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A B S T R A C T

Rice is considered to be one of the dominant sources of exposure to Cd(II) for human being, thus
monitoring the concentration of Cd(II) in rice is very important. The anti-interference ability for several
current approaches (especially electrochemical method) is expected to be dramatically improved due to
more extreme complicated conditions in real rice sample. Here, a methodology combined
electrochemistry with laser-induced breakdown spectroscopy (EC-LIBS), as well as choice of negatively
charged graphene oxides (GO(-)), was selected for the determination of trace Cd(II) in rice. In this
method, the target Cd(II) was preconcentrated on the surface of GO(-) modiﬁed Ti plate in the form of Cd
(0) by electrochemcial deposition, the succeeding elemental identiﬁcation and quantiﬁcation was
achieved using LIBS. Electrochemcial deposition and the modiﬁcation of GO(-) on electrode signiﬁcantly
increased the sensitivity of the Cd(II) analysis in rice utilized LIBS only (for the same mass of rice sample)
by 3 orders of magnitude and a ppb-level limits of detection (LOD) was obtained. Good anti-interference
ability was also achievable during the actual measurements, particularly when Cu(II) and Mn(II) coexisted. The combination of electrochemistry and LIBS techniques, as well as the presence of GO, made it
very attractive for the purposes of Cd(II) sensing in standard and nonstandard conditions.
ã 2016 Published by Elsevier Ltd.

1. Introduction
Cadmium(Cd), as one of carcinogens, is toxic even at trace level,
causing a range of health risks to human nervous, immune,
reproductive and gastrointestinal systems [1,2]. The element can
be taken up by plant from soil and accumulated easily [3]. Rice is a
kind of food consumed widely across the world and it is in the
majority in the human diet [4], and the contamination of Cd in rice
has been found in South China. For the toxicity of Cd, the desirable
concentration level of Cd in rice has been set at 0.2 mg Kg 1 in
China [5]. Considering the wide consumption of rice in the world, it
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is very important to monitor the content of Cd in rice by an
effective and accurate method. However, the complexity of rice
samples should be considered deeply. The concentration of the
coexisted ions is several or even hundreds of times higher than that
of Cd, so it is a challenge to realize the rapid and accurate
determination of Cd in rice without interferences. The element
analysis of Cd in rice has been performed by several methods like
atomic absorption spectrometry (AAS) [6], atomic ﬂuorescence
spectrometry (AFS) [7] and so on, the achievements have been
fruitful in laboratory condition. However, these methods suffer
from the need of expensive instruments and high operating cost.
Electrochemical method can be applied for the monitoring of Cd in
rice as a powerful method due to its rapid analysis time and low
cost [8–14]. In terms of actual analysis of rice sample, it must be
agreed that electrochemical methods have difﬁculty in determination of Cd(II) due to the interference from commonly existed
ions in rice, such as Cu(II). The existence of Cu(II) would decrease
the intensity of Cd(II) stripping peaks severely, which may be
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attributed to the formation of the intermetallic Cu-Cd compounds
[13].
Laser-induced breakdown spectroscopy (LIBS), an optical
emission spectroscopic technique, has been applied in chemical
element analysis widely ascribed to its multi-element capability,
low cost and potential in analysis of complex samples [15–17]. The
characteristic atomic emission lines of the target element plasma
can provide the information about the chemical content and the
amount of the element in samples [18]. However, the issue of
quantitative analysis is still a challenge for the development of LIBS
[19]. In addition, the LOD of LIBS generally is a few or even at
100 ppm for the conventional measurement of element [20]. To
overcome the above drawbacks, a method based on LIBS and
electrochemical preconcentration is developed. Some works have
been reported about electrochemcial deposition assisted LIBS [21–
23]. However, all these works are focused on simple metal systems
(contained one or two species of metal target ions). Few literatures
are available for the determination in the complicated samples or
multimetal environment, since the accurate analysis of target ions
may be hindered by the complex matrix existed in samples.
Besides, the substrates of electrodeposition presented in these
works are only metal electrode commonly. According to our
previous work [24,25], it was found that the modiﬁcation of
adsorptive materials on electrode could increase the efﬁciency of
electrochemcial deposition to improve determination performance.
Graphene oxide (GO) is a type of carbon nanomaterials with the
potential to be utilized in analytical chemistry. GO materials have
been applied for the adsorption towards Cd(II) [26–28], and it is
also a potential modiﬁer for working electrode. Presently, dropcasting method is commonly utilized for the preparation of GO
modiﬁed substrates. However, such method has several drawbacks. First, GO sheets will agglomerate together by strong van der
Waals interaction and p-p stacking after dropping the GO
suspension on the substrate, which will decrease the homogeneity
and the reproducibility of electrodes [29]. Second, directly casting
method will result in a weak adhesion to substrate electrodes [13].
Layer-by-layer assembly is a simple and low-cost method to satisfy
the need for the preparation of homogeneous GO modiﬁed
electrode, which can realize the modiﬁcation for substrate with
well-deﬁned thickness consisting of oppositely charged materials
[30]. Besides, this method does not depend on the size and shape of
substrate [31].
In this work we try to explore the feasibility of electrochemical
LIBS (EC-LIBS) on the determination of trace Cd(II) in rice without
interference on layer-by-layer assembly of GO. It should be noted
that our cooperating groups have obtained several achievements
on the pretreatment and the quantiﬁcation of LIBS spectra [32–36],
which provide necessary theoretical basis for this work. All the ECLIBS spectra in this study are treated to correct the noise before
analysis. The modiﬁcation of GO on working electrode allows
accumulating more Cd(II) from solution compared with bare
working electrode, and then these Cd(II) would be reduced to Cd(0)
and ﬁxed onto the surface of electrode for the further LIBS
measurements. Therefore, the more Cd(II) could be concentrated,
the more Cd(0) would be obtained, which resulted to an enhanced
analysis performance of LIBS. We report that EC-LIBS method
enables the identiﬁcation and quantiﬁcation of Cd(II) in rice
without the interferences from co-existed ions (especially Cu(II),
Mn(II)) though the content of these ions is several or even
hundreds of times higher than that of Cd(II). And the combination
of electrochemcial enrichment with LIBS improves the sensitivity
of traditional LIBS by 3 orders of magnitude. Besides, the method
has been utilized for the analysis of Cd(II) in different rice samples
with good accuracy.
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2. Experimental and methods
2.1. Chemical reagents
Graphite powder (325 mesh, 99.8%) was purchased from Alfa
Aesar.
Poly(diallyldimethylammonium
chloride)
(PDDA)
(MW = 100000–200000 g mol 1, 20 wt% aqueous solution) was
purchased from Aldrich. All the other reagents used in this work
were obtained from Shanghai Chemical Reagent Co., Ltd. (China)
with analytical grade and could be used without any further
puriﬁcation. The deionized (DI) water (18 MV cm) used to prepare
all solution was puriﬁed with the NANOpure1DiamondTM UV
water system and used in all runs.
2.2. Apparatus
Electrochemical experiments were performed using a CHI 660D
computer-controlled potentiostat (ChenHua Instruments Co.,
Shanghai, China). A conventional three-electrode system consisted
of bare or GO modiﬁed Ti plate (99.99%, 0.25 mm) as working
electrode, an Ag/AgCl as the reference electrode and Pt wire as the
counter electrode for Cd(II) electrochemical deposition. Scanning
electron microscopy (SEM) images were obtained through a ﬁeldemission scanning electron microscope (FESEM, Quanta 200 FEG,
FEI Company, USA). Raman spectra were recorded by a LabRAM HR
800 confocal microscope Raman system with a laser of 532 nm.
2.3. Layer-by-Layer (LbL) assembly of GO on Ti plate
Negatively charged graphene oxide (GO(-)) was prepared from
natural graphite by Hummer’ method with minor modiﬁcation
[37]. Brieﬂy, 0.5 g graphite ﬂakes and 0.5 g NaNO3 were mixed with
23 mL H2SO4 in a round-bottomed ﬂask under vigorous stirring for
30 min. 3.0 g KMnO4 was added into the ﬂask slowly, and then the
mixture was cooled in ice bath for 2 h. After the reaction
maintained in 35  C for 1 h, 40 mL deionized water was added
into the suspension. The mixture was then stirred at 90  C for
30 min and diluted by adding 100 mL of deionized water and 3 mL
of 30% H2O2. And a yellow brown suspension would be obtained.
The GO product was separated from the suspension by ﬁlteration
and then washed with diluted HCl solution and distilled water for
many times, ﬁnally the produce was dried in vacuum for further
experiments. The resulting GO exposes the carboxylic acids
(COOH) on its surface and exhibits negatively charged in a wide
range of pH value [38]. A certain amount of GO was dispersed into
DI water by ultrasonication and used as GO(-) solution [39].
Commercial Ti plate was ultrasonically cleaned in acetone,
absolute ethanol and DI water, sequentially. The cleaned substrates
were immersed in 1 wt% PDDA solution containing 0.5 M NaCl for
10 min to get a positively charged surface, then the substrate was
exposed to GO(-) solution (0.5 mg mL 1) for 10 min. The substrate
should be rinsed with DI water for 2 min after each immersion step
to remove the unabsorbed materials and then dried with nitrogen
gas.
2.4. Rice samples collection
Rice samples were collected from ﬁve different locations
(Harbin, Wuchang, Mudanjiang, Jixi and Heihe) of Heilongjiang
province (Sample 1-5) and two places (Yichun and Nanchang) of
Jiangxi province (Sample 6 and 7) in 2015. The two provinces are
the major rice growing areas in China. All the rice samples were
triturated before digestion procedure. 1 g rice sample and 10 mL
HNO3 were sealed into a digestion tank, then the vessel was put
into a microwave oven (MDS-6G, Shanghai, China) for the
following digestion process, the running program was set
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according to previous report [40]. The digested solution was
heated to remove the acid on an electric hotplate. The samples
were diluted to the ﬁnal volume of 5 mL with deionized water.
The spiked rice was prepared by adding the required content of
Cd(II) into 100 g triturated rice sample and mixing uniformly. Then
the spiked rice samples were treated with the same digestion
process to get the digested solution.
In comparison experiments, 1 g triturated rice sample was
pressed to pellets of rice (diameter: 10 mm, thickness: 5 mm), and
then analyzing the Cd(II) content in sample directly by LIBS
without any pretreatment.
2.5. Electrochemcial deposition and LIBS measurments
Cd(II) in rice digestion solution or standard solution was
enriched onto the surface of GO/PDDA modiﬁed Ti plate by
electrochemcial deposition. The electrochemcial deposition was
carried out with the traditional three-electrode system in 50 mL
solution containing different concentration of Cd(II) under
continuous stirring and the working electrode was maintained
at a set potential for a deﬁned period time. The process was
presented in Fig. 1 and described as follow: a large amount of Cd(II)
in solution could be adsorbed by GO(-) through electrostatic
attraction and dispersed around the working electrode. When a
deposition potential was applied across the electrode, these ions
were reduced to Cd(0) on the surface of working electrode. In this
way, the Cd(II) in solution was deposited and accumulated in the
form of Cd(0), then the electrode concentrated with Cd(0) was
measured by LIBS after drying.
The setup of LIBS measurement in this work was also displayed
in Fig. 1. A Q-switched Nd:YAG laser (Brilliant, Quantel) with a
wavelength of 1064 nm and repetition rate of 1 Hz was used as the
ablating source. It could deliver pulse duration of 5 ns with pulse
energy of 100 mJ. The collimated beam was focused on the working
electrode to create a spark or breakdown on the surface of sample
through a convex lens (focal length = 100 mm). The plasma
emission was focused into an optical ﬁber linked with a
spectrometer (Avantes), which provided a wavelength range of
200–500 nm and a resolution of less than 0.1 nm.
3. Results and discussion
3.1. Strategy and characterization of GO/PDDA modiﬁed Ti plate
In order to modify GO onto Ti plate efﬁciently and uniformly,
layer-by-layer assembly as the suitable method was applied in this
work. Fig. 2a displays the assembly process of GO/PDDA modiﬁed
Ti plate schematically based on PDDA and GO(-). Firstly, Ti plate is
immersed into the solution of PDDA to assemble it on the surface of
substrate for a positively charged surface. Then GO is modiﬁed on

Ti plate by the electrical attraction between the negative charged
GO and positive charged PDDA. Finally, GO/PDDA modiﬁed Ti plate
is achieved with several adsorption sites toward Cd(II) on the
surface.
To ensure the successful assembly of GO on the surface of Ti
plate, SEM and Raman spectra measurements were carried out.
Comparing with the SEM images of bare and PDDA modiﬁed Ti
plate, a coating of GO can be observed clearly in the SEM image of
GO/PDDA modiﬁed Ti plate (Fig. 2b). It veriﬁes that the successful
modiﬁcation of Ti plate by GO. Characteristic Raman spectra of
bare, PDDA and GO/PDDA modiﬁed Ti plate are further conﬁrmed
such point (Fig. 2c). No peaks can be observed at the curves of bare
and PDDA modiﬁed Ti plate. However, the bands at 1333.38 nm (Dpeak ascribed to the vibration of sp3-hybridized carbon atoms) and
1589.71 nm (G-peak corresponding to the vibration of sp2hybridized carbon atoms) appear at the spectrum of GO/PDDA
modiﬁed Ti plate. The ratio between the intensities of the D and G
peak (ID/IG) correlates with the disorder of graphene and ID/IG of
GO is 1.05, which is consistent with the previous work [39]. Brieﬂy,
all above results indicate that GO has been modiﬁed onto Ti plate
by layer-by-layer assembly method.
3.2. EC-LIBS response of Cd on GO/PDDA modiﬁed Ti plate
It is well known that LIBS peak response of Cd has a direct
proportional relationship with its amount enriched on the working
electrode from solution. The more Cd(II) is absorbed on GO, the
more Cd(0) would be achieved, and the higher LIBS peak intensity
would be obtained. In order to get the best performance of EC-LIBS,
experimental conditions for electrodepositon were optimized in
standard solution containing 2 mM Cd(II) (the details are available
in Supporting Informantion, Fig. S1). A deposition potential of
1.5 V, an electrochemcial deposition time of 2000 s, 0.1 M NaAcHAc solution, and pH 6.0 were selected throughout the entire
experiments, unless specially noted.
To explore whether the modiﬁcation of GO could improve the
intensity of EC-LIBS peak for Cd, bare and GO/PDDA modiﬁed Ti
plates were applied in this work under the optimal experimental
conditions. As shown in Fig. 3, the EC-LIBS peak of Cd is higher on
the GO/PDDA modiﬁed Ti plate than that on the bare Ti plate after
the electrochemical deposition. It may be explained by the fact that
the deprotonated sites exposed on the surface of GO(-) exhibit the
electrostatic attraction to the positively charged Cd(II) [41], so
more Cd(II) is attracted and dispersed near electrode, and more Cd
(0) will be ﬁxed on electrode. For bare Ti plate, there are no anchor
sites toward Cd(II) existed on its surface, and less Cd(II) is
accumulated, so less Cd(0) can be obtained after deposition. To
highlight the advantage of electrochemcial deposition, the
comparison of preconcentration process with and without
deposition potential was also studied. It can be observed that

Fig. 1. Experimental setup of electrochemical laser induced breakdown spectroscopy (EC-LIBS) for trace detection of Cd(II) on layer-by-layer assembly of graphene oxides.
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Fig. 2. (a) Schematic for GO/PDDA modiﬁed Ti plate based on an assembly strategy of PDDA and GO(-). (b) SEM images and (c) Raman spectra of the bare, PDDA and GO/PDDA
modifed Ti plate.

Fig. 3. Typical LIBS response of 2 mM Cd(II) on bare and GO modiﬁed Ti plate in the absence and presence of electrochemcial deposition with a deposition potential of 1.5 V in
0.1 M NaAc-HAc solution (pH 6.0), t = 2000 s.

Fig. 4. Plots of EC-LIBS peak intensities versus different concentrations of Cd(II) in 0.1 M NaAc-HAc solution (pH 6.0). Inset is EC-LIBS responses of Cd over concentration range
0.5-2.5 mM, t = 2000 s, and E = 1.5 V.
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the LIBS signal of Cd after electrochemcial deposition is much
higher than that without such process. It may be resulted from the
negative potential needed in preconcentration step can form a
negative electricity ﬁeld around the working electrode to attract Cd
(II) to transfer from solution to the surface of modiﬁed Ti plate and
then these Cd(II) ions are reduced to Cd(0) on the surface of
electrode. The preconcentration process without deposition
potential enriches Cd(II) from solution only driven by the
adsorption of modiﬁed electrode towards Cd(II). So the electrochemical deposition can enrich more Cd than that without the
process under the same experimental conditions.
3.3. EC-LIBS measurements toward Cd(II) in standard solution
In order to scientiﬁcally estimate the performance of EC-LIBS
for the monitoring of Cd(II) on GO/PDDA modiﬁed Ti plate in lab
conditions and to provide a comparison for the further measurement in real rice samples, GO/PDDA modiﬁed Ti plate as working
electrode was applied for the determination of Cd(II) in standard
solution containing different concentration of Cd(II) under the
optimum experimental conditions (Fig. 4). It can be seen that the
LIBS signals of Cd(II) increase with increasing the concentration of
Cd(II) correlatively. The obtained sensitivity is 4278.21 174.20
counts mM 1 with a theoretical limit of detection (LOD) of 0.05 mM
(5.6 ppb) (3s method), and the correlation coefﬁcient is 0.999.
3.4. Interference study of co-existed ions on EC-LIBS responses of Cd(II)
Rice samples were pretreated by digestion process, and the
resulting solution contained high levels of various metal ions, such
as Ca(II), Cu(II), Mg(II), Mn(II), Na(I), Zn(II), Ni(II), K(I). These

coexisted ions could exhibit interference on the determination of
Cd(II) by EC-LIBS, so the interference study of EC-LIBS was also
evaluated.
The species of co-existed interferents and their content in
interference study are chosen according to the main ions
concentration in the digested rice sample in previous report
[42], and the data is listed in Table S1. Fig. 5a, b present the EC-LIBS
intensity of 1 mM Cd(II) in the absence and presence of
interferents. Although the concentration of these ions is several
or even hundreds of times higher than the content of Cd(II), no
signiﬁcant impact on the EC-LIBS peak intensity can be observed
(3.2%-15% in decrease or 4.3% in increase), and the change in the
peak intensity can be ignored. As a comparison, electrochemical
method (EC) was also applied for the interference study. As shown
in Fig. 5c, the additions of Ca(II) and Mg(II) cause the obvious
change in the peak shape of Cd(II). The respective additions of Ca
(II), Mg(II), Na(I), Zn(II), Ni(II), K(I) lead to a small decrease in the
voltammetric response without the change of stripping peak shape
(14%-34% in decrease shown in Fig. 5d). The peak of Cd(II) is
disappeared while a new peak can be observed at 0.43 V after the
addition of Cu(II), which may be attributed to the formation of the
intermetallic Cu-Cd compounds. Moreover, the presence of Mn(II)
results to a severe increase in the peak response of Cd(II) (82% in
increase presented in Fig. 5d).
From the interference study results, it could be seen that among
these interferents, Cu(II) and Mn(II) had serious interference on the
response of Cd(II) by electrochemical method (EC). Meanwhile, the
actual conditions of the rice sample should be taken into account,
which was rich in Cu(II) and Mn(II) on the basis of the main ions in
rice samples (Table S1). Thus, the change in the response of Cd(II)
with adding different concentration of Cu(II) and Mn(II) was

Fig. 5. Interference studies of the EC-LIBS (a) and EC (c) in 0.1 M NaAc–HAc solution (pH 6.0) containing 1 mM Cd(II), the corresponding extracted data are shown in (b) and d),
respectively. The concentrations of interferent according to the main ions content in the rice sample digestion solution are as below: 1225 mM Ca(II), 6.25 mM Cu(II), 833 mM
Mg(II), 18 mM Mn(II), 217 mM Na(I), 46 mM Zn(II), 6.7 mM Ni(II), 938 mM K(I). The concentration with mM unit is obtained by unit conversion following the results shown in
Table S1.
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studied in detail, respectively. The voltammetric peak intensities of
Cd(II) decrease rapidly after the addition of Cu(II), which is
decreased by almost 100%, as can be observed in Fig. 6a (red
column). Besides, a new peak at around 0.43 V is appeared and
the height of the peak is increased with the addition of Cu(II), as
shown in Fig. S2c. The possible reason may be ascribed to the
formation of the intermetallic Cu-Cd compounds between Cu(II)
and Cd(II), and the new peak should be attributed to this
compounds, thereby resulting in the serious interference [12].
However, the EC-LIBS response of Cd(II) is almost constant in the
presence of different concentration of Cu(II), as shown in Fig. 6a
(black column). No obvious impact is caused on the EC-LIBS
response of Cd(II). It can be explained by that the analysis using ECLIBS is focused on the element Cd, and the analysis does not
depend on the existed form of Cd, so the formation of intermetallic
Cu-Cd compounds does not cause inﬂuence on the EC-LIBS analysis
of Cd.
For the interference from different concentration of Mn(II) on
1 mM Cd(II) by EC method, the stripping peak intensities of Cd(II)
increase with the stepwise addition of Mn(II) up to 20 mM and the
corresponding voltammetry responses of Cd(II) are presented in
Fig. S2d. When the content of Mn(II) is 5 mM, 10 mM, 15 mM and
20 mM, the stripping intensities of Cd(II) are increased by 13%,
47.8%, 87.3% and 145%, respectively (Fig. 6b (red column)). It may be
attributed to the formation of Mn(0) ﬁlm on the surface of
electrode under the experimental conditions, and the interaction
between Mn(0) and Cd(II) can promote the reduction reaction of Cd
(II) to Cd(0), so an enhanced stripping peak of Cd(II) can be
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observed after the addition of Mn(II). Interestingly, with the
addition of different concentration of Mn(II), there is no inﬂuence
on the EC-LIBS signal of Cd(II), as exhibited in Fig. 6b (black
column). This may be explained by the fact that the formation of
Mn(0) ﬁlm only causes a undetectable change in the amount of Cd
(0) deposited on the surface of electrode, so the interference of Mn
(II) almost can be negligible. The above results highlight the
advantage of EC-LIBS again and demonstrate that EC-LIBS method
has the potential for the determination of Cd(II) in complicated
sample.
3.5. EC-LIBS measurements toward Cd(II) in rice
For the purpose of testing the practical application of EC-LIBS,
the determination of Cd(II) in rice digestion solution was carried
out with standard additions method and the rice sample was
collected from Harbin of Heilongjiang province (Sample 1), China.
It should be noted that the concentration of Cd(II) in the rice
sample used in this work was trace and could not be determined by
AAS (Table S2), so the rice sample was spiked with different
amount of Cd(II) for the application evaluation. Fig. 7a presents the
EC-LIBS responses of Cd(II) over the concentration in rice ranged
from 0.056 to 0.28 mg Kg 1 (the unit of mg Kg 1 presents the mass
of Cd existed in 1 Kg rice) and the corresponding calibration plot is
recorded in the inset. The obtained sensitivity is 7989.30  425.11
counts mg 1 Kg, which is equaled to a sensitivity of
4474.10  238.06 counts mM 1 in solution after unit conversion.
Comparing with the result presented in Fig. 4 (4278.21 174.20
counts mM 1), the two sensitivities for Cd(II) LIBS signals are
almost identical, and the change is 4.5%, which can be ignored. It
veriﬁes that EC-LIBS is effective at the analysis of complicated
sample containing multimetal ions. The obtained theoretical LOD
is 1.6  10 2 mg Kg 1 (3s method), which is within the maximum
concentration of Cd in rice (0.2 mg Kg 1) speciﬁed by China. The
determination of Cd in pressed pellets of rice Sample 1 was carried
out directly by LIBS method without any preconcentration. The
result is displayed in Fig. 7b with the concentration of Cd ranged
from 10 to 60 mg Kg 1, it should be pointed out that no clear
response of Cd is obtained in the content range of 0.056 to
0.28 mg Kg 1, so the concentration range of Cd is different with
that of EC-LIBS. The obtained sensitivity is 9.28  0.37 counts
mg 1 Kg with a theoretical LOD of 1.90 mg Kg 1 (3s method).
Comparing to the sensitivity of EC-LIBS (7989.30  425.11 counts
mg 1 Kg), it can be seen that the sensitivity is enhanced by almost 3
orders of magnitude after combined electrochemcial deposition
with LIBS. In addition, EC-LIBS improves the LOD of LIBS by over 2
orders of magnitude signiﬁcantly. Therefore, it can deduce that the
electrochemical concentration process can improve the performance of conventional LIBS signiﬁcantly.
3.6. Analysis of different rice samples

Fig. 6. Interference studies of 1 mM Cd(II) in 0.1 M NaAc-HAc solution (pH 6.0) in
the presence of various concentrations of Cu(II) (a), Mn(II) (b) by the EC-LIBS (black
column) and EC (red column). (For interpretation of the references to color in the
text as well as in the ﬁgure caption, the reader is referred to the web version of this
article.)

As a systematic interference tests had been carried out, we next
assessed the accuracy of EC-LIBS method for the determination of
Cd(II) in different rice samples (Table 1). The contents of Cu(II) and
Mn(II) in these rice samples are listed in Table S2. The recovery of
the 7 rice samples is found to be 98.2%, 101.1%, 108.5%, 100.0%,
98.2%, 102.8%, and 97.1%, respectively. The determined concentrations are well consistent with certiﬁed content, which reveals
that this method can be applied for the practical application with
great possibility. Moreover, the results further conﬁrm that the
presence of Cu(II) and Mn(II) in real rice samples have no effect on
the determination of Cd(II) by EC-LIBS, which is ﬁt well with the
data presented in Fig. 6. The above data veriﬁes the accuracy of
analysis real rice sample by EC-LIBS.
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Fig. 7. (a) Plots of EC-LIBS peak intensities of Cd(II) versus concentration range 0.056-0.28 mg Kg 1 in rice, t = 2000 s, and E = 1.5 V. (b) Plots of LIBS peak intensities versus
different concentrations of Cd(II) in rice. Insets in panel a and b are the response of EC-LIBS and LIBS towards Cd over different concentration, respectively.

Table 1
Determination of Cd(II) in different spiked rice samples.
Sample

Locations

Added (mg Kg

S1
S2
S3
S4
S5
S6
S7

Harbin
Wuchang
Mudanjiang
Jixi
Heihe
Yichun
Nanchang

0.28
0.28
0.28
0.28
0.28
0.28
0.28

1

)

Found (mg Kg
0.275  0.023
0.283  0.019
0.304  0.006
0.280  0.016
0.275  0.016
0.288  0.005
0.272  0.012

1

)

Recovery (%)
98.2
101.1
108.5
100.0
98.2
102.8
97.1

and the actual conditions of rice, a series of interference studies
were systematically carried out and various co-existed ions had no
effect on the EC-LIBS response of Cd(II). We ﬁrmly believe that the
participation of GO(-) and electrochemical deposition in this
system is the crucial factor to ensuring its successful outcome. The
system shows 3 orders of magnitude increase in sensitivity of
traditional LIBS and excellent anti-interference ability, and it also
provides an extremely promising heavy metal ions sensing
platform with potential application in more complicated operating
conditions.
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