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Abstract
A disposable needle-type of hybrid electrode was prepared from a core of stainless steel needle whose surface was modified with
a 3D nanoporous gold/NiCo2O4 nanowall hybrid structure for electrochemical non-enzymatic glucose detection. This hybrid
electrode, best operated at 0.45 V (vs. SCE) in solutions of pH 13 has a linear response in the 0.01 to 21 mM glucose concentration
range, a response time of <1 s, and a 1μMdetection limit (at an S/N ratio of 3). The remarkable enhancement compared to the solid
gold/NiCo2O4 and stainless steel/NiCo2O4 hybrid electrodes in electrochemical performance is assumed to originate from the good
electrical conductivity and large surface area of the hybrid electrode, which enhance the transport of mass and charge during
electrochemical reactions. This biosensor was also applied to real sample analysis with little interferences. The electrode is
disposable and considered to be a promising tool for non-enzymatic sensing of glucose in a variety of practical situations.
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Introduction

As one of the most prevalent worldwide diseases, diabetes
elicits a demand for low-cost and high-performance electro-
chemical glucose biosensors [1]. Numerous research efforts
have been attempted to developing non-enzymatic glucose
biosensors since the conventional enzymatic glucose biosen-
sors are suffering from drawbacks of high cost, instability, and

complicated immobilization techniques [2, 3]. Nanostructured
noble metals [4–6], transition metallic oxides [7–10], sul-
phides [11–13], and phosphides [14–16] have been extensive-
ly developed for the applications of non-enzymatic biosensor.
Among them, noble metallic nanostructrues is expensive and
easy to be poisoned by chloride ions and intermediates during
glucose oxidation process [17], while sulphides and phos-
phides are normally toxic. The mixed transition metal oxide
of NiCo2O4 is one promising material for non-enzymatic bio-
sensors due to its high biocompatibility and excellent electro-
chemical catalytic activity [18, 19]. The performance of these
nanostructured transition oxides were usually hindered by
their low intrinsic electronic conductivity and the problem of
aggregation [20].

Constructing 2D nanowalls on the conductive substrates
were effective to improve the intrinsic electronic conductibil-
ity and prevent the aggregation [21–23]. The traditional con-
ductive substrates of ITO, Ni foam, and carbon fiber paper are
unsuitable for integrating implantable or wearable devices.
Nanoporous gold (NPG), a three-dimensional (3D) nanostruc-
tured metal, has shown advantages in biosensors as a conduc-
tive substrate due to its high conductivity and large surface
area [24, 25]. However, the pure gold NPG wires are soft and
expensive for disposable high-throughput glucose detection.
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We describe here a disposable needle-type stainless steel
coated with a solid gold layer for NPG needle that is supported
with ultrathin NiCo2O4 nanowalls for non-enzymatic electro-
chemical glucose sensing. The structure and the fabrication
process of the NPG/NiCo2O4 hybrid electrode are illustrated
in Scheme 1. A thin solid gold layer and the stainless steel
needle was used to lower down the cost and improve the
mechanical strength compared to the pure gold wire, respec-
tively. The gold surface layer was etched into the NPG layer
by an electrochemical etching process, and the NiCo2O4

nanowalls were subsequently grown onto the nanoporous
channel of NPG. This NPG/NiCo2O4 hybrid electrode exhib-
ited a linear range of 0.01 to 21mMand a fast response time of
less than 1 s for the detection of glucose. The enhanced sens-
ing performance was ascribed to the combination of the 3D
interconnected nanoporous channel structure of NPG and the
ultrathin nanowalls of NiCo2O4, which provided a large elec-
trochemical active surface area (ECSA) and enhanced the
transport of glucose and electrons.

Experimental section

Materials

The reagents used in the experiment were of analytical grade
and were used without further purification. D-(+)-glucose was
obtained from Sigma-Aldrich (St Louis, USA, http://www.
sigma-aldrich.com). Acetone and ethanol were purchased
from Beijing Chemical Reagent (Beijing, China, http://www.
pvc123.com/b-beijinghuagong/). All other reagents, including
nickel nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt nitrate
hexahydrate (Co(NO3)2·6H2O), benzyl alcohol (BA), zinc
chloride (ZnCl2), sodium hydroxide (NaOH), sodium
chloride (NaCl), fructose, mannose, maltose, sucrose, lactose,
uric acid (UA), L-ascorbic acid (AA), dopamine hydrochloride
(DA), urea, and acetamidophenol (AP), were purchased from
Sinopharm Chemical Reagent (Shanghai, China, http://www.
sinoreagent.com). The stainless steel (SS) needles and the solid
gold (Au) coated needles were gifted from San Meditech Co.,

Ltd., China. Deionized water were used from a Milli-Q system
(18.2 MΩ·cm at 25 °C) throughout the experiments.

Preparation of the NPG needles

NPG needles were prepared by an in-situ electrochemical
alloying/dealloying method according to a published procedure
with appropriate modifications [20, 26]. In a typical synthesis, a
multi-sweep cyclic voltammetry (CV) electrochemical alloying/
dealloying process was performed with a three-electrode elec-
trochemical setup in the potential range from 1.88 V to −0.72 V
at a scan rate of 10 mV·s−1 at 120 °C in 100 mL BA electrolyte
containing 1.5 M ZnCl2. A Zn plate, a Zn wire, and five solid
gold needles was used as the auxiliary electrode, the reference
electrode, and the working electrode, respectively. After the op-
timized 40 cycles CV scanning, the NPG needles were taken out
and cleaned for 10 min with acetone, ethanol, and deionized
water in sequence. NPG needles were then transferred into an
HNO3 solution (HNO3: H2O = 1:4, v/v) and sonicated for 5min,
and soaked for three days to remove the residual Zn. Finally, the
treated NPG needles were sonicated in deionized water and
dried for 1 h in vacuum oven at 60 °C.

NPG/NiCo2O4 hybrid needle electrodes

The synthesis of the ultrathin NiCo2O4 nanowalls on the
nanoporous gold needles was performed via a two-step meth-
od. Typically, in the first step, the Ni-Co bimetallic hydroxide
precursor was electrodeposited by a chronoamperometric
technique on an optimized NPG needle as the working elec-
trode, a platinum plate as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode in a glass
cell. The deposition electrolyte consisted of 5 mM Ni(NO3)2·
6H2O and 10 mM Co(NO3)2·6H2O dissolved in 25 mL of
deionized water. The deposition potential of −0.8 V was held
constant for 420 s, and the green-colored NPG needle was
carefully rinsed several times with deionized water, finally
dried in air at 60 °C for 2 h. In the second step, the sample
was placed in a porcelain boat and calcined at 300 °C in air for
2 h with a ramp rate of 1 °C·min−1 to transform the deposited
material into ultrathin NiCo2O4 nanosheets.

Scheme 1| Schematic illustration
for the synthesis of NPG/
NiCo2O4 needle-type electrode

 124 Page 2 of 9 Microchim Acta  (2018) 185:124 

http://www.sigma-aldrich.com
http://www.sigma-aldrich.com
http://www.pvc123.com/b-beijinghuagong
http://www.pvc123.com/b-beijinghuagong
http://www.sinoreagent.com
http://www.sinoreagent.com


Characterization

The scanning electron microscopy (SEM) images, elemental
mapping images, and energy dispersive X-ray spectroscopy
(EDX) were obtained using a field- emission scanning elec-
tron microscope (Hitachi, SU8010). Transmission electron
microscopy (TEM), high-resolution transmission electron mi-
croscopy (HRTEM), and selected-area electron diffraction
(SAED) measurements were performed using a JEM-2100F
transmission electron microscope (JEOL Co., Japan). X-ray
diffraction (XRD) patterns were collected with a Bragg-
Brentano diffractometer (D8-tools, Germany) equipped with
a Cu-Kα source emitting at 0.15418 nm. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a
monochromatic Al-Kα (14, 866 eV) radiation source and a
hemisphere detector with an energy resolution of 0.1 eV, and
the spectra were acquired with an ESCALAB-250 instrument
(Thermo Fisher Scientific, USA). The Raman spectra were
captured with a micro-Raman spectrometer (Renishaw) using
a 514 nm wavelength laser.

Electrochemical testing

The electrochemical measurements were performed using a
three-electrode setup on a CHI650D electrochemical worksta-
tion (Shanghai Chenhua, China, http://chi.instrument.com.cn).
The NiCo2O4-modified needle electrode fixed on a metal plate
was used as the working electrode, while the saturated calomel
electrode and platinum plate were used as the reference
electrode and counter electrode, respectively. The electrolyte
was a 0.1 M NaOH aqueous solution saturated with nitrogen.
The CV curves were measured in the 20 mL electrolyte with
and without 5 mM glucose. The amperometric responses of
electrodes were recorded by successive addition of glucose
under steady-state conditions at a potential of 0.45 V vs. SCE.

Results and discussion

Characterization of the NPG needle

The NPG needles were prepared by a multi-sweep CV elec-
trochemical alloying/dealloying process. The number of etch-
ing cycles shows great influence on the formation of NPG as
shown in Fig. S1. An increasing number of cycles reduces the
characteristic width of the NPG ligaments. Obviously, the
etched of solid gold was incomplete with less etch cycles,
while an excess of etching cycles would decompose the sur-
face of NPG and lead to the too small of NPG ligaments
width, even formed the fractured NPG. The ECSA test indi-
cates that the 40 cycles NPG needles show the largest surface
active area, which is of approximately 20 times than the solid
gold needles (Fig. S2). This optimized NPG needles with

40 cycles CV scanning have a rough surface with a moderate
3-D continuous nanoporous channel structure with the liga-
ments width of approximately 200 nm (Fig. S1c). The trace
amount of zinc has little effects on the properties of NPG (Fig.
S3, S4). The structure information of the prepared needle was
investigated by SEM as shown in Fig. 1. A representative
cross-sectional SEM image and the corresponding elemental
mapping show that the core is 300-μm-diameter stainless steel
that is coated with a 15 μm solid gold layer (Fig. 1a-d). The
thickness of the NPG layer was determined to be of 1.4 μm by
a statistical method (Fig. 1e). A photograph shows the excep-
tional mechanical flexibility of this NPG needle electrode
(Fig. 1f). The structure of the prepared NPG needle is consis-
tent with the design in Scheme 1.

Morphology and composition characterization
of the NPG/NiCo2O4 hybrid electrode

NiCo2O4 nanowalls were synthesized by an electrodeposition
and post-calcination process [19]. The whole electrochemical
process as follows: the deposition potential was held at −0.8 V
versus SCE to reduce NO3

− ions adsorbed the electrode sur-
face to generate hydroxide ions (Eq. 1). Then the Ni2+ and
Co2+ ions reacted with locally generated hydroxide ions to
form bimetallic hydroxide on the surface of electrodes accord-
ing to Eq. 2. Finally, the formed hydroxides were oxidized to
black spinel NiCo2O4 supported on the NPG (Eq. 3).

NO3
− þ 7H2Oþ 8e−→NH4

þ þ 10OH− ð1Þ
xNi2þ þ 2xCo2þ þ 6xOH−→NixCo2x OHð Þ6x ð2Þ
NixCo2x OHð Þ6x þ 1=2xO2→xNiCo2O4 þ 3xH2O ð3Þ

The morphology and electrochemical activity were in-
vestigated by SEM and CV technique, respectively. SEM
results (Fig. 2a-d) show that the NiCo2O4 nanowalls are
directly formed on the NPG ligaments within the continu-
ous nanoporous channels and the loading amount of
NiCo2O4 increases with increasing electrodeposition time.
Only a small amount of NiCo2O4 nanowalls were grown
on the NPG at 300 s (Fig. 2b). A large amount of NiCo2O4

nanosheets on the surface had blocked the nanoporous
structure with 540 s growth (Fig. 2d). CV curves indicate
the NPG/NiCo2O4 hybrid electrodes with 420 s exhibit the
highest electrochemical activity (Fig. 2e), which is in good
agreement with the SEM result of a moderate amount of
NiCo2O4 with 420 s growth in Fig. 2c. This enhanced
electrochemical activity of NPG/NiCo2O4 hybrid electrode
is attributed to the nanoporous structure of NPG. TEM
image of the NPG/NiCo2O4 interface indicates that the
NiCo2O4 nanosheets have end-bonded contact with the
Au ligaments (Fig. 2f), overcoming the poor electrical con-
ductivity of NiCo2O4. The morphologies of the NiCo2O4
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Fig. 2 Morphological
characterization. Top-view
SEM images of NiCo2O4/NPG
electrodes at various deposition
times: a bare NPG, b 300 s, c
420 s, and d 540 s. eCV curves of
NPG/NiCo2O4 needles with
varying deposition times at a scan
rate of 50 mV·s−1. f TEM image
of the NiCo2O4/NPG interfacial
structure

Fig. 1 Characterization of nanoporous gold needle. a Cross-sectional
SEM image of an NPG needle. b, c, and d are the corresponding
elemental mapping images of a). The inset in d and e are the

corresponding thickness distribution diagram of the solid gold layer
and the NPG layer, respectively. f Photograph of the NPG needle
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in the TEM images also demonstrate the ultrathin nature of
the nanosheets. The composition characterization by XRD,
TEM XPS, and Raman spectra confirmed the successful
synthesis of NPG/NiCo2O4 hybrid (Fig. S5–6).

Electrochemical characterization of the NPG/NiCo2O4

hybrid electrode

The electrochemical behavior of the hybrid electrodes was
investigated by CV both in the absence (dotted line) and in
the presence (solid line) of 5 mM glucose (Fig. 3a). It is ap-
parent that the electrochemical response current of the NPG/
NiCo2O4 hybrid electrode is much larger than that of the Au/
NiCo2O4 (blue curves) and SS/NiCo2O4 (black curves) hybrid
electrodes both in the absence and presence of glucose. The
glucose oxidation current of NPG/NiCo2O4 is much larger
than that of NPG (Fig. S7). The high performance of NPG/
NiCo2O4 is attributed to the hierarchical nanoporous structure
of the hybrid electrode (Fig. S8). The possible reaction pro-
cesses were shown as follows: During the anodic scan, the
NiCo2O4 on the electrode surface was converted to CoOOH,
CoO2, and NiOOH with a pair of broad redox peaks at about
0.45 V due to the oxidation reaction (Eqs. 4, 6, and 7), and the
glucose molecules were rapidly oxidized to glucolactone by

the NiOOH and CoO2 species at about 0.45 V (Eqs. 5 and 8)
[27–30].

NiCo2O4 þ OH− þ H2O→ NiOOHþ 2CoOOHþ e− ð4Þ
2NiOOH þ glucose → 2NiO þ glucolactoneþ H2O ð5Þ
NiOþ OH−−e− →NiOOH ð6Þ
CoOOHþ OH−→CoO2 þ H2Oþ e− ð7Þ
2CoO2 þ glucose→ 2CoOOHþ glucolactone ð8Þ

A perfect linear relationship between the peak current den-
sity and the scan rate indicates that the process of electron
transfer is indeed a surface-controlled electrochemical process
as shown in Fig. 3b [28, 31]. The electron transfer resistance
of the hybrid needles was investigated by EIS in Fig. 3c. The
diameter of the semicircle of the NPG/NiCo2O4 (red curve) is
visibly much smaller than that of the Au/NiCo2O4 (blue
curve) and SS/NiCo2O4 (black curve), indicating that the elec-
tron transfer ability of the NPG/NiCo2O4 is significantly im-
proved by incorporating NPG [13, 32]. The ECSA of the
modified electrodes was also estimated by evaluating the elec-
trochemical double-layer capacitance in Fig. 3d, which was
derived from the CV measurements in Fig. S9 [33, 34]. The
ECSA of the NPG/NiCo2O4 hybrid material was estimated to

Fig. 3 Electrochemical
characterization. a CV curves of
the hybrid electrodes in the
absence (dotted line) and the
presence (solid line) of 5 mM
glucose in a 0.1MNaOH solution
at scan rate 50 mV·s−1. b CV
curves of the NPG/NiCo2O4

electrode at different scan rates.
Inset: Plots of the peak current
density as a function of scan rates.
c Nyquist plots of the prepared
products in a 0.1 M KCl solution
containing 5 mM [Fe(CN)6]

3−/4−

from 105 Hz to 1 Hz. Inset: the
enlarged curves of NPG, Au/
NiCo2O4, and NPG/NiCo2O4. d
Capacitive J versus scan rates for
the modified electrodes

Microchim Acta  (2018) 185:124 Page 5 of 9  124 



be approximately 2 and 28 times than that of the Au/NiCo2O4

and SS/NiCo2O4, respectively, revealing that the NPG/
NiCo2O4 hybrid nanostructure exposed more catalytic active
sites, which improved the electrochemical performance. We
attributed the superior activity of the NPG/NiCo2O4 to its
advantageous nanostructure.

Electrochemical performance of the glucose biosensor

Amperometric detection of glucose

A typical comparison of amperometric responses for the
SS/NiCo2O4, Au/NiCo2O4, and NPG/NiCo2O4 hybrid
electrodes with successive addition of the glucose is shown
in Fig. 4a. The results indicate that the NPG/NiCo2O4 hy-
brid electrode has a higher amperometric response than
both SS/NiCo2O4 and Au/NiCo2O4 hybrid electrodes.
The corresponding calibration curves are presented in
Fig. 4b, error bars are the RSD of 3 times detection. The
results show that the curves for both the SS/NiCo2O4 and
Au/NiCo2O4 hybrid electrodes fit a hyperbolic function
over the whole concentration range. The NPG/NiCo2O4

hybrid electrode displays excellent linearity between the

steady-state currents and the glucose concentrations in a
range of 0.01–21.24 mM with a high sensitivity of
0.3871 μA·μM−1·cm−2. The calibration equation is as
follows:

j mA⋅cm−2� � ¼ 0:3871 C mMð Þ
þ 0:0505; 0:01�21:24 mMÞ:ð ð9Þ

It is worth noting that the electrode produced a rapid
response to the addition of glucose, achieving the steady-
state current in less than 1 s, and demonstrates a low LOD
of 1 μM at a signal-to-noise ratio of 3 (Fig. 4c). The en-
hanced performance of the NPG/NiCo2O4 hybrid electrode
can be attributed to its superior conductivity and large ac-
tive surface area.

Fig. 4 Amperometric glucose detection. a The amperometric
response of the hybrid electrodes to the successive addition of
glucose into a 0.1 M NaOH solution at 0.45 V; the inset shows the
enlarged response from the red ellipse marked area. b The calibration
curves for the amperometric responses of the hybrid electrodes. c
Response time and LOD of the NPG/NiCo2O4. d Amperometric

responses to successive additions of 0.1 mM interfering species and
1 mM glucose at a potential of 0.45 V. e Long-term stability of the
NPG/NiCo2O4 electrode. f The current response of the NPG/
NiCo2O4 needle to three successive additions of 40 μL of glucose
(10 mM) and 40 μL of a diabetic patient’s blood serum at different
times added into 20 mL of a 0.1 M NaOH electrolyte

Table 1 Comparison of the measured values of serum-glucose
concentrations between this work and the hospital

Specimen Hospital (mM) This work (mM) RSD (%)

1 7.93 7.77 3.9

2 17.10 16.93 3.6
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Selectivity and stability

The specific detection of glucose is an important parameter for
glucose biosensors. As shown in Fig. 4d, the response currents
of the prepared electrode were measured by adding 0.1 mM
each of urea, AA, DA, UA, AP, NaCl, and other sugars (fruc-
tose, lactose, maltose, sucrose, and mannose) into a 1 mM
glucose solution, which resulted in only a 0.78–6.7% increase
in the current density at 0.45 V. Higher concentrations of
1 mM fructose and 100 mM NaCl were also added into
1 mM glucose solution to test selectivity, indicating the
NaCl has little influence on the glucose detection, but fructose
produces larger interference, which is the main problem of
most of the non-enzymatic glucose biosensors that should be
overcome (Fig. S10). Lastly, the current signal increased rap-
idly after the addition of 1 mM glucose into the interfering
species solution, which further confirmed its superior selectiv-
ity towards glucose. In addition, the constructed hybrid elec-
trode also displayed good reproducibility and repeatability
(Fig. S11). To evaluate the long-term stability of the as-
prepared NPG/NiCo2O4 hybrid electrode, an electrode stored
under ambient conditions was measured with 5 mMglucose at
five-day intervals. The result shows that there is no obvious
decrease of the response signal, retaining approximately
96.66% of its initial current density after one month (Fig. 4e).
The morphology is maintained after long-term use of one
month based on SEM characterization (Fig. S12). Based on
these findings, the excellent repeatability, reproducibility, and
stability of the NPG/NiCo2O4 hybrid electrode make it a prom-
ising biosensor for glucose sensing applications.

Analysis of glucose in a serum sample

The selectivity and reliability of the NPG/NiCo2O4 hybrid
electrode were further investigated by analyzing diabetic
blood serum with a known glucose concentration. Figure 4f
demonstrates the amperometric responses to the successive

addition of 40 μL of a 10 mM glucose standard solution and
40 μL of blood serums from diabetic patient into 20 mL of a
0.1 M NaOH solution. Obviously, the amperometric re-
sponses of the second specimen are in agreement with that
of the first specimen with respect to the addition of the glucose
standard solution and the measured concentrations of the
serum-glucose mixtures were consistent with that of the hos-
pital clinical results (Table 1). Furthermore, a comparison of
the glucose sensing performance between our NPG/NiCo2O4

hybrid electrode and previous reports for glucose sensing ap-
plications is shown in Table 2; all of these results indicate that
the NPG/NiCo2O4 hybrid electrode is an excellent candidate
for the detection of glucose in practical biosensor applications.

Conclusions

In summary, a disposable needle-type electrode consisting of
stainless steel core and NiCo2O4 ultrathin nanowalls on
nanoporous gold was constructed for electrochemical non-
enzymatic glucose biosensing. The consumption cost of gold
is reduced and the mechanical strength of the pure NPG wires
were highly increased. This hybrid electrode exhibited great
performances of rapid response and wide linear range towards
glucose oxidation, attributing to the excellent conductivity and
a large active surface area from the hierarchical nanoporous
structure. The dependence on OH− for selective glucose oxi-
dation still limits the real implantable application. New cata-
lytic materials should be explored to exhibit sensitive response
in neutral solution to overcome this drawback. However, this
work provide a novel strategy for fabricating low-cost NPG as
a support material for multifunctional applications in the field
of catalysis.
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