,16

Fe3O4,
17 and Co3O4

18 nanoparticles as enzyme mimics have
received increasing attention. In addition, the spinel com-
pounds of AB2O4 have attracted tremendous interest due to
their fascinating magnetic, optical, electronic, and catalytic
properties.19−21 Among these spinel-type oxides, NiCo2O4 has
been investigated as alternative materials because of their low
cost, flexible ion exchangeability, great electrochemical perform-
ance, and high natural abundance. NiCo2O4 also exhibits

synergistic enhancement in electrocatalytic activity, which is
much better than the simple combination of nickel and cobalt
oxides.22

Graphene, a two-dimensional carbonaceous material, has
been widely applied in sensors,23 supercapacitors,24 catalysis,25

drug delivery,26 and flexible optoelectronics27 owing to its
outstanding electronic conductivity, large specific surface area,28

mechanical strength, flexibility, and great optical properties.29 It
is well-known that the reduced graphene oxide (rGO) shows a
lot of defects and chemical moieties created in the synthesis
process. Moreover, the strong π−π interaction between
individual graphene sheets leads to aggregation and stacking
of the rGO, which makes its specific surface area decrease
greatly. In contrast, three-dimensional graphene foam (3DGF)
synthesized by chemical vapor deposition (CVD) can
effectively improve the stability of the structure and provide
large porous structure with high conductivity. Therefore, the
high-performance carbon-based composites for electrochemical
sensors can be fabricated with hierarchical and porous structure.
In this work, 3DGF with high conductivity and large specific

surface area was synthesized by the CVD method. Then,
NiCo2O4 nanoneedles were deposited onto its surface by a
hydrothermal approach. On the basis of the unique electro-
chemical behavior of the free-standing NiCo2O4/3DGF
electrode, an electrochemical sensor was designed for the
detection of glucose and calcium ion. The synergistic effect
between graphene and NiCo2O4 makes the NiCo2O4/3DGF
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electrode present high sensitivity, excellent selectivity, and low
detection limitation.

■ EXPERIMENTAL SECTION
Materials. Nickel chloride hexahydrate (NiCl2·6H2O), cobalt

chloride hexahydrate (CoCl2·6H2O), urea (CH4N2O), glucose,
hydrogen peroxide (H2O2), Tris(hydroxymethyl)aminomethane
(C4H11NO3), dopamine (DA), ascorbic acid (AA), lactose, and D-
fructose (D-F) were purchased from Aladdin (USA). All the reagents
were used without any further purification.
Synthesis of NiCo2O4/3DGF. In this experiment, 3DGF was

synthesized by chemical vapor deposition as described in our previous
reports.30 The NiCo2O4/3DGF was prepared via a simple one-step in
situ hydrothermal method. Briefly, 20 mM CoCl2·6H2O, 40 mM
NiCl2·6H2O, and 120 mM urea were added into 35 mL of deionized
water under vigorous stirring for 10 min. Then the mixture was
transferred into a 50 mL autoclave. The 3DGF fixed on a glass slide
was immersed into the solution slowly, sealed, and maintained at 160
°C for 6 h. The composites were washed with deionized water and
dried at 80 °C. Finally, the synthesized products were annealed at 400
°C for 3 h in air and NiCo2O4/3DGF was obtained.
Characterization. The morphology of NiCo2O4/3DGF was

observed with scanning electron microscopy (SEM, Hitachi S-4800)
and transmission electron microscopy (TEM, JEOL JEM-2010). The
X-ray diffraction (XRD) was carried out on a Bruker D8 Advanced
Diffractometer using Cu Ka radiation with a scanning rate of 2° per
minute.
Electrochemical Measurements. Cyclic voltammetry (CV) and

amperometry measurements were performed using a CHI660D
electrochemical workstation (Chenhua, Shanghai) with the three-
electrode configuration. The NiCo2O4/3DGF served as the working
electrode, while a platinum wire electrode and an Ag/AgCl electrode
were selected as the counter and reference electrodes, respectively.
NaOH solution (0.1 M) was used as the electrolyte in the detection of
glucose, while 0.1 M Tris buffer acts as the electrolyte for calcium ion
determination.

■ RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the pure 3DGF and
NiCo2O4/3DGF, respectively. The significant diffraction peaks

of 3DGF at around 26.4°, 44.4°, and 54.5° can be indexed to
the (002), (101), and (004) planes of graphitic carbon,
respectively (JCPDS 41-1487). Besides the characteristic peaks
of graphene, the significant peaks at around 2θ values of 18.9°,
31.2°, 36.3°, 59.1°, and 64.9° for NiCo2O4/3DGF were well-
indexed to the (111), (220), (311), (511), and (440) planes of
NiCo2O4 (JCPDS 73-1702), respectively. The XRD spectrum
confirms the successful integration of NiCo2O4 and 3D
graphene to form NiCo2O4/3DGF composite.

Figure 2 shows the morphologies of the NiCo2O4/3DGF
characterized by SEM and TEM, respectively. It can be seen

that the naked 3D graphene foam presents porous structure
with a smooth skeleton (Figure 2a). Furthermore, two
prominent characteristic peaks at around 1560 and 2700
cm−1 have been presented by the Raman spectra of 3DGF (the
inset in Figure 2a), corresponding to G and 2D bands of
graphene, respectively.31 The absence of the G band at around
1350 cm−1 indicates that the CVD-grown 3DGF has high
quality and high conductivity. By the intensity ratio of the 2D
and G peaks (0.55), the prepared 3DGF is composed of
multilayered graphene.32 After the formation of NiCo2O4/
3DGF composite (Figure 2b), the skeleton of the porous
3DGF was uniformly covered by the NiCo2O4. The higher
magnification SEM image (Figure 2c) reveals that the NiCo2O4
presents uniform needlelike morphology with diameter of
around 25 nm. As shown in Figure 2d, the TEM image suggests
that the nanoneedles are composed of numerous nanoparticles
and the nanoparticles are linked together, which is useful for
the enhancement of its specific surface area. High-resolution
TEM in the inset of Figure 2d shows that the d-spacing of
NiCo2O4 is around 0.285 nm, which is in agreement with the
(220) planes of NiCo2O4 nanoparticles.

Glucose Sensing. The electrochemical performance of the
NiCo2O4/3DGF electrode is measured in 0.1 M NaOH
solution. As shown in Figure 3a, a couple of sensitive redox
peaks can be observed at the potential of 0.35 and 0.5 V in the
CV curves, respectively, which could be attributed to the redox
reactions of Co and Ni species in the alkaline electrolyte
corresponding to the following equations:33−35

+ + → + +− −NiCo O OH H O NiOOH 2CoOOH e2 4 2
(1)

+ → + +− −CoOOH OH CoO H O e2 2 (2)

Furthermore, the current peaks rise and shift with the
increasing of scan rates. Figure 3b illustrates that both cathodic

Figure 1. XRD patterns of 3DGF and NiCo2O4/3DGF.

Figure 2. SEM images of 3DGF (a) and NiCo2O4/3DGF at different
magnifications (b, c). The inset shows the Raman spectrum of 3DGF.
(d) Low- and high-resolution (inset) TEM images of the nanoneedles
deposited on 3D graphene.
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and anodic peak currents of the NiCo2O4/3DGF electrode
increase linearly with the scan rates, suggesting a surface-
controlled electrochemical process of NiCo2O4/3DGF.

36

Figure 3c shows the CV curves of the NiCo2O4/3DGF
electrode measured in the presence of glucose (scan rate of 50
mV s−1). It can be clearly seen that the introduction of glucose
(0, 0.5, 1.0, 1.5, 2.0, and 2.5 mM) makes an obvious increase of
the redox peak currents (at ∼0.5 and 0.3 V). This phenomenon
can be ascribed to the glucose oxidation to gluconolactone,
which is accompanied by the conversion of Co(IV) to Co(III)
and Ni(III) to Ni(II):

+ +

→ + +

Co(IV) Ni(III) glucose

Co(III) Ni(II) gluconolactone (3)

With increasing the glucose concentration, the anodic peak
potential (II) shifts to a positive direction because of the
oxidized intermediates and the absorption of glucose on the
active sites of the electrode.38 Moreover, the combination of
nickel and cobalt makes the peaks potential (II) wider than
nickel oxide electrode39 or cobalt oxide electrode.36

Figure 3d shows the amperometric responses of the
NiCo2O4/3DGF electrode to successive additions of glucose.
With the addition of glucose, the current increases rapidly,
indicating its excellent glucose detection performance. The
corresponding calibration curve for glucose detection is plotted
in Figure 3e. A linear concentration range from 500 nM to 0.59
mM (the magnified plot of this part is inserted in Figure 3e)
with a slope of 818.51 μA mM−1 and a correlation coefficient
(R2) of 0.9999 is obtained from the curve. The sensitivity of the
NiCo2O4/3DGF electrode is calculated to be as high as 2524
μA mM−1 cm−2. When the concentration of glucose increases
to 5.80 mM, it is found that the current response reaches
saturation gradually, indicating that all active sites of the
electrode are covered with reaction intermediates at high
concentration of glucose. On the basis of the equation of S/N =
3 (signal-to-noise ratio = 3), the limit of detection (LOD) can
reach up to 0.38 μM.
To investigate the selectivity of the NiCo2O4/3DGF

electrode, the amperometric response upon the successive
addition of 1 mM glucose, 0.1 mM dopamine (DA), ascorbic
acid (AA), lactose, D-fructose (D-F), urea, and 0.5 and 1 mM
glucose into 0.1 M NaOH at 0.5 V were also recorded (Figure

Figure 3. (a) CV curves of NiCo2O4/3DGF measured at different scan rates in 0.1 M NaOH solution. (b) Plots of redox peak currents versus scan
rate. (c) CV curves in the presence of various concentrations of glucose. (d) Amperometric response of NiCo2O4/3DGF (at 0.5 V) upon successive
addition of glucose. The inset shows the current response toward addition of 0.5−14 μM glucose. (e) Average dose response curve with a linear
fitting at lower concentration range and a logarithmic fitting at a higher concentration range. The inset is the corresponding linear relation in the
range from 500 nM to 1.489 mM. (f) Amperometric response to the addition of glucose, DA, AA, lactose, D(−)-fructose (D-F), and urea at 0.5 V.
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3f). It can be seen that the current response of interfering
compounds can be negligible, while remarkable current
enhancements can be observed by the addition of glucose.
Considering the concentration of glucose in human serum is 30
times higher than that of interfering species,40,41 these results
indicate that NiCo2O4/3DGF electrode has excellent selectivity
for glucose detection and a promising future for practical
applications. And remarkably, the NiCo2O4/3DGF electrode
apparently outperforms the previously reported modified
electrodes (Table 1).

Calcium Ion Sensing. With the existence of hydrogen
peroxide, the sensing performance of NiCo2O4/3DGF
electrode to calcium ion was investigated in Tris solution.
Figure 4a records the CV curves of NiCo2O4/3DGF electrode
in different concentrations of H2O2 at the scan rate of 50 mV
s−1. Also, the current response to the calcium ion with 5 mM
H2O2 was measured. Obviously, with the increasing of H2O2
concentration, the current decreased correspondingly. The
current decreases significantly, after the addition of 5 mM
calcium ion (Ca2+). The result implied that the addition of Ca2+

will bring greater current response. This phenomenon maybe
comes from the fact that the calcium ion can stimulate the
catalytic activity of cobalt ion as reported.42

It is well-known that cobalt ion in Co3O4 nanomaterials
serving as a catalase mimic can catalyze the process of hydrogen
peroxide decomposition. The catalytic activities and mecha-
nisms have been investigated by Mu et al.43 According to
previous works,43,44 a possible mechanism can be proposed as
follows (Scheme 1): In the system, the concentration of
perhydroxyl anion (OOH−) is high because of the reaction
between hydrogen peroxide with hydroxyl ion. The formed
Ni(II)·OOH and Co(II)·OOH cause the decomposition of
H2O2. Finally, the two kinds of ions turned back to Ni(III) and
Co(III), indicating the nickel cobalt catalyzes the decom-
position of hydrogen peroxide and decreases the CV current.
Figure 4b show the amperometric response curves of

NiCo2O4/3DGF electrode to 0.3 mM Ca2+ in 0.1 M Tris
base with 8 mM H2O2 at different potentials. It can be seen that
the response curve at the potential of −0.6 V exhibits the

Table 1. Comparison of the Properties of NiCo2O4/3DGF
Electrode with Various Nonenzymatic Glucose Sensors
Reported Previously

electrode
sensitivity (μA
mM−1 cm−2)

detection
limit (μM) linear range ref

Co3O4/
3DGF

3390 0.025 up to 80 μM 36

Ni(OH)2/
3DGF

2650 0.34 1 μM to 1.17
mM

35

NiO-HMSs/
GCE

2390 0.53 1.67 μM to
0.42 mM

37

NiCo2O4/Ni
foam

91.34 mV/decade 1.49 0.005−15 mM 38

NiCoO2/C/
GCE

549.3 0.5 0.02−2.41 mM 39

NiCo2O4/
3DGF

2524 0.38 0.5 μM to 0.59
mM

this
work

Figure 4. (a) CV curves recorded on different concentrations of H2O2 and with or without the addition of Ca2+. (b) Amperometric response of
NiCo2O4/3DGF upon successive addition of 0.3 mM Ca2+ at different potentials. (c) Amperometric response of NiCo2O4/3DGF upon successive
addition of Ca2+ at the operating potential of −0.6 V. (d) Average dose response curve (amperometric current response vs Ca2+ concentration) with
a linear fitting at lower concentration and an logarithmic fitting at higher concentration.
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strongest response and excellent stability, indicating −0.6 V is
the most appropriate potential for sensing. At the operating
potential of −0.6 V, the amperometric response to the
increasing concentrations of calcium ion is presented in Figure
4c. A well-defined, rapid current decreased and a stable curve
can be observed after the addition of calcium ion, indicating the
NiCo2O4/3DGF electrode presents a sensitivity and rapid
response to calcium ion. The corresponding calibration curve is
presented in Figure 4d. The average dose response
demonstrates that a large concentration range can be made
for detection, and a good linear dependence on the calcium ion
concentration in the range of 30−460 μM with an exceptional
sensitivity of 284.54 μA mM−1 cm−2 (R2 = 0.999) is achieved.
The limit of detection (S/N = 3) can be calculated as low as
4.45 μM. The sensing performances of linear range, detection
limitation are excellent for the determination of calcium ion.
The selectivity of the electrode for Ca2+ was also investigated
against some metal ions normally existing in the human blood.
Figure 5 showed the response of NiCo2O4/3DGF electrode for

Ca2+ and interfering metal ions at the same concentrations. The
response of Ca2+ was set as 100% and it is obviously higher
than K+, Na+, Mg2+, and Zn2+ ions. This result indicated the
high selectivity of the sensor.

■ CONCLUSIONS
In this work, self-standing glucose and calcium ion sensors were
developed based on the nanoneedles NiCo2O4 directly
deposited on the surface of 3DGF. Besides the outstanding
sensitivity, the NiCo2O4/3DGF electrode also has a low
detection limit of 0.38 μM for glucose and 4.45 μM for calcium
ion (S/N = 3). The excellent analytical performance of the
NiCo2O4/3DGF electrode can be attributed to the remarkable
electrocatalytic activity provided by NiCo2O4 nanoneedles and
the high active surface area and conductivity from 3D graphene.

Moreover, the combination of nickel and cobalt species makes
nickel cobalt oxide exhibit better performance than that of
nickel oxide or cobalt oxide. With the advantages of high
sensitivity, good selectivity, low cost, and facial fabrication, the
proposed sensor is a promising candidate for other molecules’
selective and sensitive detection.
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