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Abstract
Herein, a new and generic strategy has been proposed to introduce uniformly distributed graphitic carbon into the nanostruc-
tured metal oxide. A facile and generic synthetic protocol has been proposed to introduce uniformly distributed conducting 
graphitic carbon into the  Co3O4 nanoparticles  (Co3O4 NPs@graphitic carbon). The prepared  Co3O4 NPs@graphitic carbon 
has been drop casted onto the portable screen-printed electrode (SPE) to realize its potential application in the individual 
and simultaneous quantification of toxic Pb(II) and Cd(II) ions present in aqueous solution. The proposed  Co3O4 NPs@gra-
phitic carbon-based electrochemical sensor exhibits a wide linear range from 0 to 120 ppb with limit of detection of 3.2 and 
3.5 ppb towards the simultaneous detection of Pb(II) and Cd(II), which falls well below threshold limit prescribed by WHO.

Keywords Co3O4 · Graphitic carbon · Screen-printed electrode · Pb(II) and Cd(II)

1 Introduction

In recent years, a serious concern about the heavy metal 
ions contamination even at trace-level results an adverse 
effect on human and aquatic life owing to their non-biode-
gradable characteristics and extreme toxicity. Particularly, 
the long term exposure of living organisms to Cd(II) can 
adversely affect the functioning of kidney and liver [1]. 
Similarly, exposure to Pb(II) could result diseases related 
to neurological, immunological and cardiovascular [2, 3]. 
Therefore, the fabrication of reliable and portable sensors 
to monitor heavy metal ions has gained significant research 
interest in recent years. Electrochemical detection and quan-
tification of heavy metal ions offer potential advantages 
owing to their high sensitivity/selectivity, simple operation 

and capable of determining multiple ions simultaneously. 
Carbon paste electrode and glassy carbon electrode were 
extensively used in the fabrication of electrochemical sen-
sors [4–6]. However, these electrodes are not suitable for on-
field applications. To address this, electrochemical sensors 
based on screen-printed electrode (SPE) were considered as 
miniaturized electrode and potentially suitable for on-field 
detection of toxic heavy metal ions. These SPE’s can be 
produced cheaply on large scale production and can be used 
as single-shot disposable electrodes. However, SPE’s require 
suitable modifiers to achieve enhanced performance in terms 
of selectivity, sensitivity and limit of detection. In similar 
lines, numerous modifiers including metal and non-metal 
based materials were reported in the literature. For instance, 
single-walled carbon nanohorns [7], microporous  Mn2O3 
[8], bismuth nanoparticle-porous carbon nanocomposite [9], 
ionic liquid/carbon nanofibers/bismuth particles [10], poly-
oxometalate-based crystalline materials [11],  Fe3O4@CNC/
Cu [12] were proposed to modify the SPE for the detection 
of heavy metal ions. Among these oxide based nanostruc-
tured materials were considered as superior modifiers owing 
to their outstanding electro-catalytic activity. However, the 
poor or lower electronic conductivity of oxide based materi-
als hinders their potential applications since it significantly 
affects the sensing performance (sensitivity and detection 
limit). Recently, nano-engineering, addition of dopants and 
conducting carbon-based materials has been widely adopted 
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to enhance the electronic conductivity [13–15]. However, 
a new robust and generic strategy is essential to overcome 
the conductivity problem associated with the oxide based 
materials. Introducing conducting graphitic carbon during 
the preparation of metal oxide enables uniform distribution, 
which significantly enhances the conductivity and thereby 
electrochemical performance as well. Particularly, graphitic 
carbon has been introduced into the  Co3O4 nanoparticles 
wherein the aqueous solution of cobalt nitrate hexahydrate 
and citric acid was subjected for thermal treatment at 500 °C 
for short time of 4 min. The in situ addition of conducting 
graphitic carbon in to the  Co3O4 in short time, uniform dis-
tribution of  Co3O4 nanoparticles is significant advancement 
in sensor technology to enhance the sensing performance. 
The prepared  Co3O4 NPs@graphitic carbon has been used 
to modify the SPE. Then, the  Co3O4 NPs@graphitic carbon 
modified SPE is used for the detection and quantification of 
Pb(II) and Cd(II) ions present in aqueous solution, individu-
ally and simultaneously.

2  Experimental

2.1  Preparation of electrocatalyst

The preparation of  Co3O4@graphitic carbon nanoparticles 
was carried out according to our recently reported synthesis 
protocol [16]. The schematic representation of the prepara-
tion of graphitic carbon functionalized  Co3O4 is shown in 
Fig. 1. Briefly, 1.71 mmol of cobalt nitrate hexahydrate and 
9.517 mmol of anhydrous citric acid were dissolved in 7 mL 
of water containing 100 mL glass beaker. The resulting pink 
colored solution is subjected for thermal treatment at 500 °C 
for 4 min where it undergoes controlled and smoldering type 
combustion, which gives uniformly distributed  Co3O4 on 
graphitic carbon nanoparticles. Then, the resulting black 
colored powder was crushed and used for further studies. In 
the process of synthesis, combustion time plays an important 
role in controlling the retention of the graphitic carbon and 
is optimized to 4 min.

2.2  Fabrication of  Co3O4 nanoparticles@graphitic 
carbon modified SPE

5 mg of the as-prepared  Co3O4 NPs@graphitic carbon was 
mixed with 5 mL of deionized water through sonication to 
prepare ink. Subsequently, 5 μL of the prepared ink was 
casted on the wording area of the screen-printed electrode 
and dried under infra-red lamp for ~ 30 min. The resulting 
 Co3O4 NPs@graphitic carbon modified SPE has been used 
for the quantification of Pb(II) and Cd(II) ions.

2.3  Electrocatalyst characterization

The crystal structure and phase formation of the prepared 
 Co3O4 NPs@graphitic carbon was studied using X-ray dif-
fractometer (PANalytical X’pert PRO). The presence of gra-
phitic carbon in the prepared  Co3O4 is identified using Fou-
rier transform infra-red spectrophotometer (ASB1716801/
i55 Thermo Fisher scientific) and Raman spectrophotometer 
(Jobin Yvon LabRam HR). The microstructure and particle 
size of the  Co3O4 NPs@graphitic carbon were investigated 
using transmission electron microscopy (Hitachi H-7500). 
Thermal gravimetric analysis (TGA) of the sample was car-
ried out on a Shimadzu TA-50 thermal analyzer at a heating 
rate of 10 °C/min.

2.4  Electrochemical performance measurements

Electrochemical measurements toward the quantification of 
Pb(II) and Cd(II) ions, at room temperature, was performed 
using Biologic SP 150 electrochemical work station. The 
working, reference and counter electrode were made of 
 Co3O4 NPs@graphitic carbon, Ag|AgCl and platinum elec-
trode, respectively. Electrochemical performance of  Co3O4 
NPs@graphitic carbon modified SPE towards the detection 
of Pb(II) and Cd(II) ions were measured in acetate buffer, 
between the potential − 1.1 and 0 V vs Ag/AgCl using 
CV and differential pulse anodic stripping voltammetry 
(DPASV) techniques.

Fig. 1  Schematic representa-
tion of the preparation of  Co3O4 
nanoparticles@graphitic carbon 
nanoparticles
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Known amount of analytes (Pb(II) and Cd(II) ions) and 
acetate buffer solution of pH 5 (8 mL) and supporting elec-
trolyte KCl (2 mL) were taken in an electrochemical cell. 
Then, the  Co3O4 nanoparticles@graphitic carbon modified 
SPE was immersed in the electrochemical cell. Analytes 
were pre-concentrated on the electrode surface by stirring 
for about one minute at open circuit. The pre-concentrated 
analytes were reduced at a reduction potential of − 0.5 V 
followed by stripped off from the  Co3O4 NPs@graphitic car-
bon modified SPE into the bulk of the electrolytic solution. 
The observed anodic current was measured against applied 
potential.

3  Results and discussion

3.1  Structural and morphological studies

Aqueous solution of citric acid fuel and cobalt nitrate was 
subjected for thermal treatment at 500 ℃, which results 
in formation of thick gel and then the formed thick gel 

undergoes controlled combustion to get a pure metal oxide 
in nano regime. The formation of nanostructured  Co3O4 is 
represented according to the following reaction [17].

The as-prepared  Co3O4 NPs@graphitic carbon is sys-
tematically characterized using XRD, FTIR and Raman 
spectrum. The powder XRD pattern of the graphitic carbon 
functionalized  Co3O4 is presented in Fig. 1a. The diffraction 
peaks appeared in the XRD pattern clearly demonstrates the 
formation of pure  Co3O4 phase where the characteristic dif-
fraction peaks appeared at 30.77°, 36.27°, 38.16°, 44.35°, 
55.18°, 58.96° and 64.98° corresponds to (220), (311), 
(222), (400), (422), (511) and (440) crystalline planes of 
cubic  Co3O4 [JCPDS 74 1657]. The presence of graphitic 
carbon is confirmed by the presence of sp3 hybridized D 
and sp2 hybridized G band in FTIR and Raman spectrum 
[16]. The HRTEM image, presented in Fig. 2d, indicates 
the uniform distribution of  Co3O4 nanoparticles in graphitic 

27Co
(

NO3

)

2
+ 14C6H2O → 9Co3O4

+ 84CO2 + 27 N2 + 56H2O

Fig. 2  a Powder XRD pattern, b FTIR spectrum, c Raman spectrum and d HRTEM image of  Co3O4 NPs@graphitic carbon
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carbon. Further, inter planar distance spacing of 0.284 nm 
corresponds to (220) plane of  Co3O4. It is worth note that the 
proposed method not only retains the conducting graphitic 
carbon but also ensures the uniform distribution of gra-
phitic carbon and thereby significantly enhances the charge 
transfer rate, which is important parameter in enhancing the 
performance of the electrochemical sensor. The content of 
graphitic carbon is controlled by controlling the combustion 
time. The as-prepared  Co3O4 NPs@graphitic carbon was 
analyzed using TGA (figure not shown) to know quantity 
of graphitic carbon where the weight ratio of  Co3O4 and 
graphitic carbon is found to be ~ 94:6.

3.2  Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopic measurements 
were carried out in 5 mM ferricyanide solution between the 
frequency 0.1 mHz and 100 K Hz to exploit the informa-
tion regarding the impedance difference between bare and 
modified SPE. The Nyquist plot of both bare and  Co3O4 
NPs@graphitic carbon modified SPE, presented in Fig. 3, 
consist of semicircle demonstrate the charge transfer resist-
ance (Rct). Further, linear sloping line indicates the diffusion 
process. The bare SPE exhibits the Rct value of 11,200 Ω 
while  Co3O4@graphitic carbon modified SPE exhibits the 
decreased Rct value of 6800 Ω. This impulsive decrease 
in the charge transfer resistance for  Co3O4 NPs@graphitic 
carbon modified SPE reveals the more conductive nature 
and faster electron transfer rate as compared to the bare SPE. 
It is evident from the impedance results that the improved 
electrochemical performance is due to the synergetic effect 
of  Co3O4 nanoparticle geometry and graphitic carbon. The 
presence of graphitic carbon ensures the uniform distribution 
of  Co3O4 nanoparticles in graphitic carbon matrix and due 

to its conducting nature significantly enhances the charge 
transfer rate, which is important parameter in enhancing the 
performance of the electrochemical sensor.

3.3  Cyclic voltammetry study

The preliminary studies on electrochemical sensing of 
 Co3O4 NPs@graphitic carbon modified SPE was carried 
out in presence of 10 mM of Pb(II) and Cd(II) ions, acetate 
buffer of pH 5 and 0.1 M KCl as supporting electrolyte at 
scan rate of 10 mV/s, using cyclic voltammetry (CV). Fig-
ure 4 presents the CV signatures of bare and  Co3O4 NPs@
graphitic carbon modified SPE with and without Pb(II) and 
Cd(II) analytes. As shown in the Fig. 4, no analytical signal 
(oxidation peak) observed for the bare SPE in the absence 
of the Pb(II) and Cd(II) metal ions while the same electrode 
shows a moderate response in the presence of Pb(II) and 
Cd(II) ions at − 0.65 V and − 0.85 V respectively. Further, 
the  Co3O4 NPs@graphitic carbon modified SPE does not 
show any CV response towards Pb(II) and Cd(II). However, 
the enhanced analytical response with neat redox peaks 
appeared at − 0.65 V and − 0.85 V for  Co3O4 NPs@gra-
phitic carbon modified SPE in presence of Pb(II) and Cd(II) 
ions. The observed peak potential of − 0.65 V and − 0.85 V 
for Pb(II) and Cd(II) are in good agreement with the previ-
ous reports [18]. The enhanced response towards Pb(II) and 
Cd(II) is due to the more conductive nature and faster elec-
tron transfer rate of  Co3O4 NPs@graphitic carbon modified 
SPE. Therefore, the  Co3O4 NPs@graphitic carbon modified 
SPE could be used for the selective and sensitive detection 
of Pb(II) and Cd(II) ions in real sample matrices.

Fig. 3  Electrochemical impedance spectra of a bare and b  Co3O4 
NPs@graphitic carbon modified SPE in 5 mM potassium ferricyanide 
solution

Fig. 4  CV at  Co3O4@graphitic carbon modified SPE in the presence 
of Cd(II) and Pb(II) ions (10 mM) in acetate buffer solution of pH 5 
at a scan rate of 10 mV/s



185Carbon Letters (2022) 32:181–191 

1 3

3.4  Optimization study

Generally, experimental variables like pH, deposition time 
and reduction potential significantly affect the sensing per-
formance. Therefore, these variables have been optimized 
using differential pulse anodic stripping voltammetry 
(DPASV) to achieve the maximum sensing efficiency of 
the proposed  Co3O4 NPs@graphitic carbon modified SPE 
towards Pb(II) and Cd(II) ions.

3.5  Effect of pH

The effect of pH was examined in presence of 100 ppb of 
Pb(II) and Cd(II) ions individually. Figure 5(a, b) illustrates 
the anodic peak current response of Pb(II) at different pH 
values of 3, 4, 5 and 6. The anodic peak current increases 
with increase in pH from 3 to 5 and then decreases at pH 
6. Similarly, the Cd(II) also exhibits maximum anodic peak 
current at pH value of 5 (Fig. 5c,d). The increase in anodic 
peak current from pH of 3 to 5 and decreasing anodic peak 

current after pH 6 is explained as follows. At sufficiently low 
pH, the Pb(II) and Cd(II) ions has to compete with hydro-
gen ion for adsorption site on the working electrode surface. 
While, as the pH increases, the competition weakens and 
thereby more Cd(II) and Pb(II) ions adsorb on the electrode 
surface, which enhances the anodic current by participat-
ing in redox reaction. However, further increase in pH leads 
to the formation of hydroxide of Pb(II)/Cd(II) precipitate 
and thus anodic peak current decreases [19–21]. Hence, pH 
value of 5 is considered as optimum for further optimiza-
tion studies.

3.6  Effect of deposition potential

Figure 6 presents the effect of deposition potential on the 
anodic peak current of Pb(II) and Cd(II). The anodic peak 
current increases up to − 0.5 V while decreases thereafter 
for both Pb(II) and Cd(II) ions. The increase of peak cur-
rent is due to increase in extent of reduction of more and 
more Pb(II) and Cd(II) ions. Whereas, the decrease in 

Fig. 5  Effect of pH on the stripping peak currents of 100 ppb Pb(II) and Cd(II): a overlaid DPV of Pb(II) ions, b plot of peak current and c over-
laid DPV of Cd(II) ions and d plot of peak current
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peak current at higher deposition potential is may be due 
to the formation of inter-metallic compounds [22–25]. 
Therefore, reduction potential of − 0.5 V was considered 
as an optimum reduction potential.

3.7  Effect of deposition time

Figure 7 presents the optimization of pre-concentration 
time for Pb(II) and Cd(II) ions. As shown in the Fig. 7, 
the anodic peak current of both Pb(II) and Cd(II) ions 
increases with increase in pre-concentration time, up 
120 s. The increase of peak current is due to the fact that 
longer pre-concentration time results in the accumulation 
of more and more Pb(II) and Cd(II) on the electrode/solu-
tion interface. Hence deposition time of 120 s is consid-
ered as optimized time.

3.8  Individual determination of Pb(II) and Cd(II)

A calibration plot has been constructed, for the quantifica-
tion of Pb(II) and Cd(II) ions individually, under optimized 
experimental conditions of pH 5, reduction potential − 0.5 V 
and deposition time 120 s. The observed results were sum-
marized in Fig. 8 where the peak current of both Pb(II) 
and Cd(II) increases proportionately with increase of con-
centration. The current response of both Pb(II) and Cd(II) 
ions exhibit linearity with concentration range 0–120 ppb 
for Pb(II) and 0–90 ppb for Cd(II). The linear equation for 
Pb(II) and Cd(II) is found to be i/mA = 0.8957 + 0.07486 
X and i/mA = 1.339 + 0.163 X, respectively. The limit of 
detection was calculated, based on the 3 sigma method, was 
found to be 3.2 nM for Pb(II) and 3.5 nM for Cd(II). The 
observed limit of detection is well within the threshold lim-
its prescribed by WHO [26], demonstrating that the  Co3O4 

Fig. 6  Effect of deposition potential on the stripping peak currents; a overlaid DPV of Pb(II) ions, b plot of peak current and c overlaid DPV of 
Cd(II) ions and d plot of peak current
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NPs@graphitic carbon modified SPE is highly sensitive even 
at very low concentration of Pb(II) and Cd(II) ions.

3.9  Simultaneous determination of Pb(II) and Cd(II)

The modified SPE has been successfully applied for the 
simultaneous measurement of Pb(II) and Cd(II) ions under 
optimal experimental conditions and the typical response 
DPASV was presented in Fig.  9. Further, the mixtures 
containing 10–120 ppb of each of the two metal ions were 
tested and it shows two anodic peaks at − 0.85 and − 0.65 V 
ascribed to Cd(II) and Pb(II) respectively (Fig. 9a). Further, 
the clear peak separation in the voltammetric peaks is large 
enough to quantify Pb(II) and Cd(II) separately. As shown 
in the Fig. 9(b, c), the linearization equation for Pb(II) and 
Cd(II) is found to be i/mA = 4.1429 + 0.1921c/ppb (correla-
tion coefficients of 0.969) and i/mA = 0.3979 + 0.0903c/ppb 
(correlation coefficients of 0.987). The limit of detection (for 
Pb(II) and Cd(II) was determined, based on 3σ method, is 

found to be 3.2 and 3.5 ppb respectively. Hence, the simul-
taneous determination of the Pb(II) and Cd(II) ions could 
be determined using the proposed  Co3O4 NPs@graphitic 
carbon /SPE sensor in 2 min.

The observed linear range and detection limit of the pro-
posed  Co3O4 NPs@graphitic carbon /SPE sensor has been 
compared with the selected electrochemical sensors, pre-
sented in Table 1, where it exhibits comparatively better 
linear range and detection limit.

3.10  Stability and repeatability of the proposed 
sensor

The simultaneous measurements of Pb(II) and Cd(II) at 
 Co3O4 NPs@graphitic carbon /SPE in presence 100 ppb 
each of these ions were examined. The proposed  Co3O4 
NPs@graphitic carbon /SPE possess good stability, retaining 
their performance characteristics over a period of 2 months. 
The life span of the modified electrode was around 2 months 

Fig. 7  Effect of pre-concentration time on the stripping currents; a overlaid DPV of Pb(II) ions, b plot of peak current and c overlaid DPV of 
Cd(II) ions and d plot of peak current
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(15 determinations). The  Co3O4 NPs@graphitic carbon/SPE 
exhibited good repeatability, with relative standard devia-
tions of 3.15% and 4.21% for Pb(II) and Cd(II) ions, respec-
tively, for five successive runs. These experimental results 
revealed that the proposed sensor can be used over a period 
of time and continuous analysis with precise analytical 
measurements. Hence, it can be used for the measurements 
of target metal ions at trace-level concentration [27].

3.11  Interference study

The presence of interfering ions significantly affects the 
selectivity and sensitivity towards sensing of target metal 
ions and therefore the proposed  Co3O4 NPs@graphitic 
carbon /SPE has been examined in presence of selected 
cations and anions, which generally coexist in many real 
sample matrices. The possible mutual interferent spe-
cies were added into the electrolytic solution containing 

target analytes of 100 ppb of Pb(II) and Cd(II) and their 
impacts on the anodic peak currents were explored. Most 
of the cations and anions did not affect the simultaneous 
detection of Pb(II) and Cd(II) ions, when the optimized 
procedure was applied. The concentration of 500 fold of 
 Cl−,  F−,  SO4

2−,  K+, Mn(II),  Li+,  Ag+; 100 fold for Co(II), 
 C2O4

2− and  CO3
2−; 20 fold for As(III), Cr(VI), and  F−; ten-

fold of Ni(II) and Fe(II) were tested. The observed results 
indicate the signal deviations of 100 ppb of Pb(II) and 
Cd(II) are not larger than 5%. Further, the ions such as 
Zn(II), Hg(II), and Cu(II) have shown severe interference 
on the stripping current response of Pb(II) and Cd(II) ions. 
Experimental results show that Zn(II) and Hg(II) (five-
fold excess) do not interfere significantly. However, Cu(II) 
(two-fold excess) significantly decreased the peak inten-
sity, nearly up to 50%. The decrease in the peak current 
may be due to the formation of an inter-metallic compound 
between copper and Cd [28].

Fig. 8  Overlaid stripping voltammograms at different concentrations of Pb(II) and Cd(II) under optimized measurement (a–c). The correspond-
ing calibration plots are shown (c, d)
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Fig. 9  Overlaid stripping voltammograms of the modified electrode in presence of different concentrations of Pb(II) and Cd(II) after a deposition 
time of 120 s at − 0.5 V and their corresponding calibration graphs

Table 1  Comparison of the 
analytical parameters of  Co3O4 
NPs@graphitic carbon /SPE 
in the determination of Pb(II) 
and Cd(II) with other existing 
sensors

Sb NPs/BDDE antimony nanoparticles boron doped diamond; Polyaniline/GCE polyaniline modified 
glassy carbon electrode; NG/GCE N-doped graphene modified glassy carbon electrode; MIL-100(Cr)/GCE 
cauliflower-like MIL-100(Cr) modified glassy carbon electrode; Alk-Ti3C2/GCE Alk-Ti3C2 modified glassy 
carbon electrode; Co3O4/GCE cobalt oxide modified glassy carbon electrode

Electrode Technique Linear range (ppb) Limit of detection 
(ppb)

References

Pb(II) Cd(II) Pb(II) Cd(II)

Sb NPs/BDDE LSASV 50–500 50–500 24.4 38.1 [29]
Polyaniline/GCE SWASV 0–414 0–224 20.7 14.56 [30]
NG/GCE DPASV 10–900 100–900 50 5 [31]
MIL-100(Cr)/GCE SWASV 100–1000 100–1000 48 44 [32]
HAP-nafion/GCE DPASV 100–1000 100–1000 49 35 [33]
Alk-Ti3C2/GCE SWASV 100–1500 100–1500 41 98 [34]
Calixarene functional-

ized  Mn3O4/GCE
DPASV 100–1000 100–1000 7 9 [27]

Co3O4/SPE DPASV 0–140 0–140 3.2 3.5 Present work
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3.12  Application study

To evaluate the proposed analytical method, the modified 
interface has been successfully applied for the quantifi-
cation of Pb(II) and Cd(II) ions present in synthetically 
prepared water solution. 100 ppm of Pb(II) and Cd(II) 
standard solution was prepared in double distilled water 
and diluted to 1000 mL. Known volumes of the prepared 
standard Pb(II) and Cd(II) solution is added to the drink-
ing water, supplied by Bangalore water supply and sewer-
age board, Bangalore, Karnataka, India. Finally, the strip-
ping peak currents were measured, and the concentrations 
were correlated through the standard calibration plots. The 
observed results were compiled in Table 2.

4  Conclusions

The present work demonstrates the synthesis of uniformly 
distributed  Co3O4 NPs@graphitic carbon by a simple and 
generic citrate–nitrate thermal decomposition method 
wherein the whole synthesis protocol completes within 
a few minutes (four minutes). The as-prepared uniformly 
distributed  Co3O4 NPs@graphitic carbon were used as 
modifier for the modification of SPE to realize its poten-
tial applications in the quantification of toxic heavy metal 
ions Pb(II) and Cd(II) ions, present in aqueous solution. 
The proposed  Co3O4 NPs@graphitic carbon/SPE demon-
strate better sensing performance in terms of detection 
limit, which falls well below the threshold limit prescribed 
by WHO.
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