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An electrochemical sensor toward nitrite based on Ni foam supported nickel phosphide (NiP/NF) electrode was successfully
fabricated via an in situ electrodeposition strategy. The sensor has exhibited great electrochemical detection ability with a
sensitivity of 1.56 × 10−4 mA μM−1, a linear range from 0.1 to 4000 μM and a detection limit of 0.01 μM (s/n = 3). Moreover,
good stability of the electrodeposited electrode can be ascribed to the in situ growth of NiP onto Ni foam to achieve a binder-free
electrode. The good recovery achieved for nitrite detection in several water samples also reveals its promising practicality.
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The detection of nitrite in drinking water and consumables is a
critical process for preventing major threats to human health. While
integral to normal body functions in low levels, large amounts of
nitrite can lead to poisoning in the short-term and the development
of cancers over an extended period of time,1,2 due to nitrite’s
interference with hemoglobin’s oxygen transport role in the blood by
irreversible binding.3 Current methods for detecting nitrite such as
spectrophotometry and high-performance liquid chromatography are
highly sensitive but cost-prohibitive and difficult to operate outside
of the laboratory.4 Electroanalysis strategy is regarded as a pro-
mising approach to achieve excellent sensitivity and highly selec-
tivity due to molecular redox on the surface of the working
electrode. Electrode modification is of importance for improving
sensitivity and anti-interference performance in this process.5–8

However, conventional electrode modifications were mainly based
on glassy carbon electrode or screen-print electrode.6,9–12 It is
difficult to achieve the modified electrode’s maximum performance
owing to the electrocatalyst is easily peeled off during electroana-
lysis. So, electrocatalyst grown on the electrode can efficiently solve
this problem without any conductive binder through in situ synth-
esis.

Transition metal phosphides have drawn much attention in
electrochemistry recently due to their excellent physicochemical
properties, and facile synthesis process.13 Nickel phosphides (NixPy)
have been successfully implemented as a low-cost, high performance
material in hydrogen evolution reactions (HER) and oxygen evolu-
tion reactions (OER) due to the flexible valence state of phosphorous
and their metalloid properties.13–15 NiP can also participate as an
electrocatalyst in the oxidation of nitrite.12,16 Furthermore, Ni foam,
which is a common, three-dimensional porous metallic material,
offers many benefits as a substrate and electrode owing to its
relatively low cost, high conductivity, and porosity. The porous
structure of Ni foam provides more active sites and robust supports
for efficient reactions at high current densities after
modification.17,18 So, based on the mechanism of nitrite oxidation,
NiP grown on Ni foam through the in situ electrodeposition for
nitrite detection will maximize its exposure to nitrite and allow for a
more sensitive system.

In this work, nickel phosphide was electrodeposited onto nickel
foam as an electrochemical sensor and investigated for aqueous
nitrite detection. Benefitting from the highly conductivity of Ni foam
and excellent electrocatalytic performance of NiP, the working
electrode presented a great detecting performance with the low limit
of detection (0.01 μM, s/n = 3) and a sensitivity of 1.56 × 10−4 mA
μM−1. The stability and anti-interference of the electrodeposited
electrode were also investigated, respectively. The as-prepared
electrochemical sensor was further applied for the determination of
nitrite in real samples.

Experimental

Synthesis of NiP/Ni foam electrode.—The Ni foam (denoted as
NF, area = 1.0 × 2.0 cm2, sheet thickness= 2 mm) was immersed in
1.0 M hydrochloric acid for 20 min and then in ethanol for 15 min
under ultrasonic vibration to remove oxides and other substance,
then it was washed with deionized water for several times. Briefly,
the NF working electrode was immersed into a 50 mL 0.1 M acetate
buffer solution (pH = 7) containing 0.05 M Nickel (II) acetate
(Ni(CH3COO)2) and 0.1 M sodium hypophosphite monohydrate
(NaH2PO2). A saturated Ag/AgCl with KCl solution was used as
the reference electrode, and a Pt wire was employed as the counter
electrode. After 10-cycle CV scanning between −0.3 V and −1.0 V
vs Ag/AgCl at a scan rate of 50 mV s−1, NiP was uniformly
electrodeposited on Ni foam, named as NiP/NF. The washed NF
was used in this work for comparison.

Physical characterizations.—The phase structure of the NiP/NF
was characterized by MiniFlex X-ray diffraction (XRD) using a
RINT 2000 diffractometer (Rigaku Corporation, TX, USA) with Cu
Kα radiation (Cu-Kα radiation wavelength of λ= 1.5406 Å). The
XRD patterns were analyzed with MDI-jade V5.0 software (Rigaku
Corporation). The morphology of the electrodeposited NiP/NF was
observed using the field emission scanning electron microscopy
(Hitachi S-4300N). Energy-dispersive X-ray (EDX, INCA) spectra
were recorded (resolution at 5.9 keV).

Electrochemical measurements.—The electrochemical measure-
ments were carried out using CHI-760E (Texas, USA) workstation.
A conventional three-electrode setting with NF as a working
electrode (2 cm2), Ag/AgCl as a reference electrode (electrolyte:
saturated KCl), and Pt wire as the counter electrode was used. 0.1 M
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phosphate buffers solution (PBS, pH 7.0) was used in the whole
electrochemical tests. Amperometric measurements were performed.
Electrochemical impedance spectroscopy (EIS) measurements were
performed (parameters setting: 10 mV amplitude AC signal, fre-
quency ranging from 100 kHz to 1 Hz) and EIS results were
simulated by Zview software (v. 3.5 h). All potentials employed in
this study were vs Ag/AgCl unless otherwise stated. Compensation
for iR drop was used for all cyclic voltammograms (CVs).

Results and Discussion

As presented in Scheme 1, NiP/NF was prepared by an in situ
electrodeposition route that nickel phosphide was formed from
electrolytes containing Ni(CH3COO)2 and NaH2PO2 under conse-
quent CVs scanning (10-cycle,−0.2 to−1.0 V vs Ag/AgCl) (Fig. S1
is available online at stacks.iop.org/JES/167/146517/mmedia). The
electrodeposited electrode was rinsed and dried in the air after
electrodeposition, then it would be subjected to the next character-
izations, i.e. SEM, EDX, and XRD. Ni foam was also employed in
this study as control studies to evaluate the difference in mor-
phology, structure, and electrochemical performance.

The surface morphology of NiP/NF electrode was observed by
SEM, as shown in Fig. 1a. A typically porous network-like porous
structure was clearly observed for Ni foam, which provided
sufficient internal surface area for material adsorption. After
electrodeposition, NiP was uniformly grown on the surface of Ni
foam through SEM observation. The homogeneous dispersion of Ni
and P was confirmed by the EDX-mapping analysis (inset of Figs. 1a
and S2). Meanwhile, two elements of Ni and P were also detected by
EDX spectrum, as shown in Fig. S2. However, it is difficult to
confirm whether Ni element came from NiP/NF or Ni foam only in
terms of EDX results. So, XRD analysis is used to further
confirmation. Figure 1b depicts the XRD patterns of NiP/NF and
Ni foam. It is easily found that two strong peaks located in 45.25°/
52.56° for Ni foam, and 44.97°/52.28° for NiP/NF, respectively. But
there is a slightly left shift for NiP/NF compared with Ni foam.
Similarly, Song et al. prepared bimetallic phosphides
(CoxNiyP@NF) for hydrogen production,19 and there is a similar
phenomenon that diffraction peak of CoxNiyP@NF around 41° was
shifted to the right with the increasing ratio of cobalt and nickel. The
phenomenon in this study also indicates that the introduction of new
species on the Ni foam will change the original crystalline structure
of Ni foam after electrodeposition, further confirmed that NiP was
successfully electrodeposited on the Ni foam combining previous
SEM and EDX results.

CV, EIS, and amperometric i-t response were employed in this
study for nitrite detection. CV was used to evaluate the electro-
catalytic performance of NiP/NF and Ni foam electrodes. As
displayed in Fig. 2a, Ni foam electrode shows the same current
response in the presence of nitrite or not. However, there is a
catalytic oxidation peak at ∼0.85 V (Fig. 2a) as nitrite added for
NiP/NF electrode and NiP/NF electrode shows larger electroche-
mical surface than that of Ni foam in term of the closed CV areas,

indicating that (i) the introduction of NiP on Ni foam could increase
more active sites for nitrite oxidation, (ii) NiP/NF electrode could
promote fast electron transfer for nitrite oxidation. To further
confirm the above points, CVs of NiP/NF and Ni foam electrodes
in 0.1 M K3Fe(CN)6 with saturated KCl solution were performed
(Fig. S3). It can be seen that reversible redox peaks were obtained at
Ni foam electrode; however, NiP/NF electrode presented a signifi-
cant increase both in anodic and cathodic currents under the same
conditions. The double-layer capacitance (Cdl) was also used to
evaluate the electrochemical surface area of NiP/NF and Ni foam
electrodes here (Fig. S4), which was performed by CV with a series
of scan rates in a narrow potential range (nonfaradaic area, from
−0.2 to −0.3 V). As a result, the Cdl of NiP/NF is larger than that of
Ni foam (Fig. S4c). Not limited to the electrochemical surface area,
active sites can promote the electrochemical oxidation of nitrite, the
conductivity of the working electrode also plays an important role in
electrochemical sensing.20,21 Therefore, EIS was employed here to
study the conductivity of working electrodes (Fig. S4d). After
modeling and simulation (Figs. S5–S6, Table SI), the charge transfer
resistance (Rct) of the working electrodes is calculated by the
diameter of the semicircle in the Nyquist plots. The Rct value of
NiP/NF and Ni foam electrode are 30.79 and 31.27 Ω, respectively.
To some extent, the electrodeposited electrode performed better
conductivity due to the parallel circuit between NiP and Ni foam.

Accordingly, the advantages of NiP/NF employed in this study
were fully presented.

Generally, two electrons of nitrite were transferred in this
electrochemical oxidation as shown in Eq. 1:6,22

+  + +- - +NO H O NO 2H 2e 12 2 3 [ ]

To gain acquaintance with the mechanism of the nitrite oxidation
taking place at NiP/NF electrode, the amperometric i-t response was
performed. Figure S7 depicts the amperometric i-t response of NiP/
NF electrode in 1.0 mM of nitrite. The relationship between current
and against minus square root of time tends to a straight line with the
calibration equation of I/mA = 0.1x + 0.099 (R2 = 0.995), as
presented in Fig. 2b. It is verified that the oxidation of nitrite on the
NiP/NF electrode is a typical diffusion-controlled process.6

Therefore, amperometry was suited to the electrochemical detection
of nitrite in the next electrochemical measurements.

Encouraged by the above results, electrochemical detection of
nitrite under mild conditions was investigated over the NiP/NF
electrode. Prior to using NiP/NF to detect nitrite, the applied
potential needs to be optimized due to different potentials that
have a non-negligible impact on electroanalysis.6 Then, the opti-
mized potential (0.8 V vs Ag/AgCl) was selected for the electro-
chemical determination of nitrite in this work (Fig. S8). The
amperometric response of NiP/NF electrode with the successive
addition of nitrite under an optimized potential of 0.8 V under
stirring was studied and the result is shown in Fig. 3a. When a
certain amount of nitrite was added to the PBS solution, the fast
attainment of a steady-state condition was observed. The calibration

Scheme 1. Illustration of preparation of NiP/Ni foam via electrodeposition method.
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Figure 1. (a) SEM image of NiP/NF, inset: EDX mapping of NiP/NF; (b) XRD patterns of Ni foam (blue line) and NiP/NF (red line).

Figure 2. (a) CV curves of NiP/NF and Ni foam in absence and presence of nitrite in 0.1 M PBS; (b) The relationship of current and the time (t−1/2) which
derived from the amperometric i-t response (Fig. S7, test conditions: 0.1 M PBS (pH 7.0) containing 1.0 mM of nitrite under an applied potential of 0.8 V).

Figure 3. (a) Amperometric responses of nitrite on NiP/NF upon successive addition of nitrite to 0.1 M PBS (pH 7.0) under an applied potential of 0.8 V; (b)
The comparison of Nyquist plots of NiP/NF between before and after nitrite detection.
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curve for the nitrite detection obtained from the amperometric curve
is shown in Fig. S9. The electrodeposited electrode showed a good
linear relationship between current and nitrite concentration with
calibration curves (I/A = 0.540x/A μM−1 + 0.0014, x ∈ 0.1–-
500 μM) and I/A = 0.156 y/A μM−1 + 0.00154, y ∈ 500–-
4000.0 μM) with a correlation coefficient of 0.989 and 0.999,
respectively. The limit of detection (LOD) were calculated as
0.02 μM and 0.01 μM (s/n = 3). To further access the detective
performance of the electrodeposited electrode over nitrite sensing,
the comparison of our study with other recent reports was conducted,
as listed in Table SII. Apparently, the NiP/NF electrode presented a
decent performance towards electrochemically nitrite detection.

In addition, the NiP/NF electrode also needs excellent selectivity
toward common interfering before the practical application. To
evaluate the selectivity of NiP/NF electrode toward nitrite detection,
the influence of interfering species was tested by amperometry test
with the same set of Fig. 3a. Different substances, such as NaNO3,
CH3COONa, KCl, Cu2SO4, dopamine, and glucose at a concentra-
tion of 100-fold as much as of nitrite (5.0 μM), were used for the
interfering test. As presented in Fig. S10, the current increases
immediately upon the introduction of nitrite, whereas the successive
addition of interferes did not produce any significantly current
alteration. In addition, further injection of 5.0 μM nitrite results in
the same stair-like current response as the previous nitrite addition.
The results indicate that the presence of these coexisting species
does not influence nitrite detection. The stability is another important
index of the electrochemical sensor for practical applications. As can
be seen from Fig. 3b, the Rct value of NiP/NF (27.38 Ω, Fig. S11)
after nitrite detection is almost no change compared to before
electrochemical measurements (30.79 Ω). Moreover, its current
signal is also kept relatively stable after 10 h i-t test (Fig. S12).
These results concluded that the electrodeposited NiP/NF electrode
possessed good electrochemical selectivity and stability toward
nitrite detection.

To evaluate the reliability and efficiency of the NiP/NF for
practical application, the relative standard deviation (RSD) for three
individual NiP/NF was calculated by sensing a series concentration
of nitrite (0.5 μM, 200 μM and 1000 μM) with the same method in
the 0.1 M PBS and drinking water. All the water samples were
received pretreatment before detection. As shown in Table SIII (n =
3), all results from drinking water are in good agreement with
standard samples’ results in 0.1 M PBS. The RSD of the current
response was low than 4.5% with good recovery, indicating that the
electrodeposited electrode has good reproducibility.

Conclusions

In summary, an electrochemical sensor toward nitrite based on Ni
foam-supported nickel phosphide electrode was successfully fabri-
cated via an in situ electrodeposition strategy. The sensor has
exhibited great electrochemical detection ability with a sensitivity
of 1.56 × 10−4 mA μM−1, a linear range from 0.1 to 4000 μM and a
detection limit of 0.01 μM (s/n= 3). These good performances can
be attributed to the simple in situ electrodeposition and great
electrocatalytic performance of NiP. Moreover, good stability of
the electrodeposited electrode can be ascribed to the in situ growth
route to construct a binder-free electrode. These results provide a
new way to fabricate a novel electrochemical nitrite sensor. Further
works will be carried out to investigate the properties of M-P, (M
refers to Fe, Co, Mn, Cu, etc.) to detect nitrite.
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