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cal sensor based on Co3O4

nanosheets for lead ions determination†

Lei Yu,a Ping Zhang,a Hongxiu Dai,b Ling Chen,c Houyi Ma, b Meng Lin *b

and Dazhong Shen *a

In this work, Co3O4 nanosheets were fabricated on indium tin oxide (ITO) substrates by developing a simple

electrochemical deposition and annealingmethod. The as-prepared Co3O4 nanosheets were characterized

by scanning electronmicroscopy (SEM), X-ray diffraction (XRD), attenuated total reflection infrared (ATR-IR)

spectroscopy and Raman spectroscopy. The Co3O4 nanosheets modified ITO electrode was used for the

electrochemical analysis of various trace lead ions by differential pulse anodic stripping voltammetry. The

electrode was found to be highly selective to Pb(II) in the range of 1–100 mg L�1, and exhibited

a sensitive current response with a limit of detection (LOD) of 0.52 mg L�1. Furthermore, the developed

electrochemical Pb(II) sensor exhibited a high stability and reproducibility with a simple regeneration

process.
1 Introduction

Heavymetal ions, such as Pb(II), Cu(II) andHg(II), have become of
increasing worldwide concern as important hazardous pollut-
ants of the environment and human health at low concentration,
because of their high toxicity and latent carcinogenicity.1 Pb(II) in
drinking water generates health problems at even low concen-
trations, such as digestive, neurological, cardiac and mental
troubles, especially to the elderly and children.2 Hence,
a number of analytical methods for Pb(II) detection have been
reported, such as plasma-optical emission spectrometry,3 ame
atomic absorption spectrometry4 and X-ray uorescence spec-
trometry,5 though these techniques all involve requirements of
sophisticated instruments, high operating costs and compli-
cated procedures. Comparatively, electrochemical methods,
particularly anodic stripping voltammetry analysis, have become
one of the most commonly used methods for detecting trace
heavy metal ions due to their high sensitivity, low cost, ease of
sample preparation, fast analysis speed and portability.1

Most of the literature about the electrochemical detection of
metal ions is usually focused on using noble metals, carbon or
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silicon-based composites or organic molecules as the elec-
trode's modied materials.1 For example, Sahoo et al. developed
an gold nanoparticles modied electrode for simultaneous
determination of Cu(II) and Hg(II);6 Promphet and co-works
used graphene/polyaniline/polystyrene nanoporous ber-
modied SPCE for the simultaneous determination of Pb(II)
and Cd(II);7 Huang et al. reported the simultaneous determi-
nation of Cd(II) and Pb(II) by using graphene oxide-walled
carbon nanotubes composites as the sensing material.8

However, these functionalized materials for detection of heavy
metal ions are expensive or required complex synthesis
processes.

During recent decades, metal oxides have remarkably facil-
itated great progresses in a broad range of scientic funda-
mentals and technological potentials.9 Cobalt oxide (Co3O4)
nanostructures are one of the promising metal oxide materials
which have found wide applications in electrochemical
biosensors,10,11 electrochromic devices,12 supercapacitors,13

batteries.14 Due to the electrochemical stability and adsorption
capacity, Co3O4 nanocrystals synthesized via a hydrothermal
process were used for the detection of Pb(II).15 However, the
synthetic method of Co3O4 suffered from the complications of
the complex synthesis process and needed organic additives.
Therefore, it is necessary to develop a mild and easily controlled
method for preparing Co3O4 nanostructures for metal ions
detection. In addition, bismuth lm electrode (BiFE) (including
in situ and ex situ) has many excellent properties such as high
sensitivity, low electrochemical detection, wide potential
window and insensitivity to dissolved oxygen, etc.16 Bismuth
based sensors are usually constructed from base materials with
a high surface area and pore size to enhance the enrichment of
analytes on the electrode surface, such as carbon nanotubes,16
RSC Adv., 2017, 7, 39611–39616 | 39611
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polymers,17 graphene18 and Naon.19 Till now there are few
reports of electrochemical sensor based on themetal oxides and
Bi. An iron oxide (Fe2O3)/graphene (G) electrode used in
combination with in situ plated Bi working as an electro-
chemical sensor for detecting Zn(II), Cd(II), and Pb(II) was re-
ported. The Fe2O3/G composite modied electrode offered
excellent stability in the electrochemical determination of heavy
metal ions due to its high catalytic activity and signicantly
improved analytical performance.20

In the present work, we report a facile electrochemical
deposition and annealing process route to obtain the nano-
structured Co3O4 modied indium tin oxide (ITO) electrode.
The developed Co3O4 nanosheets modied electrode was used
for sensitive and selective detection towards Pb(II). Electro-
chemical responses of the Co3O4/ITO electrode were investi-
gated using differential pulse anodic stripping voltammetry
(DPASV), and the modied electrode proved its capability to
determine the concentration of Pb(II) in the range of 1–100 mg L�1.
The presence of Co3O4 on the electrode surface could enhance the
electrochemical activity of the electrode, and the results showed
a superior sensitive electrochemical performance for the detec-
tion of Pb(II) in real tap water samples by the Co3O4/ITO electrode.
2 Experimental
2.1 Reagents and apparatus

All chemical reagents were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. (China) and were of analytical grade. The
standard solutions of metal ions were purchased from Aladdin
(Shanghai, China). Ultrapure water (>18 MU, Ulupure, China)
was used throughout the experiments, and all solutions were
freshly prepared.

Attenuated total reection infrared (ATR-IR, Bruker, Ger-
many) spectroscopy and Raman spectroscopy (QE65000) were
used to conrm the structural modication of the electrode.
The morphology of the nanostructures was characterized by
scanning electron microscope (SEM, HITACHI-S4700). X-ray
powder diffraction (XRD) patterns were recorded using
a Bruker D8 advanced X-ray diffractometer with Cu Ka radia-
tion. All electrochemical measurements were performed on
a CHI 650E electrochemistry workstation (Chenhua Instru-
ments, China) with a conventional three-electrode system
comprising the modied electrode as a working electrode,
a saturated calomel electrode (SCE) as a reference electrode and
a large platinum plate as a counter electrode.
Fig. 1 SEM images of the Co(OH)2 nanosheets (A) and the Co3O4

nanosheets (B).
2.2 Preparation of the Co3O4/ITO electrode

Co3O4/ITO electrode was prepared by a simple electrodeposi-
tion process. Prior to the electrodeposition, the ITO glass (0.8 �
5 cm2) was sonicated in acetone, ethanol and ultrapure water
for 15 min, respectively. Co(OH)2 nanosheets were electro-
chemical deposited on the surface of ITO glass at �1.0 V (versus
SCE) in 0.1 M Co(NO3)2 aqueous solution. In order to obtain the
desired crystalline phase of Co3O4, the as-prepared Co(OH)2/
ITO electrode lm was calcined in air at the rate of 2 �C min�1
39612 | RSC Adv., 2017, 7, 39611–39616
from room temperature to 300 �C and maintained at 300 �C
for 2 h.
2.3 Electrochemical measurement

In the detection of Pb(II) by DPASV, 0.1 M NaAc–HAc buffer of
pH ¼ 5.0 containing 400 mg L�1 bismuth was employed as the
supporting electrolyte. Firstly, the Co3O4/ITO electrode was
immersed into a NaAc–HAc buffer solution containing various
concentration of Pb(II) ions, and then reduction of Pb(II) ions
into Pb under a constant potential at �1.0 V for 200 s. Subse-
quently, the electrochemical behavior of the Co3O4/ITO elec-
trode was measured by DPASV in the range from �0.75 to
�0.45 V with an amplitude of 50 mV, and step increment of
4 mV in a metal ions-free buffer solution. Aer detection, the
modied electrode was regenerated at a desorption potential of
0.4 V for 1 min under stirring to remove the residual metal ions.
3 Results and discussion
3.1 Characterization

Co3O4 nanosheets were prepared on the ITO substrate by the
electrochemical deposition and annealing process. The elec-
trodeposition process of the Co(OH)2 contained electro-
chemical and precipitation reaction steps. The Co2+ in the
solution reacted with OH� at the anode, meanwhile NO3

�

reacted with H2O at the cathode, forming Co(OH)2 expressed as
follows21

NO3
� + H2O + 2e� / NO2

� + 2OH� (1)

Co2+ + 2OH� / Co(OH)2 (2)

Compared with glassy carbon electrode (GCE) and screen
printed electrodes (SPEs), indium tin oxide (ITO) is a trans-
parent conductor and cost-effective material, has good stability
and durability below 500 �C.22 Therefore, ITO glass was chosen
as the electrode substrate for preparation of the nanostructured
Co3O4. Aer heat treatment, the colour of the modied elec-
trode was changed from green to dark black because of the
transformation of Co(OH)2 into Co3O4.22 Fig. 1 illustrates the
SEM images of the Co(OH)2 and Co3O4 nanosheets. It can be
seen that the Co(OH)2 nanosheets have a layered and porous
structure, which is similar to CdI2 type layered structure with
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 ATR-IR spectra (A) and Raman spectra (B) of Co(OH)2 and
Co3O4.
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weak interaction between layers and strong binding within the
layered planes, indicating that the Co(OH)2 nanosheets were
grown preferentially along the layered plane to form two
dimensional nanosheet structure.23 As Fig. 1B shown, the
Co(OH)2 nanosheets converted into the Co3O4 nanosheets
through the annealing process, and the morphology of Co3O4

remained almost similar to that of Co(OH)2.
Fig. 2 shows the XRD patterns of the Co(OH)2 and Co3O4

nanosheets lms. The powder XRD pattern of the Co(OH)2
nanosheets shows three small diffraction peaks at 10.6, 35.2,
and 60.8� in the range of 10 to 80�, which could be indexed to
(001), (100) and (110) reections of a hydrotalcite-like low-
crystalline a-Co(OH)2 structure.24 The Co3O4 nanosheets show
diffraction peaks at 19.0, 31.4, 36.8, 59.2 and 65.3�, which
correspond to (111), (220), (311), (511) and (440) crystal planes
of spinel Co3O4 phase,25 respectively, indicating that the crys-
talline Co3O4 lms were formed aer heat treatment. The
change of composition and phase is conrmed further by ATR-
IR and Raman measurements.

Fig. 3A displays the ATR-IR spectra of Co(OH)2 and Co3O4.
For Co(OH)2 nanosheets, the peak of the centered at 630 cm�1

could be assigned to the Co–OH stretching vibration, and those
in the 1400–1500 cm�1 range according to the bending vibra-
tions of adsorbed water molecules.26 For Co3O4 nanosheets, two
high characteristic peaks at 662 cm�1 and 567 cm�1 are corre-
sponded to the vibration peaks of Co2+–O and Co3+–O bonds,
respectively.27 Aer calcination, the 1400 cm�1 peaks in
Co(OH)2 disappear completely, indicating the conversion of
Co(OH)2 to Co3O4.28 As shown in Fig. 3B, ve obvious peaks are
exhibited at 194, 477, 514, 616, and 684 cm�1 in the Raman
spectrum of Co3O4, which correspond to F12g, Eg, F

2
2g, F

3
2g and A1g

Raman active vibration modes.29 However, the Raman spectral
peaks of the Co(OH)2 do not appear owing to the short time of
the electrodeposited treatment.
3.2 Electrochemical performance of the modied electrodes

Optimization for electrochemical detection of Pb(II) by the
Co3O4 nanosheets were investigated in Fig. S1,† and 4 shows the
DPASV responses towards Pb(II) at the bare ITO, Co(OH)2/ITO,
and Co3O4/ITO electrodes. It can be seen that there are slight
Fig. 2 XRD patterns of Co(OH)2 and Co3O4.

Fig. 4 DPASV of ITO, Co(OH)2/ITO and Co3O4/ITO electrodes in
0.1 M NaAc–HAc buffer (pH 5.0) containing 20 mg L�1 Pb(II) and
400 mg L�1 Bi(III). Deposition potential: �1.0 V, deposition time: 200 s,
amplitude: 0.05 V, increment potential: 0.004 V, pulse width: 0.05 s,
pulse period: 0.2 s.

This journal is © The Royal Society of Chemistry 2017
peaks for the bare ITO and Co(OH)2/ITO electrodes appeared.
On the contrary, a strong and well-dened response at �0.64 V
is clearly obtained for the Co3O4/ITO electrode, which
conrmed that the modication of the Co3O4 nanosheets can
signicantly improve the sensitivity towards Pb(II) ions. Fig. S2†
displays the DPASV responses at the Co3O4/ITO electrode with
and without Bi(III). The electrochemical signal on the modied
electrode containing Bi(III) is notably improved by about 2.5
RSC Adv., 2017, 7, 39611–39616 | 39613
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Table 1 A comparison of the different methods reported for the
detection of Pb(II)a

Methods Electrode
Linear range
(mg L�1)

LOD
(mg L�1) Ref.

SWASV Fe3O4 60–260 23.8 31
SWASV MnO2 20–180 15 32
SWASV MnFe2O4 40–220 10.8 33
SWASV Peptide 10–140 — 34
DPASV Ag-bipy-CP 4.1–20.7 2.3 35
SWASV MgO 1–6.7 0.43 36
DPASV Co3O4 1–100 0.52 Present work

a SWASV, square wave anodic stripping voltammetry; peptide,
CTNTLSNNC(–S–S–); Ag-bipy-CP, Ag-4,40-bipyridine coordination
polymer.

Table 2 Interferences of somemetal ions (200 mg L�1) on the stripping
peak currents of 20 mg L�1 Pb(II)

Interferences Contribution (%)

K(I) �1.5
Mg(II) +4.2
Ca(II) +4.5
Zn(II) +5.7
Fe(III) �4.9
Cu(II) �25.2
Cd(II) �4.3
Mn(II) +2.6
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times for detecting Pb(II) than that of the absence of Bi(III)
system, which is attributed to the capacity of bismuth to form
a “fused alloy” with trace metal ions, resulting in easier reduc-
tion of Pb(II).30

We investigated the DPASV response of various concentra-
tion of Pb(II) ions at the Co3O4 nanosheets modied ITO elec-
trode between�0.75 and�0.45 V. Fig. 5 shows the DPASV peaks
originating from the Co3O4/ITO electrode, and the peak
currents increased with the increasing concentration of Pb(II) in
the range of 1–100 mg L�1. The linear regression equation is
expressed by DIp (mA) ¼ 1.2971 + 0.65227Cpb (mg L�1) (R2 ¼
0.999). F value is 2.68, which is smaller than the 5% point of F7,9
(3.29). Therefore, there is no signicant lack-of-t, and a linear
relationship between concentration and signal. Limit of quan-
tity (LOQ) and limit of detection (LOD) are calculated to be 1.58
� 0.08 mg L�1 (S/N ¼ 10) and 0.52 � 0.02 mg L�1 (S/N ¼ 3.29),
respectively, which was comparable to the previously literatures
in Table 1. The LOD of the prepared sensor was far below the
guideline values of 10 mg L�1 for Pb(II) in drinking water given by
the World Health Organization.15

The interference study containing 20 mg L�1 Pb(II) with other
potential interfering metal ions (including 200 mg L�1 K(I),
Mg(II), Ca(II), Fe(III), Mn(II), Zn(II) and Cu(II)) was performed and
summarized in Table 2 and Fig. S3.† As expected, these ions
except Cu(II) had no signicant effect on the determination of
Pb(II). The stripping current of Pb(II) ions were changed by
25.2% when the addition of 10-fold Cu(II) ions. When the
concentration of Cu(II) was similar to that of the target ion Pb(II)
(20 mg L�1), the peak current of Pb(II) was changed little. Such
Fig. 5 Typical DPASV responses (A) and the corresponding calibration
plots (B) of the Co3O4/ITO electrode towards Pb(II) at different
concentrations.

39614 | RSC Adv., 2017, 7, 39611–39616
interference was similar to that reported literature for other
electrode.37 Hence, it was reasonable to expect the potential
application of the Co3O4/ITO electrode for Pb(II) detection.
Moreover, the reproducibility of the electrochemical sensor was
investigated by DPASV, and the result was found to be excellent
as evidenced by a relative standard deviation of 5.1% from seven
different modied electrodes.

3.3 Reproducibility and stability

The reproducibility of the electrochemical sensor was investi-
gated by DPASV, the result was found to be excellent as evi-
denced by a relative standard deviation of 5.2% from seven
different modied electrodes (Fig. S4†). Fig. S5A and B† illus-
trate the SEM images of the Co3O4 nanosheets through elec-
trochemical deposition of 20 mg L�1 Pb(II) and electrochemical
removing treatments. It can be seen that their structures of
Co3O4 had no obvious change before and aer stripping,
demonstrating the electrochemical analytical process of
detecting Pb(II) exerted little effect on the Co3O4 nanosheets
structure. The DPASV curves of the Co3O4 nanosheets before
and aer stripping processes were provided in Fig. S5C,† indi-
cating that the Pb can be removed completely by the stripping
method.

Aer measurements, the Co3O4/ITO modied electrode was
rinsed and kept in 0.1 M HAc–NaAc solution (pH ¼ 5.0) at 4 �C,
and the electrochemical response of the electrode was tested
every 3 days (Fig. S6†), lost only 7.6% of the initial response aer
This journal is © The Royal Society of Chemistry 2017
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Table 3 Determination of Pb(II) in tap water (n ¼ 3), RSD: relative
standard deviation

Tap water
Spiked
(mg L�1) Found (mg L�1) RSD (%)

Recovery
(%)

1 10 10.2 � 0.7 8.4 102
2 20 19.3 � 1.5 5.3 97
3 50 52.4 � 2.3 9.2 105
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several weeks. The result indicates that the Co3O4/ITO modied
electrode exhibits a good stability for repetitive electrochemical
determination.
3.4 Real sample analysis

In order to evaluate the performance of the Co3O4/ITO electrode
in the real samples, which replaced the ultrapure water with the
tap water, and collected in the laboratory at different times. All
the samples were ltered through a 0.2 mm membrane prior to
the detection, then diluted by 0.1 MNaAc–HAc buffer of pH¼ 5.0
containing Bi(III). According to Table 3, the recoveries of Pb(II)
from the raw and spiked samples ranged from 97% to 105%, and
the relative standard deviation (RSD) was in a range of 5.3–9.2%,
which shows the good accuracy of the as-proposed method.
4 Conclusions

In summary, a simple and rapid preparation approach for
Co3O4/ITO electrode has been developed via an electrodeposi-
tion and annealing process route. The electrochemical perfor-
mance of the Co3O4/ITO modied electrode, demonstrated for
metal ions detection by DPASV in comparison with the other
types of modied electrode, proved that the developed sensor is
highly sensitive and selective to detect Pb(II). The Co3O4/ITO
electrode was used for the determination of Pb(II) in the range of
1–100 mg L�1, and detection limited of 0.52 mg L�1. The modi-
ed electrode also showed high reproducibility, stability and
good electrochemical performance for lead ions detection in
real water samples.
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