
ORIGINAL PAPER

Synthesis of mesoporous NiO nanosheet and its application
on mercury (II) sensor

Zhengcui Wu & Lidan Jiang & Yanan Zhu &

Chengrong Xu & Yin Ye & Xiuhua Wang

Received: 3 January 2012 /Revised: 27 March 2012 /Accepted: 8 April 2012 /Published online: 8 May 2012
# Springer-Verlag 2012

Abstract NiO nanosheets with uniformly distributed mes-
oporosity were successfully synthesized on a large scale by
calcination of β-Ni(OH)2 nanosheet precursor, which was
simply prepared using 1,6-hexanediamine-assisted solution
approach. The as-prepared mesoporous NiO nanosheets
have been introduced for the first time for the sensing of
mercury ions, which were found to be useful for selective
electrochemical detection of Hg2+ with a linear range of 0.8
to 500 μM in pH 6.0 phosphate-buffered solutions, provid-
ing us another opportunity for exploring new electrochem-
ical application of NiO nanomaterials.
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Introduction

Over the last decade, there has been a considerable interest
in trace detection of heavy metal ions especially Hg2+ in
aquatic ecosystems due to its threat in the environment and
the severe effects on human health even in very low con-
centrations. As mercury can accumulate in the vital organs
and tissues to bind with sulfur-containing proteins and
enzymes, some important cell functions are inactivated
which lead to a wide variety of diseases [1]. Therefore, it

is highly desirable to develop simple and practical assays to
detect Hg2+. There have been numerous reports on optical
Hg2+ detection by using Hg2+-sensitive fluorophores or
chromophores. However, most of these methods rely on
optical techniques, such as colorimetry [2–4], fluorescence
[5–7], and fluorescence polarization [8]. Compared with an
optical instrument, electrochemical devices are relatively
cost-effective and miniaturizable, so they are very attractive
for trace analysis of heavy metals with high sensitivity,
selectivity, short analysis time, and low power consumption,
making electrochemical method being emerged as a prefer-
able alternative [9–23].

Recent trends in development of biosensors have increas-
ingly emphasized on the application of various nanomaterials
to improve their analytical performance due to their small size,
large surface area, high surface reaction activity, high catalytic
efficiency, and corresponding potential electronic and chemi-
cal properties [24]. As for electrochemical sensors of Hg2+,
some of the recent research papers are focused on electro-
chemical detection using gold nanoparticles (AuNPs) with
biomolecular modification, such as self-assembling AuNPs
with urease modification [9], AuNP-based thymine–Hg2+–
thymine complexes [10], AuNP-based DNA probe [11],
AuNP-based oligonucleotide [12], and amino acid-
functionalized AuNPs [13]. Other research papers include
AuNPs/carbon nanotube composites [14], AuNP–graphene
hybrid nanocomposite [15], three-dimensional gold micro-/
nanopore arrays containing 2-mercaptobenzothiazole [16],
bimetallic Au-Pt nanoparticles/organic nanofibers [17],
5-mercapto-1-methyl-1-H-tetrazole functionalized silica films
[18], multiwalled carbon nanotubes-ionic liquid-carbon paste
electrode [19], and thiol functionalized chitosan-multiwalled
carbon nanotubes nanocomposite film electrode [20]. Only a
few examples of metal oxide nanomaterials for detection of
Hg2+ have been reported [21–23]. Considering their
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potentially good electrochemical properties with easily con-
trolled sizes and morphologies at low cost, it is of great
significance to develop electrochemical sensors based on met-
al oxide nanomaterials for selective detection of Hg2+ in low
concentrations. Nickel oxide (NiO), as one of the most impor-
tant transition metal oxides with environment-friendly nature,
has received increasing attention due to its extensive applica-
tions, especially as a catalyst [25], lithium ion battery’s elec-
trode materials [26], antimicrobial agents [27], supercapacitor
electrodes [28–31], and toxic gas sensor [32]. Recently, po-
rous materials have received broad attention due to their
fascinating properties, such as high specific surface area for
adsorption, dense activated sites for interaction, and multiple
tunnels for diffusion and transfer. Nanostructural porousmate-
rials have been of particular interest because of their enhanced
performance compared with their bulk counterparts. There
have been great efforts for the synthesis of different NiO
porous nanostructures including porous nano/microspheres
[29], hollow microspheres and tubular [30], nanoslices, nano-
plates, and nanocolumns [31], nanoflakes [32], nanosheets
[33], nanofibers [34], and ordered mesoporous NiO [35]. It
has been shown that the electrochemical performance of NiO
nanocrystals largely depends on its microstructure, surface
area, and the presence of dopants [35–39], suggesting that
the development of controlled syntheses of NiO nanostruc-
tures with the desired features, e.g., high electronic conduc-
tivity, low diffusion resistance to protons/cations, and high
electroactive area, is of paramount importance [31]. In this
paper, we designed an electrochemical sensor based on mes-
oporous NiO nanosheets and chitosan (CH) composite system
for detection of Hg2+, which exhibits higher catalytic effect on
Hg2+ than CuO sub-microstructures that we recently reported
[22]. The proposed method is simple, fast, reproducible, and
cost-effective for the electrochemical determination of Hg2+.
Moreover, high sensitivity and selectivity, even at low con-
centrations, could be obtained. To the best of our knowledge,
there is no report before on the design of a glassy carbon
electrode based on NiO nanocomposite system for mercury
determination. Therefore, it was our motivation to construct
such nanocomposite electrode to reach higher sensitivity,
selectivity, and also lower detection limit for Hg2+ determina-
tion, providing us another opportunity for exploring new
electrochemical application of NiO nanomaterials.

Experimental

Reagents and apparatus

All of the chemical reagents were of analytical grade and
used as received without any further purification. To study
the electrochemical property of the product, stock solution
of HgCl2 was prepared by directly dissolving HgCl2 in

double distilled water. Phosphate buffer solutions (0.10 M)
with various pH values from 5.0 to 7.5 were prepared with
Na2HPO4, NaH2PO4, and KCl. All solutions were prepared
with double distilled water.

Electrochemical experiments were performed with
CHI660B electrochemical analyzer (ChenHua Instruments
Co. Ltd., Shanghai, China) with a conventional three-
electrode cell. The working electrode was as-prepared mes-
oporous NiO nanosheets-CH modified glassy carbon elec-
trode (NiO-CH/GCE). A Hg/Hg2Cl2 (saturated KCl) and a
platinum wire electrode were used as the reference and the
auxiliary electrode, respectively. Prior to each experiment,
solutions were purged with purified nitrogen for 15 min to
remove oxygen and maintained under a nitrogen atmosphere
during the course of the electrochemical experiment.

Synthesis and characterization of mesoporous NiO
nanosheets

In a typical synthesis, 1 mmol of NiC2H6O4·4H2O was dis-
solved in 30 mL of distilled water under constant stirring,
followed by the addition of 3 mL of 1,6-hexanediamine which
was preliminarily melted at 50 °C in an oven. Then, the
solution was loaded into a 50-mL Teflon-lined stainless steel
autoclave and maintained at 150 °C for 12 h, and allowed to
cool to room temperature naturally. The green precipitate was
collected by centrifugation and washed with distilled water
and ethanol for several times and then dried in a vacuum at
40 °C for 12 h. Afterward, the product was placed in a crucible
and carefully heated up from room temperature to 400 °C at
the rate of 5 °C/min and then maintained at 400 °C for 1 h in
air. Finally, the product was collected.

X-ray powder diffraction (XRD) patterns of the products
were recorded on a Shimadzu XRD-6000 X-ray diffractometer
at a scanning rate of 0.05 s−1 with a 2θ range from 10° to 70°,
with high-intensity Cu Kα radiation (λ00.154060 nm). Field
emission scanning electronmicroscope (FESEM) images were
obtained on a Hitachi S-4800 field emission scanning electron
microscope operated at an accelerating voltage of 5.0 kV.
Transmission electron microscopy (TEM) analysis was used
JEOL 2010 with an accelerating voltage of 200 kV. Brunauer–
Emmett–Teller (BET) nitrogen adsorption–desorption was
measured using a Micromeritics ASAP 2020 accelerated sur-
face area and porosimetry system. Thermal gravimetric analy-
sis (TGA) of the as-synthesized sample was carried out on a
Shimadzu DTG-60A thermal analyzer at a heating rate of
10 °C/min from room temperature to 400 °C in air.

Electrode modification

The modified electrode was prepared as we previously
reported [22]. Brifly, CH (50 mg) was dissolved in solution
of 0.5 % HAc (10 mL) under stirring, and then mesoporous
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NiO nanosheets (10 mg) were dissolved in chitosan solu-
tion. Next, 10 μL of the NiO-CH solution was dropped onto
the surface of cleaned GCE and dried in air. The other
modified electrodes were similarly prepared as above.

Results and discussion

Characterization of the product

The morphology and size of as-prepared precursor were first
characterized with FESEM. Figure 1a displays a panoramic
FESEM image of the precursor prepared by 1,6-hexanedi-
amine-assisted solution approach, which shows the sample
as large-scale nanosheets with an average length of 30–
45 nm and width of 45–65 nm. Figure 1a shows that the
product which consists entirely of such nanosheet structures
with almost 100 % high yield can be easily achieved with
this simple and easily controlled approach. The corresponding
TEM image in Fig. 1b further clearly identified the nanosheet
structures of the sample. The XRD pattern in Fig. 2a shows
the diffraction peaks of the hexagonal phase of β-Ni(OH)2
(JCPDS card, no. 74–2075) with lattice parameters of a0
3.136 Å and c04.620 Å, suggesting the high crystallinity
and high purity of the product.

The following calcination process was designed to create
the porosity on the nanosheets. As expected, mesoporous
NiO nanosheets have been prepared via calcining β-Ni
(OH)2 nanosheet precursor. Figure 2b shows the XRD pat-
tern of the as-obtained product after calcination, and the
diffraction peaks are in good agreement with the standard
XRD pattern of the pure cubic phase of NiO (JCPDS card,
no. 73–1523) with lattice parameters of a04.180 Å,

indicating that the pure phase of NiO can be obtained by
calcining β-Ni(OH)2 precursor. FESEM and TEM images
of the calcination product are shown in Fig. 1c–e. The
FESEM image in Fig. 1c indicates that the as-obtained
NiO sample basically remains in a sheet-like morphology
with a smaller size, average length of 25–40 nm and width
of 40–60 nm, compared with that of the precursor before
calcination, indicating a little shrinkage of the product after
calcination. As seen from the TEM images in Fig. 1d and e,
the honeycomb-like mesoporous nanostructures on the nano-
sheets were clearly presented, and the diameter of the meso-
porosity was about 4–10 nm.

Such NiO nanosheets possess mesoporous structures also
evidenced by the nitrogen sorption experiment (Fig. 3). The
isotherm of the sample can be categorized as type IV, with a
distinct hysteresis loop observed in the range of 0.45–1.0P/
P0. The measurement shows that the BET surface area is
67.4 m2/g, which is higher than that of nanoplates (20.2 m2/
g) and nanoslices (11.4 m2/g) [31], and compares favorably
with hollow tubular (69 m2/g) [30], and there are two porous
central distributions, one at 5.2 nm and the other at 31.5 nm
(Fig. 3, inset), which are due to the mesoporosity in NiO
nanosheets and the irregular packing of nanosheets. Such
porous structure provides efficient transport pathways, leading
to high accessibility and adsorptivity of Hg2+, enhancing the
sensing functionality in terms of the sensitivity.

TGA was carried out in air to analyze the dehydration
process of the β-Ni(OH)2 precursor. The TGA curve of the
sample shows a weight loss of 17.6 % related to the proce-
dure of dehydration [Electronic supplementary material
(ESM) Fig. S1] that is believed to correspond to the release
of water in the crystals, close to the theoretical calculations
(19.4 %) according to the stoichiometry.

Fig. 1 FESEM and TEM images of as-prepared β-Ni(OH)2 nano-
sheets and mesoporous NiO nanosheets. a, b FESEM image and
TEM image of the β-Ni(OH)2 nanosheets. c–e FESEM image and
TEM images of the mesoporous NiO nanosheets. The dotted circles
in (e) are used to highlight the mesopores in the NiO nanosheets

Fig. 2 XRD patterns of a the β-Ni(OH)2 nanosheets and b the mes-
oporous NiO nanosheets
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spectroscopy (EIS) was done. In electrochemical imped-
ance spectroscopy, the impedance spectrum includes a
semicircle portion at high frequencies corresponding to
the electron transfer-limited process and a linear part at
the low frequencies resulting from the diffusion-limited
electrochemical process. The semicircle diameter of EIS
equals the electron transfer resistance (Ret). This resis-
tance exhibited the electron transfer resistance of the
modified layer, which showed its blocking behavior of
the electrode. The increase or decrease in its value
exactly characterized the modification of electrode sur-
face [40]. ESM Fig. S2 exhibits the impedance spectros-
copies of different electrodes. After the β-Ni(OH)2
nanosheets or the mesoporous NiO nanosheets and chi-
tosan were modified onto the GCE (curve a and b), the
semicircle diameter of EIS, Ret, increased compared
with the bare glassy carbon electrode (curve c), and
the impedance changes of the modification process
showed that the as-prepared nanomaterials had attached
to the electrode surface. At the same time, the Ret is
different when different nanomaterials modified onto the
glassy carbon electrode. The Ret of the β-Ni(OH)2
nanosheets is larger than that of the mesoporous NiO
nanosheets, which meant that the electron transfer abil-
ity of the mesoporous NiO nanosheets is larger than that
of the β-Ni(OH)2 nanosheets. The modification using
different materials could be further confirmed using
cyclic voltammograms of Fe(CN)6

3−/4− (ESM Fig. S3).
It is clear that a decrease in the amperometric response
and an increase in the peak-to-peak separation between
the cathodic and anodic waves of the redox probe
compared to that of GCE after modification using the
NiO-CH and β-Ni(OH)2-CH, accounting for the electron

Fig. 3 Nitrogen adsorption–desorption isotherm of the mesoporous
NiO nanosheet sample. The inset is its BJH pore-size distribution curve

Fig. 4 Cyclic voltammograms of 20 μM Hg2+ on a bare GCE, b CH/
GCE, c β-Ni(OH)2-CH/GCE, d NiO/GCE, and e NiO-CH/GCE in
phosphate buffer solutions (pH06.0). Scan rate, 100 mV s−1
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Electrochemical activity of the Hg2+ on NiO-CH/GCE

Cyclic voltammetry (CV) was a useful tool to evaluate
the performance of NiO-CH/GCE. Figure 4 showed the
CVs of the different modified electrode recorded in
0.1 M phosphate-buffered solutions (pH06.0) in the
presence of 20 μM Hg2+. There was a faintness oxida-
tion peak occurring at voltammetric curves using bare
GCE (Fig. 4 curve a) but not had homologous reduction
peak scanning between 0.4 and –0.4 V. This result
indicated that the electrochemical process of Hg2+ on
bare GCE was hard and irreversible. On CH/GCE, the
oxidation current increased obviously (Fig. 4 curve b),
but still not had homologous reduction peak. While on
β-Ni(OH)2-CH/GCE, NiO/GCE, or NiO-CH/GCE
(Fig. 4 curve c–e), not only the oxidation peak current
increased and slightly shifted positively to 0.15 V but
also the reduction peak was present at 0.06 V. The
electrochemical process of Hg2+ on β-Ni(OH)2-CH/
GCE, NiO/GCE, and NiO-CH/GCE was quasi-
reversible, while on NiO-CH/GCE, the oxidation peak
and reduction peak increased greatly, demonstrating that
the composite of mesoporous NiO nanosheets and chi-
tosan had best catalytic role to Hg2+. It was conjectured
that the chemical compositions of the β-Ni(OH)2 and
NiO nanosheets that have adsorption ability toward Hg
(II) made them have good response to Hg2+, and the
mesoporous structure of the NiO nanosheets developing
a larger surface area enabled the larger adsorption ca-
pacity, improving its sensing performance in practical
applications, which is similar with γ-AlOOH(boehmite)
@SiO2/Fe3O4 porous magnetic microspheres for detec-
tion of toxic metal ions in drinking water [21].

In order to study the interface properties of surface-
modif ied electrode, electrochemical impedance



transfer kinetics of Fe(CN)6
3−/4−, are gradually

obstructed. It demonstrates that the electron transfer
ability of the mesoporous NiO nanosheets is larger than
that of the β-Ni(OH)2 nanosheets from another point of
view. The reason may be attributed to the better con-
ductivity of the NiO nanomaterials and the fact that the
mesoporous NiO nanosheets has not only larger surface
but also more electron transfer passage than that of the
β-Ni(OH)2 nanosheets, which led to the probe arriving
to the surface of the electrode easily. The result con-
sisted of the EIS of different modified electrodes.

The morphology and porosity of NiO material on the
catalytic redox of mercury were also examined. The
flower-like porous NiO structure with larger mesoporos-
ity was obtained by calcination of flower-like α-Ni(OH)2
(ESM Fig. S4). Because α-Ni(OH)2 is a hydroxyl-
deficient phase which consists of stacks of positively
charged Ni(OH)2–x layers and contains intercalated
anions and water molecules in the interlayer space to
restore charge neutrality, it undergoes multistep and
larger mass losses in the thermogravimetric experiment
compared with the β-hydroxide phase due to the decomposi-
tion of the intercalated anions (ESM Fig. S5), leading to
larger mesoporosity on the final NiO nanostructures. The
mesoporosity can be clearly seen on the SEM image of
ESM Fig. S4. The CV of the mesoporous flower-like NiO-
modified electrode recorded in 0.1 M phosphate-buffered
solution (pH06.0) in the presence of 20 μM Hg2+ has been
done, and the currents of the oxidation peak and reduction
peak were smaller compared with that of mesoporous NiO
nanosheets (ESM Fig. S6), which may be due to the lower
surface area of the porous NiO flower related to the larger pore
diameters.

The effect of the solution pH on electrochemical behav-
iors of Hg2+ on the current response for 20 μMHg2+ at NiO-
CH/GCE was examined in 0.1 M PBS at various pH values
ranging from 5.5 to 7.5. The result showed that the anodic
peak current reached the highest at pH06.0 (ESM Fig. S7).
Therefore, pH 6.0 was the most appropriate for Hg2+ redox
on NiO-CH/GCE.

Differential pulse voltammetry of NiO-CH/GCE

According to the above experimental results, it has been
found there was excellent electron transfer appearance be-
tween the mesoporous NiO nanosheets and Hg2+, suggest-
ing that the modified electrode could be applied to the
determination of Hg2+. In order to obtain the liner range of
detection, we further used differential pulse voltammetry
(DPV) to evaluate the performance of the sensor. Figure 5
showed the DPV (at 0.092 V) of the as-prepared NiO-CH/
GCE sensor to the successive addition of Hg2+ in PBS (pH0

6.0). The peak current (Ip) linearly increased with the

increase in concentration (c). A plot of Ip versus c was
shown in the inset of Fig. 5, which yielded good linearity,
and the linear equation is y0−0.40046x−0.10262 (x, the
concentration of the Hg2+, micromolars; y, the anodic peak
current, microamperes), with a correlation coefficient of
0.9998. As expected from the DPV data, NiO-CH/GCE
showed a good linear response to the changes of Hg2+

concentration in the range from 0.8 to 500 μM. Based on
signal to noise ratio of 3, the limit of detection was estab-
lished to be 0.04 μM. This is better than or compares
favorably with other reported electrodes [41, 42], also better
than CuO sub-microstructure sensor that we recently
reported [22], showing our method was effective in the
determination of low concentration of Hg2+ in sample.

Stability, reproducibility, anti-interferences, and application
for sample analysis of the sensor

The outstanding advantages of the NiO-CH/GCE are its
good stability, acceptable reproducibility, and excellent se-
lectivity. After 30 consecutive cyclic scans, the CV at NiO-
CH/GCE achieved a steady state and kept almost un-
changed. When the electrode was stored in air at ambient
conditions for 20 days, the current still retained 97 % of its
initial response to Hg2+, showing an excellent stability. The
NiO-CH/GCE electrode showed a relative standard devia-
tion of 4 % for ten successive assays with 20 μM Hg2+ and
3 % for six determinations based on six same fabrications of
the modified electrode. Hence, the electrode has an accept-
able reproducibility. The long-term stability and the good
reproducibility of the sensor were desirable for most routine
analysis.

Fig. 5 DPVof NiO-CH/GCE upon successive additions of 1.2 μM (b),
4 μM (c, d), 10 μM (e→h), 50 μM Hg2+ (i→k), and 100 μM Hg2+

(l→n), respectively (curve a with 0.8 μM Hg2+ in PBS (pH06.0)).
Inset the relationship between the concentration of Hg2+ and the anodic
peak current (Ip)
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Under optimized experimental conditions mentioned
above, the possible interferences of other metal ions like
Cd2+, Cr3+, Zn2+, Pb2+, Fe3+, Fe2+, Cu2+, which are com-
mon existing interfering species in the real samples for the
determination of 20 μM Hg2+, were examined with meso-
porous NiO-CH-modified electrode. The DPV selectivity
experiment of the electrode towards the addition of
20 μM Hg2+ and 100 μM Cd2+, 200 μM Cu2+, and
500 μM each of Cr3+, Zn2+, Pb2+, Fe3+, Fe2+ ions was
examined (ESM Fig. S8). As can be seen in ESM Fig. S8,
the peak currents belonging to Cd2+ and Cu2+ appeared
separately, while that of other interference ions did not
appear, and the peak current of Hg2+ has no obvious change,
indicating that the above metal ions did not interfere in the
determination of Hg2+.

To evaluate the performance of NiO-CH-modified
electrode in a real sample, an analysis of tap water was
carried out using the standard addition method. Standard
solutions of Hg (II) were added to tap water containing
20 μM Hg2+ for quantitative determination of Hg (II).
The DPV parameters were the same as used previously.
The results obtained on tap water showed ±8 % devia-
tion. Considering the excellent measurement stability,
such a material holds great potential for detection of
Hg2+ in real samples.

Conclusion

In summary, mesoporous NiO nanosheets have been success-
fully prepared by calcination of β-Ni(OH)2 nanosheet precur-
sor, which was simply synthesized using 1,6-hexanediamine-
assisted solution approach. A natural polymer, chitosan, has
been used as a dispersant to fabricate a Hg2+ sensor based on
mesoporous NiO nanosheets. Compared to β-Ni(OH)2/GCE,
NiO-CH/GCE displayed higher electrocatalytic activity to-
wards the redox of Hg2+, which may be attributed to better
conductivity, larger special surface, and more electron transfer
passage of mesoporousNiO nanosheets, which led to the probe
arriving to the surface of the electrode easily. The result dem-
onstrated NiO-CH/GCE exhibited the prominent activity for
redox of Hg2+, and it gave a good stability, reproducibility, and
anti-interferences, which could be used as an effective amper-
ometric sensor for the determination of low concentration of
Hg2+ in sample.
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