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Yanyan Zhu1
& Yalin Wang1

& Kai Kang1
& Yulong Lin1

& Wei Guo1
& Jing Wang1

Received: 15 August 2019 /Accepted: 6 December 2019 /Published online: 7 January 2020
# Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
The authors describe Ni–Co bimetal phosphide (NiCoP) nanocages that exhibit enhanced electrocatalytic performance toward
glucose oxidation. The nanocages offer an appealing architecture, large specific area, and good accessibility for the analyte
glucose. When placed on a glassy carbon electrode, the sensor exhibits attractive figures of merit for sensing glucose in 0.1 M
NaOH solution including (a) a wide linear range (0.005–7 mM), (b) a low determination limit (0.36 μM), (c) high sensitivity
(6115μA•μM−1•cm−2), (d) a relatively lowworking potential (0.50 V vs. Ag/AgCl), and (e) good selectivity, reproducibility, and
stability. The sensor is successfully applied to the determination of glucose in human serum samples.

Keywords Electrochemicalsensor .Electrocatalyticactivity .Hollownanostructure .Highsensitivity .Cyclicvoltammetry .Good
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Introduction

Electrochemical sensors are an attractive and practical tech-
nique for monitoring glucose levels in real-time and rapidly
diagnosing diabetes [1, 2]. At present, conventional enzymatic
electrochemical sensors based on glucose oxidase dominate
the global market because of their high selectivity and sensi-
tivity [3, 4]. Unfortunately, these sensors also suffer from sev-
eral drawbacks, such as high cost, poor chemical and thermal
stability, and complicated immobilization procedure of glu-
cose oxidase [1, 2]. To address these issues, researchers have
sought to develop non-enzymatic glucose sensors based on
cost-effective and abundant-element inorganic nanomaterials
[2]. The nanomaterial can directly catalyze glucose

electrooxidation, including transition metal oxides [5–11], al-
loy [12, 13], hydroxides [14, 15], sulfides [16], nitride [17],
phosphides [3, 4, 18–24], and carbon materials [5, 25].
Transition metal phosphides, such as Ni2P, CoP, and Cu3P,
have been exploited in non-enzymatic glucose sensors due
to their approximate zero-valent metallic feature, high electro-
catalytic activity, and low cost [3, 4, 18, 20–24, 26]. For in-
stance, Zhang et al. developed a Ni2P nanoarray on conduc-
tive carbon cloth (Ni2P NA/CC) as a glucose sensor with a
low determination limit of 0.18 μM [4]. Wang et al. reported a
MOF-derived porous Ni2P/graphene composite with en-
hanced electrochemical properties in a glucose sensor and a
low determination limit of 0.44 μM [19]. Das et al. developed
Co2P-encapsulated N/P dual doped carbon nanotubes with a
determination limit of 0.88 μM [20]. Great progress has been
achieved in the research of monometallic transition metal
phosphides. Sun et al. found that bimetallic phosphides of
NiCoP nanosheet arrays on a Ti mesh exhibit enhanced sens-
ing performance compared with Ni2P and CoP [22]. The com-
bination of Ni and Co can enhance the electrocatalytic activity
of phosphides in hydrogen or oxygen evolution reactions
[27–29]. Hence, bimetal phosphides are hypothesized to be
superior agents of glucose electrocatalysis in comparison with
their monometallic counterparts.

The electrocatalytic activity of electrocatalysts toward glu-
cose molecules affects the performance of the sensor, which is
closely related to the structure of electrocatalysts [30–32].
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Hollow nanostructure electrocatalysts have gained increased
attention because of their large surface area, which allow more
accessible catalytic sites with target molecules, produce a fa-
vorable catalytic interface, and facilitate electron/ion transport
[27, 33]. With hollow nanostructures, the catalytic reaction
kinetics is significantly promoted and the electrocatalytic ac-
tivity of the catalysts toward glucose may be greatly improved.

Herein, we report the synthesis of Ni–Co bimetal phos-
phides nanocages (NiCoP) via a modified method [27] to
obtain high-performance non-enzymatic electrochemical sen-
sors. The resulting NiCoP nanocages show well-defined hol-
low porous structures and exhibit enhanced electrocatalytic
activity toward glucose, outperforming Ni2P or CoP
nanocages alone.

Experimental section

Chemicals

NaOH (≥96.0%), KCl (≥99.5%), K3[Fe(CN)6] (≥ 99.5%),
K4[Fe(CN)6] (≥ 99.5%), Na2S2O3 (99%), lactose (Lac,
98%), absolute ethanol (≥ 99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China, http://www.
reagent.com.cn). CuCl2·2H2O (99.0%), NiCl2·6H2O (99.0%),
CoCl2·6H2O (99.0%), NaH2PO2 (99.0%), D-(+)-glucose (≥
99.5%), ascorbic acid (AA, >99%), uric acid (UA, ≥99%),
dopamine (DA, ≥98%), fructose (Fru, 99%) were purchased
from Aladdin Ltd. (Shanghai, China, http://www.aladdin-e.
com/). Poly(vinyl pyrrolidone) was purchased from Alfa
Aesar (Shanghai, China). Nafion (5 wt.%) was purchased
from Sigma-Aldrich (St. Louis, MO, USA, http://www.
Sigmaaldrich.com). All reagents were used without further
purification. Human serum was obtained by Shijiazhuang
First Hospital (Shijiazhuang, China).

Synthesis of the NiCoP nanocages

Synthesis of Cu2O Cubes: Cu2O cubes were synthesized ac-
cording to a previously reported method [27]. Typically,
0.17 g of CuCl2·2H2O was added to 100 mL of double-
distilled water and stirred for 30 min at 55 °C. Exactly
10 mL of 2 M NaOH was then slowly introduced to the mix-
ture to form a brown suspension. Afterward, 10 mL of 0.6 M
ascorbic acid was added to the system, which was aged for 3 h
until the color of the suspension turned brick red. All steps
were performed in a 55 °C water bath. The product was col-
lected by centrifugation, washed several times with distilled
water and ethanol, and then dried at 40 °C overnight under
vacuum conditions.

Synthesis of NiCo(OH)2 Nanocages: NiCo(OH)2
nanocages were synthesized in the light of Pearson’s HSAB
principle [27]. In a typical procedure, 10 mg of Cu2O was

dispersed in 10 mL of a mixed solvent of double distilled
water and absolute ethanol by ultrasonication for 30 min.
Then, 0.33 g of poly(vinyl pyrrolidone) was added to the
mixture, and ultrasonication was performed for another
30 min. Afterward, 3.4 mg of NiCl2·6H2O and CoCl2·6H2O
(molar ratio of 1:1) were introduced to the above suspension.
The solution was stirred for 30 min, followed by the slow
injection of 20 mL of 1 M Na2S2O3 until the color of the
solution changed from brick red to transparent green, which
suggests the formation of NiCo(OH)2. The resulting precipi-
tate was obtained by centrifugation, washed with distilled wa-
ter and ethanol, and dried at 40 °C overnight under vacuum.
For comparison, Ni(OH)2 and Co(OH)2 can be obtained by
adding NiCl2·6H2O and CoCl2·6H2O, respectively.

Synthesis of NiCoP Nanocages: The NiCoP nanocages
were prepared according to a modified reported method
[27]. In a typical reaction, 10 mg of NiCo(OH)2 and 100 mg
of NaH2PO2 were ground together for 10 min, placed in a
quartz boat at the center of a tube furnace, and then heated at
300 °C for 2 h at a ramping rate of 5 °C min−1 in a N2 atmo-
sphere. Finally, the product was collected via washing with
distilled and ethanol, and dried at 40 °C overnight under vac-
uum conditions. Ni2P and CoP were prepared with Ni(OH)2
and Co(OH)2, respectively, via the same method.

Electrochemical measurements

Electrochemical tests were conducted on a CHI650E worksta-
tion with a three-electrode system; here, a glassy carbon elec-
trode (GCE, 3 mm diameter), a Pt wire, and an Ag/AgCl
electrode were used as the working, counter, and reference
electrodes, respectively. The GCE was sequentially polished
with 1.0, 0.5, and 0.05 μm alumina powder and then cleaned
by ultrasound treatment with ethanol and ultrapure water. The
working electrode was prepared as follows. Approximately
2 mg of the catalyst was dispersed in 500 μL of ethanol and
20 μL of Nafion (5 wt%) and then ultrasonicated to form a
homogeneous suspension. Afterward, 5 μL of the suspension
was dripped onto the GCE, which was then dried in air.

Characterization

The morphology of the sample was studied by field-emission
scanning electron microscopy (JEM-7001F, https://www.jeol.
co.jp/en/). TEM, HRTEM, high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), and
elemental mapping were conducted using a field-emission
high-resolution transmission electron microscope (HRTEM,
JEM-2010, https://www.jeol.co.jp/en/) equipped with EDX
spectrometer. XRD patterns were obtained using an X-ray dif-
fractometer (XRD, PANalytical Empyrean, http://www.
panalytical.com) with Co Kα radiation (1.79 Å) operated at
40 kV and 100 mA. X-ray photoelectron spectroscopy (XPS)
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was conducted on an AXIS ULTRA DLD analyzer (https://
www.kratos.com/).

Results and discussion

Characterization of NiCoP nanocages

To synthesize the NiCoP nanocages, Cu2O nanocube tem-
plates are first synthesized through a wet-chemical meth-
od [27]. Typical SEM images (Figs. S1a and S1b) of the
Cu2O shows nanocube structures show smooth surfaces
and a uniform diameter of 650 nm. The NiCo(OH)2
nanocages are then prepared by adding equal molar ratios
of Ni2+ and Co2+ in the presence of Na2S2O3. SEM im-
ages of the NiCo(OH)2 products display high-quality
nanocages with an average size of 750 nm (Figs. S1c

and S1d). Finally, the NiCoP products are obtained
through a solid-state phosphorization of the NiCo(OH)2
nanocages. The SEM images in Figs. 1a and b show that
the NiCoP products maintain a structure identical to that
of the NiCo(OH)2 nanocages during phosphorization. For
comparison, Ni2P and CoP nanocages are also prepared
using the method applied to obtain the NiCoP nanocages.
SEM images of these nanocages (Figs. S2a and S2b) con-
firm that Ni2P and CoP possess similar structures.

TEM and HRTEM are performed to probe the microstruc-
ture of the NiCoP nanocages. The TEM images of the NiCoP
present a well-defined hollow and porous structure (Figs. 1c
and d). Such a structure can offers a large active surface area
and promotes the mass transport of electrocatalysts [27, 33].
The HRTEM image of the NiCoP nanocages in Fig. 1e shows
two different well-resolved lattice fringes with lattice plane
distances of approximately 0.229 and 0.315 nm,

Fig. 1 NiCoP nanocages of SEM images (a) and (b), TEM images of (c) and (d), HRTEM image of (e), HAADF-STEM image of (f) and its
corresponding element mapping images of Ni, Co, P
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corresponding to the (201) and (110) planes of NiCoP, respec-
tively. The spatial distribution of the different elements of one
NiCoP nanocage is investigated by HAADF-STEM, and Ni,
Co, and P are clearly homogeneously distributed throughout
the NiCoP nanocage (Fig. 1f).

The crystal structure and composition of the NiCoP
nanocages are investigated by using XRD. The XRD pattern
(Fig. 2a) reveals the nanocage products matched well with the
NiCoP phase (JCPDS 71–2261) [22, 27]. The surface chem-
ical composition of NiCoP is elucidated by XPS, and the
spectrum (Fig. S3) indicates the presence of Ni, Co, P, and
O atoms in the NiCoP nanocage, which is consistent with
previous reports [22]. The XPS spectrum of Ni 2p3/2 can be
deconvolved into three peaks, among which the peaks at
856.53 eV and 853.23 are related to Ni3+ and Ni2+ species,
respectively; a satellite peak occurring at 861.82 eV is also
observed (Fig. 2b) [22, 27]. The binding energy of Ni in
NiCoP (856.53 eV) is negatively shifted compared with that
of Ni in Ni2P (857.2 eV), thereby implying a strong electron
interaction between Ni and Co atoms that causes charge redis-
tribution [27]. In the Ni 2p1/2 spectrum, two obvious peaks
located at 870.40 and 874.41 eV are respectively indexed to
the Ni3+ and Ni2+ species in Ni-P and accompanied by a

satellite peak (881.13 eV) [22, 27]. The high-resolution Co
2p spectrum in Fig. 2c reveals two peaks centered at 793.35
and 778.50 eV, which are respectively attributed to the Co
2p1/2 and Co 2p3/2 of Co species in Co-P. This finding sug-
gests that the Co in NiCoP has a partial positive charge from
the Co metal (777.9 eV). The two peaks at 797.76 and
781.35 eV are respectively related to the Co 2p1/2 and Co
2p3/2 of the oxidized Co species [27]. The main peaks at
802.74 and 783.96 eV can be matched to two shake-up satel-
lites peak (“Sat.”). The P 2p spectrum (Fig. 2d) exhibits two
peaks at 130.4 and 129.5 eV. These can be assigned to P3−.
The main peak at 134.0 eV corresponds to PO4

3− [27].

Electrochemical performance of NiCoP nanocages

The electrochemical performance of the NiCoP nanocages is
investigated by CV in 0.1 M NaOH electrolyte with and with-
out 2 mM glucose using a standard three-electrode system at a
scan rate of 50 mVs−1 within the potential range of 0–0.8 V.
The bare GCE is electrochemically inactive in the absence of
glucose. NiCoP/GCE exhibits a pair of redox peaks at about
0.52 and 0.40 V. These can be assigned to the conversion of
Ni(II)/Ni(III) and Co(II)/Co(III) (Fig. 3a) [4, 19, 20, 23].

Fig. 2 a XRD pattern of NiCoP sample, high-resolution XPS spectra of NiCoP for b Ni 2p, c Co 2p, and P 2p
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Given these results, concluding that a surface redox reaction
occurs between NiOx/Ni(OH)x and NiO(OH), as well as be-
tween CoOx/Co(OH)x and CoO(OH), in the alkaline electro-
lyte is reasonable [4, 20]. The reaction can be formulated as:

NiOx=Ni OHð Þx þ OH−−e−→NiOOH
CoOx=Co OHð Þx þ OH−−e−→CoOOH

Upon injection of 2 mM glucose, NiCoP/GCE exhibits a
notable increase in oxidation peak, whereas a negligible
change occurs for the bare GCE; this result reveals the excel-
lent catalytic activity of the former toward glucose oxidation.
Enhancement of the oxidation current is attributed to the ox-
idation of glucose to gluconolactone with the participation of
NiOOH and CoOOH accompanied by the conversion of
Ni(III) to Ni(II) and Co(III) to Co(II). This conversion can
be explained by the following formula:
Ni IIIð Þ þ Co IIIð Þ þ glucose→Ni IIð Þ þ Co IIð Þ þ gluconolactone

Specifically, the NiCoP/GCE illustrates a higher anodic
peak compared with those of Ni2P and CoP GCEs (Fig. S4)

in the presence and absence of glucose. This result suggests
that the enhanced catalytic activity of NiCoP/GCE and the
improved performance of NiCoP may arise from synergistic
effects between Ni and Co to improve the electrochemical
kinetics of glucose oxidation [22]. To gain insights into the
electrochemical kinetics of NiCoP, EIS is utilized to probe the
charge transfer properties of the modified electrodes at the
electrode-electrolyte interface in 0.1 M KCl with
10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6], and the
Nyquist plots are depicted in Fig. S5. The charge transfer
resistance (Rct) of NiCoP/GCE is significantly lower than
those of Ni2P/GCE and CoP/GCE, thereby implying maxi-
mum electrocatalytic activity of NiCoP/GCE [34]. The elec-
trochemical effective areas of differentmodified electrodes are
studied by chronocoulometry method in 0.1 mMK3[Fe(CN)6]
solution containing 1.0 M KCl (Fig. S6a) and can be obtained
according to the Anson equation [35] Q(t) = 2nFAcD1/2 t1/2/
π1/2 + Qdl + Qads, where n is the number of electron transfer
(n = 1), F is Faraday constant, A is the effective area of elec-
trode, c is the concentration of K3[Fe(CN)6] (0.1 mM), D is
the diffusion coefficient of K3[Fe(CN)6] (7.6 *10−6 cm2 s−1),
Qdl and Qads are the double layer charge and Faradaic charge,

Fig. 3 a CV curves of bare GCE and NiCoP/GCE in 0.1 M NaOH in the
absence and presence of 2 mM glucose at scan rate of 50 mV s−1, b CV
curves of NiCoP/GCE in 2 mM glucose at scan rates from 10 to

100 mV s−1, c Corresponding plots of current density vs. the square root
of scan rate, and d Plot of anodic peak current density vs pH for NiCoP/
GCE in 2 mM glucose at scan rate of 50 mV s−1
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respectively. The effective areas of NiCoP/GCE (0.126 cm2),
Ni2P/GCE (0.089 cm2), CoP/GCE (0.102 cm2) and bare GCE
(0.068 cm2) are calculated from the slopes of the straight lines
in Fig. S6b. Evidently, the result represents the larger effective

area of NiCoP/GCE, implying the enhanced electrocatalytic
activity of NiCoP/GCE. Encouraged by the excellent catalytic
activity of NiCoP, the effect of scan rates in the sweep range of
10–100 mV s−1 on the glucose oxidation by NiCoP/GCE is

Fig. 4 a Amperometric responses of NiCoP/GCE at different potential in
0.1 M NaOH with addition of 20 μM, 40 μM, 60 μM, 80 μM, 100 μM,
200 μM, and 300 μM glucose, b amperometric response of NiCoP/GCE
to glucose at 0.50 V, inset is the current response of NiCoP/GCE toward

low concentrations of glucose, c the calibration plot for amperometric
responses of NiCoP/GCE, d amperometric response of NiCoP/GCE
toward addition of glucose and various interfering species in 0.1MNaOH

Table 1 Comparison of sensing
performances of NiCoP
nanocages with other reports on
the non-enzymatic electrochemi-
cal glucose sensors

Electrode Sensitivity
(μA mM−1 cm−2)

Linear Range
(mM)

Determination Limit
(μM) (S/N = 3)

Reference

Cu3P NW/CF – 0.005–1 0.32 [3]

Ni2P NA/CC 7792 0.001–3.0 0.18 [4]

CuOx/NiOy 2043 0.0002–2.5 0.08 [6]

NPG/NiCo2O4

needle
0.3871 0.01–21.24 1 [11]

PtNi alloy 40.17 0.5–40 0.35 [12]

Ni3N NA 39 0.002–7.5 0.48 [17]

Ni2P/G 7234 0.005–1.4 0.44 [19]

Co2P/NPCNTs 338.8 ~ 7 0.88 [20]

NiCoP/Ti 14,586 1–10 0.13 [22]

Pd–NiP 1136 0.5–10.24 0.15 [23]

Pd NPs/Ni-P 242.5 ± 3.28 0.002–4.65 0.91 [24]

CoP 116.8 ~ 5.5 9 [26]

NiCoP Nanocage 6115 0.005–7 0.36 This work
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depicted in Fig. 3b. The peak currents linearly increase with
the square root of the scan rates and have good correlation
coefficient of 0.9989 and 0.9965 (Fig. 3c), which implies that
glucose oxidation by NiCoP is regulated by a diffusion-
controlled process [19, 30]. The influence of pH in the range
of 10–14 on the electrochemical responses of NiCoP toward
2 mM glucose is also investigated. It can be seen in Fig. 3d
that the anodic peak current linearly increases in the pH range
of 10–13. A dramatic increase in anodic current occurs at
pH 14, likely because of the oxygen evolution reaction [4,
19]. Hence, pH 13 is selected for further experiments.

Amperometric response curves are used to investigate the
non-enzymatic glucose sensing performance of NiCoP. Fig.
4a displays the effect of applied potentials in the range of
0.45–0.55 Von the current response of the NiCoP/GCE with
incremental additions of glucose to 0.1 M NaOH. The current
response gradually increases with the rise of potential range
from 0.45 to 0.5 V, but background currents and noise signals
become apparent at 0.55 V. Thus, 0.5 V is adopted in subse-
quent experiments. The amperometric responses of NiCoP/
GCE are recorded by the successive addition of glucose to
0.1 M NaOH at 0.5 V, and the amperometric response of the
NiCoP/GCE toward glucose is displayed in Fig. 4b. The cal-
ibration plot (Fig. 4c) exhibits a linear relationship between
the current response and the glucose concentration range from
0.005 to 7 mM with a correlation coefficient (R2) of 0.9961.
The N iCoP /GCE shows a h i gh s en s i t i v i t y o f
6115 μA mM−1 cm−2 and a low determination limit of
0.36 μM (signal-to-noise ratio S/N = 3). The analytical perfor-
mance of our glucose sensor compares favorably with those of
other previously reported non-enzymatic electrochemical glu-
cose sensors (Table 1).

The selectivity ability of the NiCoP/GCE is examined to
evaluate the selectivity of this non-enzymatic sensor. The am-
perometric responses of the NiCoP/GCE with continuous in-
jection of 1 mM glucose, 0.2 mM fructose (Fru), 0.2 mM
lactose (Lac), 0.2 mM ascorbic acid (AA), 0.2 mM dopamine
(DA), 0.2 mM uric acid (UA), and 1 mM glucose in 0.1 M
NaOH at 0.50 Vare illustrated in Fig. 4d. An obvious and fast
increase in the current response can be observed with the
addition of glucose. By contrast, the increase in current is
negligible after the addition of AA, UA, DA, Fru, and Lac
[3, 4, 32]. In the reproducibility test, six different NiCoP/
GCEs prototypes were investigated with 1 mM glucose in

0.1 M NaOH and the relative standard deviation is only
3.61%, thereby implying the good reproducibility of this sen-
sor. The stability of the NiCoP/GCE is tested by monitoring
the current response of 1 mM glucose for 1 month and the
NiCoP/GCE is stored at room temperature with exposure to
air; only a slight attenuation of 3.72% of the original current is
observed (Fig. S7); this result suggests the excellent stability
of the NiCoP/GCE based sensor.

The potential application of the NiCoP/GCE to clinical
practice is evaluated by detecting glucose in human serum
samples from diabetics. The concentration of each serum sam-
ple is determined via the amperometric response curve by the
addition of the serum sample (100 μL) to 0.1 M NaOH
(10 mL) under stirring at 0.50 V. The concentrations
(Table 2) determined by this sensor are consistent with those
by a commercial glucometer. The P values (Table 2) deter-
mined by the t-test were all higher than 0.05 between the
proposed sensor and glucometer, implying the there was no
obvious difference between the proposed sensor and
glucometer. The results suggest that NiCoP/GCE has potential
applications in non-enzymatic electrochemical sensors for de-
tecting glucose in real human serum samples.

Conclusions

NiCoP nanocages are demonstrated to be highly active
electrocatalysts toward glucose oxidation under alkaline con-
ditions on account of their structural and compositional ad-
vantages. The NiCoP nanocages display enhanced electrocat-
alytic activity for glucose compared with Ni2P and CoP. As a
non-enzymatic glucose sensor, the NiCoP nanocage electrode
shows excellent performance, such as a low determination
limit, high sensitivity, and good selectivity, reproducibility,
and stability. This study provides new perspectives in the de-
sign of efficient catalyst electrode materials for high-
performance sensing applications.
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