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H I G H L I G H T S

• The hierarchical MgFe-LDH/graphene
composite was synthesized.

• The individual and simultaneous de-
tection of Cd(II) and Pb(II) were stu-
died.

• Low detection limit, high sensitivity
and broad linear range were realized.

• The proposed sensor was successfully
applied for the determination of Cd(II)
and Pb(II) in real samples.
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A B S T R A C T

Heavy metal contamination has been demonstrated to possess the severe threats toward the whole ecosystems
and public security even at trace levels. Therefore, it is essential to exploit an ultrasensitive technique to de-
termine the levels of heavy metal ions. In this work, hierarchical MgFe-layered double hydroxide (MgFe-LDH)
microspheres have been successfully immobilized on the graphene nanosheets surface via a facile one-step
hydrothermal route. Benefiting from the synergistic effects associated with high specific surface area, strong
affinity of hierarchical MgFe-LDH architecture toward heavy metal ions, good electrical conductivity and ef-
fective electron transfer efficiency of graphene, the resulting composite (denoted as MgFe-LDH/graphene) is
explored as an electrochemical sensor for simultaneous detection of Pb(II) and Cd(II) in aqueous medium. As a
consequence, MgFe-LDH/graphene modified electrode exhibits low detection limit of 5.9 nM for Cd(II) and
2.7 nM for Pb(II), which are dramatically lower than the respective values of 3 ppb (27 nM) and 10 ppb (48 nM)
in domestic water permitted by the World Health Organization (WHO). Meaningfully, the proposed electro-
chemical sensor shows specific recognition capability to Pb(II) and Cd(II), excellent reproducibility in repetitive
measurements as well as feasibility in real water analysis.
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1. Introduction

With the rapid development of global industrial activities, heavy
metal pollution has been evolved into a prominent environmental
problem all over the world. Heavy metal ions, particularly Cd(II) and Pb
(II), are alarming contaminants to environmental safety and public
health due to their high toxicity even at low concentrations, non-
biodegradability, and tendency of accumulation in the body via the
food chain [1–9]. Hence, it is of vital importance to develop a feasible
technique for detection of heavy metal ions from the viewpoint of en-
vironmental monitoring and human health concerns. With the increase
of public awareness of environmental protection, diverse analytical
techniques, such as atomic absorption spectroscopy [10,11], in-
ductively coupled plasma optical emission spectroscopy [12–14],
Raman spectrometry [15,16], spectrofluorimetry [17–20] and spectro-
photometry [21] have been widely established for the detection of
heavy metal ions in industrial wastewater and drinking water. In spite
of high sensitivity and accuracy of these methods, they are not appro-
priate for on-site measurements on account of cumbersome and so-
phisticated apparatus, complicated pretreatment procedures and te-
dious analysis time. By contrast, electrochemical technique has
received increasing attention in the analytical field due to its fasci-
nating features such as simple handling, rapid response, low limit of
detection (LOD), superior sensitivity and favorable selectivity [22–31].

Over the past decades, various materials such as inorganic, organic
and bio-materials have been utilized to construct the electrochemical
sensors for the determination of heavy metal ions. Nevertheless, most
electrode materials suffer from some inherent limitations, e.g. low
surface areas and poor electrical conductivity. Therefore, considerable
efforts have been devoted to exploring advanced materials with well-
defined structural design to improve the electrochemical sensing per-
formances. As we all know, the sensitivity of electrochemical sensors is
highly associated with the accumulating ability of modified electrode
materials toward the target heavy metal ions. In this sense, layered
double hydroxides (LDHs) are regarded as excellent candidates owing
to flexible ion-exchangeability and tuneable compositions [32,33].
Particularly, surface hydroxyl groups and various interlayer anions of
LDHs endow them with strong affinity to specific heavy metal ions,
consequently contributing to enhanced electrochemical active sites
[34–36]. Unfortunately, single LDHs usually possess rather poor elec-
trical conductivity, which inhibits their potential applications in elec-
trochemical sensing fields.

To overcome such limitation, one effective and feasible strategy has
been proposed based on the rational integration of LDHs with con-
ductive carbon materials. Among various carbon materials, graphene
with a two-dimensional structure has been widely used in the en-
vironmental and energy fields on account of good electrical con-
ductivity, large specific surface area, and excellent chemical/electro-
chemical stability [37–42]. On the one hand, ultrathin graphene
nanosheets provide a platform for the rapid diffusion of electrolyte,
facilitating the interfacial charge transfer during the electrochemical
reaction. On the other hand, the incorporation of LDHs can effectively
prevent the agglomeration of graphene and thereby is beneficial for full
exposure of the electrode surface. Meanwhile, graphene is usually in-
volved in abundant oxygen-containing functional groups, which are
advantageous for preconcentrating heavy metal ions. Consequently, it is
highly expected that hierarchical MgFe-LDH/graphene hybrid materials
can greatly enhance the electrochemical detection toward heavy metal
ions.

Based on the above considerations, in this work, a flower-like MgFe-
LDH/graphene hierarchical architecture has been successfully prepared
through a facile one-step hydrothermal route. The morphological and
structural characteristics of the as-fabricated MgFe-LDH/graphene
composite are systematically investigated through diverse character-
ization methods. The electrochemical sensing performances of the de-
veloped sensor, including sensitivity, LOD, linear range and selectivity,
are investigated in detail by square wave anodic stripping voltammetry
(SWASV). Furthermore, the repeatability and reproducibility study as
well as real water sample analysis are also carried out to further eval-
uate the accuracy and reliability of the proposed sensor toward de-
termination of Pb(II) and Cd(II).

2. Results and discussion

2.1. Morphological and structural characterization

The morphologies and structural details of the as-synthesized MgFe-
LDH/graphene composite are investigated via field emission scanning
electron microscope (FE-SEM) observation. As can be seen from Fig. 1a,
the resulting composite displays a three-dimensional hierarchical
structure, in which flower-like MgFe-LDH microspheres are composed
of numerous ultrathin nanoflakes interlaced with each other. A closer
observation reveals that MgFe-LDH microspheres are imbued with a
layer of graphene voile. It should be mentioned that the crystallization

Fig. 1. (a) SEM image of MgFe-LDH/graphene composite; (b) and (c) TEM image of MgFe-LDH/graphene and the corresponding element mappings.
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of MgFe-LDH and reduction of GO are fulfilled simultaneously during
the hydrothermal process. The possible reason about the selective im-
mobilization of MgFe-LDH microspheres onto the surface of graphene
nanosheet can be attributed to plenty of the oxygen-containing groups
with negative charge on GO surface, which can trap metal ions (namely
Mg2+ and Fe3+) through the electrostatic interaction and provide nu-
cleation sites for the growth of MgFe-LDH, thereby forming the hier-
archical MgFe-LDH/graphene hybrid materials. For comparison, FE-
SEM morphologies of separate MgFe-LDH and graphene are also pre-
sented in Fig. S1. Similar to MgFe-LDH/graphene composite, bare
MgFe-LDH consists of flower-like microspheres with diameters of sev-
eral hundred nanometers; whereas graphene in the absence of MgFe-
LDH displays plate-like morphology with lateral dimensions of several
micrometers, accompanied by severe agglomeration. In addition, when
Mg(NO3)2·6H2O or FeCl3·6H2O is utilized as the single metal ion pre-
cursor, the resultant composites display irregular and unordered ag-
gregation morphology, totally different from MgFe-LDH/graphene
composite (Fig. S1c and d). The morphology of the as-synthesized
MgFe-LDH/graphene composite is further investigated by transmission
electron microscopy (TEM). From Fig. 1b, it is found that MgFe-LDH
microspheres composed of numerous nanosheets are well dispersed on
the surface of graphene, which effectively prevents individual graphene
nanosheets from restacking and aggregating into larger particles, in
good agreement with SEM observation. Although both MgFe-LDH and
graphene are sheet-like structure, graphene looks more transparent
while MgFe-LDH possesses dark contrast, which makes them easily
differentiated in the resulting hybrid structure (pointed by the red and
yellow arrows in Fig. 1b, respectively). Energy-dispersive X-ray spec-
troscopy (EDS) (Fig. S2) shows the coexistence of Mg, Fe, O, C and S
elements in the resulting product, in which sulfur may be attributed to
SDS residue in the LDH materials. In order to further corroborate the
spatial distribution of every element inside MgFe-LDH/graphene com-
posite, elemental mapping analyses are carried out. As shown in Fig. 1c,
magnesium (red zone), iron (green zone), oxygen (blue zone) and sulfur
(cyan zone) are homogeneously distributed throughout MgFe-LDH
microspheres; while carbon (gray zone) derived from graphene spread
all over the selected entire domain, suggesting the uniform anchoring of
MgFe-LDH microspheres on graphene surface. Meanwhile, the exact
atomic ratio of Mg to Fe is found to be about 3:1 based on inductively
coupled plasma optical emission spectrometer (ICP-OES) analysis,
which is well consistent with the feeding molar ratio of Mg/Fe pre-
cursors. To explore the textural properties of the as-synthesized MgFe-
LDH/graphene composite, N2 adsorption/desorption measurement is
conducted. As displayed in Fig. S3, a type Ⅳ isotherm with H3-type
hysteresis loop is found, suggesting the existence of mesopores centered
at ca. 3.7 nm. The corresponding pore volume and specific surface area
are 0.11 cm3 g−1 and 125m2/g, respectively. As comparison, the sur-
face area of the obtained MgFe-LDH is also investigated and the cor-
responding specific surface area is determined to be 51m2/g, which is
much smaller than that of MgFe-LDH/graphene composite. Hence, such
a 3D hierarchical MgFe-LDH/graphene hybrid with high BET surface
area and unique porous architecture may be anticipated to facilitate
pre-enrichment for analytes, full exposure of electroactive surface to
electrolyte, decrease of contact resistance between MgFe-LDH and
graphene, consequently enhancing the resulting electrochemical per-
formance [43].

Apart from the microstructural observation, the crystallographic
phase and purity of the final composite are characterized by X-ray
diffraction (XRD) patterns. As shown in Fig. 2a, for the pristine gra-
phene (Curve I in Fig. 2a), the two peaks at around 26° and 44° can be
attributed to the (002) and (101) reflections of hexagonal graphite
carbon (JCPDS No.75-1621), respectively. As for MgFe-LDH/graphene,
several new peaks appear at 11.3°, 23.1°, 34.2°, 38.9°, 46.4°, and 59.8°,
corresponding to the diffractions from (003), (006), (012), (015),
(018), and (110) planes of the Mg6Fe2CO3(OH)16·4H2O phase, re-
spectively (Curve II in Fig. 2a), confirming the coexistence of graphene

and MgFe-LDH in the obtained composites. In addition, XRD patterns of
the as-obtained products in the absence of FeCl3·6H2O or Mg
(NO3)2·6H2O are demonstrated in Fig. S4, confirming the successful
fabrication of Mg5(CO3)4(OH)2(H2O)4/graphene and FeOOH/graphene
composites. In order to distinguish the chemical bonding nature and
functional groups of the resulting MgFe-LDH/graphene composite,
Fourier transform infrared (FT-IR) measurement is performed and the
corresponding spectrum is displayed in Fig. 2b. Obviously, a broad and
intense absorption band appears at around 3420 cm−1, originating
from the stretching vibrations of hydroxyl groups. Meanwhile, the

Fig. 2. (a) XRD patterns of graphene and MgFe-LDH/graphene; (b) FT-IR
spectrum of MgFe-LDH/graphene; (c) Raman spectra of graphene and MgFe-
LDH/graphene.

Y. Ma et al. Chemical Engineering Journal 347 (2018) 953–962

955



absorption peak at around 1616 cm−1 may be ascribed to hydroxyl
deformation mode of absorbed water molecules. In addition to the
characteristic bands related to hydroxyl groups, a sharp absorption
peak at ca. 1365 cm−1 is also clearly observed, which is attributed to
the asymmetric stretching mode of CO3

2− [44,45]. Moreover, two
bands in the lower wavenumber region (729 and 608 cm−1) correspond
to the stretching and bending vibrations of M–OH and M–O bonds
(M=Mg and Fe) in the MgFe-LDH lattice. Furthermore, two bands at
1185 and 1110 cm−1 together with the other bands at 2932 and
2848 cm−1, which originate from –SO3

2− group and the symmetric/
antisymmetric stretching of –CH2, respectively, indicate the residual of
SDS in the as-prepared MgFe-LDH/graphene composite, consistent with
EDS analysis [43,46]. Raman analysis is further utilized to provide the
structural information about the resultant MgFe-LDH/graphene com-
posite (Fig. 2c). For bare graphene, two characteristic bands at
1351 cm−1 (D-band) and 1589 cm−1 (G-band) are found. In the case of
MgFe-LDH/graphene composite, several new Raman bands appear at
ca. 197, 305 and 460 cm−1, which can be assigned to the M-O-M
linkage bonds, respectively; while the band at 670 cm−1 can be as-
cribed to intercalated CO3

2−, revealing the successful incorporation of
carbonate species into the interlayers of flower-like MgFe-LDH micro-
sphere [47]. Considering the fact that the intensity ratio of D to G band
(ID/IG) is associated with the disorder degree of carbon materials
[2,39], in our case, ID/IG of MgFe-LDH/graphene approaches that of the
pristine graphene (1.093 vs. 1.121). The finding suggests that the MgFe-
LDH/graphene composite maintains the chemical/electrochemical sta-
bility of graphene, which is beneficial for electron transfer on the sur-
face of electrode.

In an attempt to further investigate the chemical composition of the
resulting product and valence states of different elements, X-ray pho-
toelectron spectroscopy (XPS) technique are performed (Fig. 3). As
shown in Fig. 3a, five peaks at 164.3, 284.9, 531.8, 711.2 and
1304.1 eV reveal the presence of S, C, O, Fe and Mg elements in the
resultant composite. The high-resolution spectrum of C 1s (Fig. 3b) can
be deconvoluted into four peaks located at 289.1 (C]O), 286.2 (CeO),

285.4 (CeOH) and 284.7 eV (CeC) [48]. Mg 1 s spectrum (Fig. 3c)
displays an evident peak at 1304.3 eV [43]. Fe 2p (Fig. 3d) exhibits two
obvious peaks at 711.1 and 724.7 eV, corresponding to Fe 2p3/2 and Fe
2p1/2, respectively. In addition, two satellite peaks at 718.7 and
733.6 eV indicate the existence of Fe(III) in the ultimate MgFe-LDH/
graphene composite [49,50]. The results mentioned above confirm that
the successful fabrication of MgFe-LDH/graphene composite.

2.2. Electrochemical characterization of different electrodes

The electrochemical behaviours of different electrodes are in-
vestigated by cyclic voltammetry (CV) in [Fe(CN)6]3−/4− mixture
containing 0.1M KCl (Fig. 4a). In the case of graphene/GCE, the highest
peak current (Ip) and the lowest potential separation (ΔEP) are observed
since graphene nanosheets can accelerate the diffusion of [Fe(CN)6]3−/

4− onto the surface of electrode. After modification with MgFe-LDH
(i.e. MgFe-LDH/GCE), however, the peak current decreases greatly
accompanied by increase of ΔEP due to poor conductivity of MgFe-LDH.
As for MgFe-LDH/graphene/GCE, the peak current exhibits a distinct
enhancement compared with MgFe-LDH/GCE, indicating that graphene
can afford effective electron transfer on the electrode surface. More-
over, the electrochemical behaviours of Mg5(CO3)4(OH)2(H2O)4/gra-
phene/GCE and FeOOH/graphene/GCE are also investigated via a si-
milar method. As shown in Fig. S5, the MgFe-LDH/graphene/GCE
exhibits higher peak current compared with Mg5(CO3)4(OH)2(H2O)4/
graphene/GCE and FeOOH/graphene/GCE. Electrochemical impedance
spectroscopy (EIS) has been widely employed as a powerful method to
explore the interface features of electrode [25,26]. Fig. 4b exhibits the
typical Nyquist plots of four modified electrodes in [Fe(CN)6]3−/4−

mixture (1:1) containing 0.1M KCl solution. Obviously, graphene/GCE
possesses the smallest semicircle diameter at high frequency, suggesting
the lowest charge transfer resistance (Rct). In the case of MgFe-LDH/
GCE, the semicircle diameter increases distinctly, indicating increased
Rct of MgFe-LDH. Interestingly, when MgFe-LDH is incorporated into
graphene, the corresponding Rct value decreases obviously compared to

Fig. 3. XPS spectra of the as-fabricated MgFe-LDH/graphene composite: (a) survey spectrum; (b) C 1s; (c) Mg 1s; (d) Fe 2p.
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MgFe-LDH/GCE. These results clearly demonstrate that graphene can
largely enhance the charge transfer efficiency of MgFe-LDH/graphene/
GCE.

The real electrochemical active surface areas of NiFe-LDH NSAs/CC
(Fig. 4c) are studied by cyclic voltammetry at various scan rates. Ob-
viously, the anodic peak current (Ipa) linearly increases with increasing
the square root of the scan rate (Fig. 4d). The liner equation can be
determined as: Ipa (A)= 1.2× 10−5+ 2.6×10−4 ν1/2 (R2= 0.998).
Therefore, the electrochemical surface areas can be calculated ac-
cording to the Randles-Sevcik equation [51,52]:

= × nI (2.69 10 ) ACD νpa
5 3/2 1/2 1/2

where Ipa, n, A, D, ν, and C represent the anodic oxidation peak current
(A), electron-transfer number, effective surface area of the working
electrode, diffusion coefficient of K3[Fe(CN)6] in 0.1 M KCl
(7.60×10−6 cm2 s−1), scan rate (V s−1), concentration of the probe
molecule (mol cm−3), respectively. In contrast, the electrochemical
active surface areas of bare GCE, graphene/GCE and MgFe-LDH/GCE
electrodes are also investigated under the identical conditions (Fig. S6).
As a consequence, the electrochemical active surface areas for gra-
phene/GCE, bare GCE, MgFe-LDH/graphene/GCE, and MgFe-LDH/GCE
electrodes are 0.11, 0.088, 0.071 and 0.042 cm2, respectively. That is to
say, the effective hybrid of MgFe-LDH and graphene may be conducive
to provide an enhanced electrochemical behavior, reflected by high
peak currents and smooth electron transfer process as well as large
electrochemical active surface area.

2.3. Optimization of experimental conditions

To the best of our knowledge, SWASV is considered to be the most
sensitive electroanalytic technique due to relatively low background
noise. As we all know, the supporting electrolytes are of great im-
portance to acquire the excellent sensing performance. Hence, the effect
of different supporting electrolytes on SWASV response is studied to
optimize the experimental conditions. Fig. 5a reveals the voltammetric
behavior to two target metal ions at pH 6.0 in three different supporting
electrolytes, i.e. 0.1M NH4Cl-HCl, phosphate buffer solution (PBS), and
acetate buffer solution. It can be found that the largest peak current is

obtained for two target metal ions in acetate buffer solution. Thus,
0.1 M acetate buffer solution is employed in the following experiments.

Taking into account the fact that pH value of the electrolyte solution
exerts a significant influence on the accumulation of heavy metal ions
on the electrode materials, the voltammetric responses of Pb(II) and Cd
(II) (each of 1.0 μM) are investigated under varying pH. It can be found
that the stripping currents of Pb(II) and Cd(II) increase with the in-
crease of solution pH and then reach the maximum value at pH 6.0,
followed by a minor decrease up to pH 7.0 (Fig. 5a). The specific pH-
dependent behavior can be explained by the affinity variation between
MgFe-LDH/graphene and heavy metal ions under various pH, con-
sistent with the previous reports, in which the sorption capacities of Pb
(II) and Cd(II) are stronger under near-neutral conditions [2,25,53].
Under low pH (4.0), poor current response may be correlated with the
protonation of the functional groups on MgFe-LDH/graphene/GCE
surface, weakening the adsorption of heavy metal ions; with increasing
pH to 6.0, the increment in stripping peak currents can be attributed to
favorable electrostatic attraction and surface complexation as a result of
the deprotonation effect; whereas, under pH 7.0, the stripping currents
for both Pb(II) and Cd(II) display a slight decrease, which may be
correlated with the hydrolysis reaction of heavy metal ions, interfering
with their accumulation on the surface of electrode. In view of the best
current response, as a consequence, pH 6.0 is selected for the following
experiments.

During stripping measurements, the appropriate deposition poten-
tial is of great concern to acquire the superior sensing performance.
Accordingly, the influence of deposition potentials on the stripping
currents is explored in 0.1M acetate buffer solution at pH 6.0. As de-
monstrated in Fig. 5b, the stripping signals for both Pb(II) and Cd(II)
increase with increasing potentials from −1.3 to −1.1 V, reach the
apex at −1.1 V and then decrease gradually at more positive deposition
potentials than −1.1 V. The phenomenon might be associated with the
competitive generation of hydrogen gas at a more negative potential
and the incomplete reduction of Pb(II) and Cd(II) on the MgFe-LDH/
graphene/GCE surface at more positive deposition potentials [26].
Meanwhile, the deposition time is another critical parameter which
affects the stripping peak current of MgFe-LDH/graphene/GCE. As de-
picted in Fig. 5c, the peak currents of Pb(II) and Cd(II) almost increase

Fig. 4. (a) CVs and (b) EIS spectra of dif-
ferent electrodes in the solution containing
5.0 mM [Fe(CN)6]3−/4− (1:1 M ratio) and
0.1M KCl; (c) CVs of MgFe-LDH/graphene
in the mixed solution containing 5.0 mM [Fe
(CN)6]3−/4− (1:1 M ratio) and 0.1M KCl at
different scan rates; (d) the linear relation-
ship between the anodic peak currents and
the square root of scan rate.
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linearly with the deposition time from 90 to 180 s; while the two curves
tend to be level off with prolonging deposition time up to 210 s, sug-
gesting the approaching saturation of surface active sites due to the
excessive accumulation of analytes on the MgFe-LDH/graphene/GCE
surface. Based on the results mentioned above, −1.1 V and 180 s are
employed as the optimal stripping potential and deposition time, re-
spectively, in the following Pb(II) and Cd(II) sensing. In addition, other
parameters including amplitude, frequency and step potential are fixed
at 25mV, 25 Hz and 4mV, respectively.

2.4. Stripping response of lead and cadmium at various electrodes

The SWASV signals of Pb(II) and Cd(II) at diverse electrodes are
examined under the above optimized operational conditions, in which
the concentrations of two heavy metal ions are fixed at 1.0 μM. It
should be noted that oxidation potentials of Pb and Cd are −0.55 and
−0.8 V, respectively. From Fig. 6, bare GCE (black curve) displays the
lowest peak currents. For MgFe-LDH (blue curve) and graphene (green
curve) modified GCE, the stripping peak currents present an obvious
enhancement compared to bare GCE, which can be correlated with high
affinity of graphene and MgFe-LDH for the target heavy metal ions. In
addition, Mg5(CO3)4(OH)2(H2O)4/graphene and FeOOH/graphene
modified GCE exhibit smaller stripping peak currents as compared to
MgFe-LDH/graphene modified GCE (Fig. S7). Specifically, among the
investigated six electrodes, MgFe-LDH/graphene modified GCE (red
curve) possesses the highest and sharpest stripping currents toward Pb
(II) and Cd(II), revealing the synergistic amplification effect after the
effective anchoring of MgFe-LDH on graphene surface. Consequently,
the developed MgFe-LDH/graphene/GCE can be utilized as the pro-
mising electrochemical sensing probe for the detection of Pb(II) and Cd
(II). The enhanced electrochemical response of the MgFe-LDH/gra-
phene composite towards the target heavy ions might be derived from
the following collective effects: (i) the specific 3D hierarchical char-
acteristic ensures the maximum exposure of surface active sites, bene-
ficial for the effective enrichment of Pb(II) and Cd(II); (ii) the abundant

mesopores in the resulting MgFe-LDH/graphene architectures offer
unobstructed mass diffusion channels for the electrolyte ions, con-
tributing to their high electrochemical activity; (iii) abundant surface
hydroxyl groups and various interlayer anions (e.g. CO3

2− and eSO3
−)

inside MgFe-LDH provide more chance toward trapping of metal ions
[34]; (iv) the in-situ anchoring of flower-like MgFe-LDH microspheres
on conductive graphene surface reduces the contact resistance between
MgFe-LDH and graphene, which can effectively overcome the weakness
of MgFe-LDH in terms of relatively poor conductivity, ultimately
guaranteeing highly efficient redox reactions.

Fig. 5. Influence of various experimental parameters on SWASV response of MgFe-LDH/graphene/GCE toward Pb(II) (1 μM, black line) and Cd(II) (1 μM, red line):
(a) supporting electrolytes; (b) pH; (c) deposition potential; (d) deposition time.

Fig. 6. SWASV curves of Cd(II) and Pb(II) (each of 1.0 μM) at different elec-
trodes in 0.1M acetate buffer solution (pH 6.0).
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2.5. Electrochemical sensing behaviours of Pb(II) and Cd(II) at MgFe-LDH/
graphene/GCE

In view of the favorable electroanalytical response, the developed
MgFe-LDH/graphene modified GCE is attempted to the quantitative
determination of Pb(II) and Cd(II) using SWASV under the optimal
conditions. As shown in Fig. 7a, well-defined peaks at about −0.8 V are
observed in the presence of the individual Cd(II) with various con-
centration, which corresponds to the oxidation potential of cadmium.
Furthermore, the stripping currents are affinitive to Cd(II) concentra-
tion over a range of 0.1 to 1.0 μM (Fig. 7b). The linear equation is
described as: Ip=−1.63+26.15C (R2=0.992). As a consequence,
the sensitivity and LOD can be calculated to be 26.15 μA μM−1 and
4.7 nM (3σ method), respectively. Likewise, the SWASV response of the
proposed MgFe-LDH/graphene/GCE toward Pb(II) is also explored
using the similar method. As can be seen from Fig. 7c, Pb(II) is pro-
minently identified at the potential of ca. −0.56 V with sharp peaks.
Additionally, the stripping currents increase proportionally with the
increasing concentration of Pb(II) ranging from 0.05 to 1.0 μM, in
which the linear relationship can be evaluated as Ip= 1.87+ 57.12C
(R2=0.994) (Fig. 7d). Accordingly, the corresponding sensitivity and
LOD are calculated to be 57.12 μA μM−1 and 2.3 nM, respectively.

Besides the individual detection of Pb(II) or Cd(II), the resulting
MgFe-LDH/graphene modified GCE are further successfully utilized to
their simultaneous electrochemical analysis. Fig. 8 presents SWASV
responses of Pb(II) and Cd(II) mixture under the optimal conditions.
Apparently, two separate and well-resolved peaks are observed (Fig. 8a)
at around −0.56 and −0.8 V for Pb(II) and Cd(II), respectively. It is
noted that there is almost no shift about the stripping peak positions of
coexisting Pb(II) and Cd(II) as compared to their individual determi-
nation, suggesting that mutual interference between Pb(II) and Cd(II) is
very minimal. Since two peaks are completely separated, it is very likely
for the proposed MgFe-LDH/graphene/GCE to identify simultaneously

Pb(II) and Cd(II). As expected, the stripping peak currents of both Pb(II)
and Cd(II) increase proportionally with increasing concentrations of Pb
(II) and Cd(II). Meanwhile, good linear relationships are noticed for Pb
(II) and Cd(II) ranging from 0.1 to 1.0 μM (Fig. 8b), which can be
evaluated as Ip= 2.05+ 49.86C and Ip=−0.53+21.32C for Pb(II)
and Cd(II), respectively. Consequently, LODs for Pb(II) and Cd(II) are
calculated to be 2.7 nM and 5.9 nM, respectively, which are far below
the respective threshold values of 3 ppb (27 nM) and 10 ppb (48 nM) in
drinking water permitted by the WHO. It is therefore expected that the
proposed electrochemical sensor can sufficiently meet the requirements
of the practical environmental monitoring. Significantly, the analytical
performance of the resulting MgFe-LDH/graphene composite in terms
of LOD and linear range is comparable with and even better than other
electrochemical sensors summarized in Table 1.

2.6. Interference study, repeatability, reproducibility, inter-day and intra-
day performance

As well known, during the SWASV analysis, the interference ions
may be also deposited onto the electrode surface together with the
target metal ions, leading to an alteration of the stripping signals.
Hence, the anti-interference capability of the proposed sensor is in-
vestigated by examining the stripping response variation in the pre-
sence of common metal ions. From Table S1, the relative stripping
signal deviations for both Pb(II) and Cd(II) are less than <3% in the
absence or presence of Na(I), K(I), Mg(II), Ca(II), Al(III), Zn(II), Fe(II),
Co(II) and Ni(II) at a concentration of 50-fold as much as that of Pb(II)
and Cd(II), suggesting negligible influence from these coexisting ions.
Such an excellent anti-interference ability might be correlated with
high affinity of MgFe-LDH/graphene composite for Pb(II) and Cd(II)
over other ions. However, the injection of 5-fold concentration of Cu(II)
exerts severe influences on the stripping analysis of Pb(II) and Cd(II)
(Fig. S8a), in which the stripping peak derived from Cd(II) almost

Fig. 7. SWASV responses of the MgFe-LDH/graphene/GCE for the individual analysis of (a) Cd(II) over a concentration range of 0.1 to 1.0 μM and (c) Pb(II) over a
concentration range of 0.05 to 1.0 μM; the corresponding linear relationships between Ip and concentration of the target heavy metal: (b) Cd(II) and (d) Pb(II).
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disappears; while the stripping current for Pb(II) reduces by about 77%.
It should be mentioned that the stripping peak at −0.06 V derives from
the oxidization potential of copper. Based on the previous reports, the
significant interference induced by Cu(II) might be attributed to the
generation of the Cu–Pb and Cu–Cd intermetallic compounds [25]. In
the case of Hg(II), an obvious increase in stripping peak current of Pb
(II) and Cd(II) are noticed even if equal concentration of Hg(II) is added
(Fig. S8b). As reported previously, Hg(II) can be reduced during the
deposition step, followed by the appearance of mercury film on the
electrode surface, rendering Pb(II) and Cd(II) to be reduced more easily
by forming an amalgam, which is ultimately responsible for the en-
hanced stripping currents of Pb(II) and Cd(II) [54].

To evaluate the repeatability of proposed sensor, a series of re-
petitive SWASV experiments (n=15) are carried out in 0.1M NaAc-
HAc solution (pH 6.0) containing 0.5 μM Pb(II) and Cd(II) at same
electrode. As shown in Fig. S9, there is no distinct alteration in the peak
currents. And the relative standard deviations (RSDs) are calculated to
be 2.97% for Cd(II) and 3.22% for Pb(II), respectively. In addition, the
reproducibility of the fabricated MgFe-LDH/graphene/GCE is also stu-
died at six different electrodes by checking the changes in the stripping
currents of Pb(II) and Cd(II) (Fig. S10). As a result, RSDs of six parallel
experiments are determined to be 3.78% for Pb(II) and 3.23% for Cd
(II). The high repeatability and good reproducibility indicate that the
developed MgFe-LDH/graphene modified electrode holds a great ad-
vantage in the future practical application. The inter-day (three re-
petitions of each concentration, three days) and intra-day (three re-
petitions of each concentration) performances are also investigated and
the corresponding results are shown in Table S2. Both the intra-day and
inter-day RSDs are lower than 5.0%, indicating that the developed
sensor possesses acceptable precision.

2.7. Real sample analysis

The feasibility of the proposed sensing system is evaluated in
practical environmental waters, including lake water (Dongpu
Reservoir in Hefei City, China) and tap water. The collected water
samples are treated via a filter membrane (0.22 μm) before experi-
ments, followed by diluting with 0.1 M NaAc-HAc buffer solution (pH
6.0) at a volume ratio of 1:1. Subsequently, the samples are spiked with
two various concentrations of Pb(II) and Cd(II) and then analyzed
quantitatively by SWASV. Noticeably, each experiment is performed for
five times and mean concentrations accompanied by RSDs are sum-
marized in Table S3. As expected, the detected values of target metal
ions are good consistent with the added concentrations and the routine
ICP-OES measurements; meanwhile, the obtained RSD values (less than
4%) and average recoveries (ranging from 96.25 to 107.5%) are also
acceptable. The high reliability and satisfactory recoveries endow the
resulting MgFe-LDH/graphene modified electrode with the excellent
feasibility toward Pb(II) and Cd(II) sensing in complex environment.

3. Conclusion

In summary, the hierarchical MgFe-LDH/graphene composite has
been successfully fabricated through a facile hydrothermal method and
further utilized to construct a novel electrochemical sensor for the si-
multaneous detection of trace Pb(II) and Cd(II) through SWASV.
Electrochemical studies reveal that the developed MgFe-LDH/graphene
composite exhibits enhanced electrochemical characteristics, including
strong stripping peak and efficient charge transfer as well as large
electrochemical active surface area as compared to the single-compo-
nent counterparts. As expected, MgFe-LDH/graphene/GCE offers ex-
cellent electrochemical sensing performance toward simultaneous de-
tection of trace Pb(II) and Cd(II) in terms of high sensitivity, broad
linear range, low LOD, good selectivity, superior reproducibility and
repeatability. The outstanding analytical property of the developed
sensing system can be attributed to the integrated effects associated
with specific 3D hierarchical architecture, high surface area, abundant
mesoporous channels, good electrical conductivity of graphene, as well
as strong affinity toward heavy metal ions. Furthermore, the proposed
sensor can be applied to the determination of Pb(II) and Cd(II) in real
water samples accompanied by satisfactory recoveries. All of these
findings prefigure great prospect of MgFe-LDH/graphene-based elec-
trochemical sensor in highly sensitive and reliable determination of Pb
(II) and Cd(II).
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