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Hierarchical porous NiCo2O4 array grown on Ni foam (NiCo2O4/NF) was synthesized by a facile one-

step hydrothermal reaction and then directly applied as the binder-free electrode of electrochemical 

sensor. Impressively, the NiCo2O4/NF exhibited rapid detection and high sensitivity for simultaneous 

electrochemical detection of copper and mercury ions, in which the sensitivity was about 29.8μA/μM 

and 23.7μA/μM, respectively. Moreover, it also showed good repeatability and long-term stability 

(2.4% decrease in response over 10 testing times and 30 days). This work did not only provided a 

facile method of synthesis hierarchical porous NiCo2O4/NF, but also proved that the hierarchical 

porous layered double hydroxides could be applied in simultaneous electrochemical detection of heavy 

metal ions. 
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1. INTRODUCTION 

It was well-know that environmental issues were one of the biggest global challenges in the 

new century[1]. Especially, with the rapid growth of worldwide industry, heavy metal ions in water 

have already become serious problem, which affected the human healthy and the survival environment 

of creatures[2]. Therefore, sensitive determination of toxic heavy metal ions with a cost-effective and 

convenient procedure was paramount important. Electrochemical detection method has attracted lots of 

interests due to its simplicity, low cost and high sensitivity comparing to other methods[3-4]. So, the 

development of nanomaterials based sensor was the key for the application of electrochemical 
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detection method[3-10]. Although a lot of works have reported on electrochemical detection heavy 

metal ions, only a few works reported the simultaneous electrochemical sensing several target metal 

ions[10]. In recent years, spinel nickel cobaltite (NiCo2O4) nanomaterials have attracted increasing 

attention in electrode material of energy storage and electrochemical analytical science due to be high 

electrochemical activity, low cost, environmental friendliness and abundant resources[11-17]. 

Generally, electrode materials with hierarchical porous array structures exhibited higher 

electrochemical performance comparing to powder or others array structures[18-20]. However, up to 

now, the electrochemical sensors based on hierarchical porous NiCo2O4 array were few reported, 

especially for simultaneous electrochemical sensing several target metal ions in water.    

In this work, hierarchical porous NiCo2O4/NF was synthesized by facile hydrothermal and 

thermal decomposition process and was directly applied in heavy metal sensor. This work firstly 

explored the application of NiCo2O4/NF in the simultaneous electrochemical detection of heavy metals 

ion. Moreover, it revealed high sensitivity, low detection limit for simultaneous electrochemical 

detection heavy metals, which was expected to application in the future. 

 

 

2. EXPERIMENT 

2.1 Preparation of hierarchical NiCo2O4/NF 

NiCo2O4/NF was synthesized via a one-step hydrothermal approach followed by annealing in 

air. All chemical reagents were of analytical purity and use without further purification. The Ni foam 

(approximately 1.0cm×2.0cm) were cleaned by ultrasonication in 3 M HCl aqueous solution to remove 

the NiO layer, then washed carefully with absolute ethanol and deionized water for 30.0min. In a 

typical procedure, Co(NO3)2·6H2O (0.384g,1.32mmol), Ni(NO3)2·6H2O(0.192g, 0.366mmol), 

urea(1.204g, 20.0mmol), NH4F(0.296g, 8.0mmol) were dissolved in deionized water (40.0ml), and 

stirred to form a homogeneous pink solution. Then the solution and the Ni foam was transferred into 

50.0ml Teflon-lined stainless steel autoclave.The temperature of hydrothermal was set at 100.0℃ for 

6.0h. After it was cooled down to room temperature, the red product on Ni foam was taken out and 

then washed with deionized water and ethanol, dried at 60.0℃ for 12.0h, and then  calcined at 300.0℃ 

in air for 2.0h.   

 

2.2 Material characterization 

The crystalline structure of the product was examined by a Bruker D8 Avance X-ray 

diffractometer using Cu Ka radiation at a scan rate of 5
o
/min.  

The morphology of product was investigated by a field emission transmission electron 

microscope (TEM, JEOL 2100) and by a field emission scanning electron microscope (FESEM, 

Hitachi S-4800). The element composition was characterized by a Horiba EX-250 X-ray energy-

dispersive spectrometer (EDS) associated with SEM.  

The Cu and Hg element in water was determination by an ICP-MS (Elan DRC II, Perkin 

Elmer, 
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Norwalk, CT). The ICP operating conditions were shown in following: RF power of 1100W, Ar 

nebulizer gas flow of 0.6-0.9L min
-1

 and Scan mode of Peak hopping. 

 

2.3 Electrochemical characterization  

All electrochemical measurements (electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV) and differential SWASV) were performed on a CHI1140A electrochemical 

workstation (CHI110, Austin, TX). The NiCo2O4/NF with 1.0cm×2.0cm, Pt-wire and Ag/AgCl 

electrodes were used as working, counter and reference electrodes, respectively. All electrochemical 

measurements were carried out at room temperature.  

Hg (II) and Cu(II)  were analyzed by differential SWASV. A preconditioning of the 

NiCo2O4/NF was carried out before each analysis by recording ten CV from 0 to +0.8V at a scan rate 

of 100.0mV s
-1

 in electrolyte solution (0.1M HCl). The NiCo2O4/NF  was immersed in 25.0mL 

magnetically stirred standard solution or sample and Hg (II) and Cu(II) were reduced to Hg (0) and Cu 

(0)  by applying a potential of -1.1V for 180.0s. Then, the electrode was rinsed with distilled water and 

transferred to another cell that contained of 25.0mL 0.1M HCl. Hg (II) and Cu(II) analysis was carried 

out by SWASV from -1.1V to 0.8V with 10.0mV s
-1

 scan rate, 25.0mV modulation amplitude, 50.0ms 

modulation time and 5.0mV step potential.  

 

3. RESULT AND DISCUSSION 

 
 

Figure 1. (A) XRD and (B) EDS spectrum of NiCo2O4/NF. 

 

The XRD of NiCo2O4/NF was firstly characterized as shown in Fig.1A. It clearly showed three 

sharp peaks at 44.4
o
, 51.8

o
 and 76.3

o
, corresponding to the diffractions of (111), (200) and (220) planes 

of Ni, respectively (JCPDS card No. 04-0850) [21]. In addition to this, there was others diffraction 

peaks at 18.9
o
, 30.8

o
, 36.8

o
, 59.0

o
 and 64.8

o
, which were assigned to (111), (220), (311), (511) and 

(440) planes of NiCo2O4, respectively (JCPDS card No. 73-1702) [11]. These results indicated the 

formation of NiCo2O4/NF. To determine the elemental compositions of NiCo2O4 grown on Ni foam, 

energy dispersive spectroscopy (EDS) analysis was also carried out as shown in Fig. 1B. The pattern 

20 40 60 80
200

400

600

800

☆☆
☆☆

▲

▲

▲

☆

Ni foam ▲
NiCo

2
O

4
 ☆

 

 

In
te

n
s
it
y
(a

.u
)

2Theta/
o

A 

0 1 2 3 4 5 6 7 8 9
keV

0

10

20

30

40

50

60
 cps/eV

  C   O   Co   Co   Ni 
  Ni 

B 

http://www.sciencedirect.com/science/article/pii/S0013468615000808#fig0015


Int. J. Electrochem. Sci., Vol. 13, 2018 

  

545 

peaks of Co, Ni and O were clearly observed in the spectrum, indicating the existence of the elements. 

Moreover, the corresponding molar ratio of Ni:Co:O was determined to be about 1.00:1.98:4.05, which 

was consistent with the formula of NiCo2O4[17]. The EDS results further confirmed the formation of 

NiCo2O4/NF.                                                  

The microstructure of NiCo2O4/NF was characterized by the SEM images as shown in Fig.2A-

C. It clearly showed lots of microflowers with a average diameter of 11.0μm, which uniformly grew on 

the backbones of the Ni foam as shown in Fig.2A-B. By a closer examination, the microfolwers were 

composed of 2D nanosheets with the thickness and diameter of about 50.5nm and 2.0μm, respectively 

as shown in Fig.2C. To further confirm the architecture of NiCo2O4 microflowers grown on Ni foam 

composed of nanosheets, which was further characterized by the TEM image as shown in Fig.2D. It 

displayed a view of a whole nansheets. At the same time, it was a single nanocrystal, which showed 

polycrystalline in nature. These results confirmed the formation of hierarchical porous NiCo2O4 

microflower array grown on Ni foam. The hierarchical porous array provided more channels and active 

surface area for penetrating metal ions to the inner of active materials and thus accelerating the 

interfacial reaction with active materials. These were benefit to improve the properties of 

electrochemical detection[22]. 

 

 
    
Figure 2. (A-C) SEM images of the NiCo2O4/NF, (D) TEM image of the NiCo2O4 nanosheet. The 

inset of (D) was the SAED pattern of NiCo2O4 nanosheet. 

 

The CV responses of pure Ni foam and NiCo2O4/NF  were displayed and compared in Fig.3A  . 

It clearly showed that the anodic and cathodic peak currents of the NiCo2O4/NF were higher than that 

of the pure Ni foam. The result was contributed to the NiCo2O4 grown on Ni foam [18]. In addition to 
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this, the result also suggested that the NiCo2O4/NF was better electrochemical catalytic behavior and 

promotion of electron transfer process comparing to pure Ni foam. The interface property of the pure 

Ni foam and NiCo2O4/NF was also characterized and compared by the EIS spectrum as shown in 

Fig.3B. The equivalent series resistance (ESR) of NiCo2O4/NF was slight red shit comparing to pure 

Ni foam. Yet, the charge transfer resistance (Rct) of NiCo2O4/NF obviously increased comparing to 

the pure Ni foam. These results suggested that the NiCo2O4 coatings resulted in larger ohmic drop with 

respect to the pure Ni foam [23].                          

 

 
 

Figure  3. (A) cyclic voltammetric responses and (B) electrochemical impedance spectra of (a) pure Ni 

foam and (b) NiCo2O4/NF. 

 

Under the optimal experimental conditions, Hg(II) and Cu(II) was simultaneously determined 

on NiCo2O4/NF using SWASV as shown in Fig.4. Fig.4A clearly showed the SWASV response of the 

NiCo2O4/NF toward Hg(II) and Cu(II) over the concentration range of 0.8 to 2.8 μM. The calibration 

plot of Hg(II) and Cu(II) was futher calculated as shown in Fig.4B, in which  the peak currents 

increased linearly versus the Hg(II) and Cu(II) concentrations. The limit of detection (LOD) for 

simultaneous detection Hg(II) and Cu(II) was about 0.00991μM and 0.0115μM (3σ method), 

respectively. Moreover, the high sensitivity (ca.29.8 µA/µM and 23.7µA/µM) of simultaneous 

detection Hg(II) and Cu(II)  was obtained, respectively.. These results indicated that the Hg (II) and 

Cu(II) ions in water could be simultaneously detected in complex samples with minimum interference. 

By comparing the  sensitivity and LOD of other electrodes based on Ni foam or NiCo2O4 for  

electrochemcial detection, it was found that the NiCo2O4/NF exhibited largest  sensitivity as shown in 

Table 1. These results demonstrated that the NiCo2O4/NF could be as free-standing electrochemical 

electrode applied in simultaneous electrochemical detection of Hg and Cu heavy metal ions. 

Futhermore, it showed high sensitivity for simultaneous electrochemical detection of Hg and Cu ions 

in water.  The  simultaneous electrochemical detection property might be attributed to that a couple of 

redox  reaction of Co
3+

/Co
4+

 and Ni
2+

/Ni
3+

 transitions associated with metal ions was reversible. And 

the high high sensitivity was attributed to the hierarchical porous structure of NiCo2O4 grown on Ni 

foam , which could offer a large active surface area and more active sites to be accessed by metal ion, 

and enabled rapid ion transport. 
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Figure 4. (A)SWASV responses and (B) the corresponding calibration plots of NiCo2O4/NF towards 

Hg(II) and Cu(II) at different concentrations in 0.1 M HCl solution. 

 

Table 1. Comparison of current sensitivity and LOD with previously reported values of different 

electrodes. 

 

Electrodes   Sensitivity 

(µA/µM) 

LOD (µM) Detection 

materials 

Ref. 

NiCo2O4/NF 

(Simultaneous) 

29.8 0.00991µM Hg(II) present 

23.7 0.0115μM Cu(II) 

SnO2/RGO powder 

(Simultaneous) 

2.713 0.1220nM Hg(II) [24] 

9.664 0.03390nM Cu(II) 

(Co,Mn)3O4/Ni 

foam 

6.91 0.013µM Hg(II) [19] 

Ag/rGO foam 8.0   0.11 µM  Hg(II) [18] 

NiCo2O4/citrate 

powder 

0.2397 5.4pM Eugenol [17] 

NiCo2O4/Au/organic 

molecules powder 

----- 0.5pg/ml Immunosen

sor 

[16] 

 

Generally, the metal oxides powder were coated on the glass carbon electrode for 

electrochemical detection, which showed poor stability[23]. The problem restricted its practical 

applications. Here, the stability of NiCo2O4/NF for electrochemical detection was evaluated by 

SWASV responses toward Hg(II) solution with the concentration 0.9μM as function of  cycling  test 

and storage time as shown in Fig.5A. It clearly showed that the peak current slightly changed with 

increase in cycling test and storage time. Furthermore, it became stable after 10 cycling tests and 
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storage 30 days, in which the peak current only  decerased to be 2.4% comparing to initial peak 

current. The result suggested that the NiCo2O4/NF  with hierarchical porous structure exhibited a good 

cycling stability and long-term durability [24]. The good cycling stability and long-term durability was 

showed following two reasons. (1) NiCo2O4  was grew on Ni foam, which had strong interface 

between active materials and electrode, (2) the NiCo2O4  was hierarchical porous structure, which 

provided the free volume for cubic expansion of active materials during electrochemical process. In 

order to confirm mechanism of high cycling stability, the EIS of NiCo2O4/NF before and after 10 

cycling tests was also determined and compared as shown in Fig.5B. There was slight change in ESR 

and Rct before and after 10 cycling tests. The result indicated that the effect of cycling tests on 

structure of the NiCo2O4/NF was slight.  

 

 
 

Figure 5. (A) SWASV responses and (B) EIS of NiCo2O4/NF toward Hg(II) from 1st cycle to 10th 

cycle. 

To demonstrate the practical application of the NiCo2O4/NF, Cu(II) and Hg(II) with known 

amount was added to tap and lake water. The two samples were filtered through a 0.3μm membrane 

before detection. In a comparison, the two samples were also analysis by inductively coupled plasma 

technology (ICP). These results were concluded and compared in Table 2, in which the 

electrochemical analysis (EA) results were statistical data for five determinations. It clearly showed 

that the EA results were similar with the ICP results, which was generally to determine the 

concentration of metal in water. Furthermore, the average recoveries of Cu(II) and Hg(II) ranged from 

100.8% to 96.0% and 110.0% to 104.6%, respectively. These results indicated that the NiCo2O4/NF as 

electrode of electrochemical sensor was good accuracy for simultaneous detection Cu(II) and Hg(II) in 

the real-world samples.  

 

Table 2. Simultaneous determination of Cu(II) and Hg(II) in water samples   

 Sample Added (μM) ICP result (μM) EA result (μM) Recovery (%)  

Tap water Cu(II) 0.5 0.49 0.48±0.03 96.0 

Hg(II) 0.1 0.10 0.11±0.02 110.0 

Lake water Cu(II) 2.5 2.46 2.52±0.13 100.8 

Hg(II) 3.0 3.10 3.14±0.11 104.6 
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4. CONCLUSION 

Hierarchical porous NiCo2O4/NF was successfully synthesized by a one-step hydrothermal 

approach. Furthermore, it could act as the binder-free electrode for the simultaneous detection of 

Hg(II) and Cu(II) due to be reversible redox  reaction of Co
3+

/Co
4+

 and Ni
2+

/Ni
3+

 transitions associated 

with metal ions. And it showed simultaneously high sensitivity of 29.8μA/μM and 23.7μA/μM due to 

be Hierarchical porous structure.These findings provided a new ground  to design and preparation 

electrode materials for simultaneous electrochemical sensing several target metal ions in real water.  
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