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ARTICLE INFO ABSTRACT

Keywords: It is still of great challenge to develop green and efficient electrochemical sensors for detection of trace heavy
Porous activated carbon metal ions. In this work, an efficient method was demonstrated for fabricating Palladium nanoparticles (Pd NPs)
Electrochemical detection uniformly decorated porous activated carbon (PAC). The Pd NPs were in-situ reduced on PAC (Pd@PAC) via a
Pd NP‘S . KOH activation and thermal reduction method. The morphology investigation suggests that the PA@PAC possess
Palladium nanoparticles . . . . . .
SWASV typical interconnected rr.u.cropores and mesopores architecture with Pd NPs evenly dlspersed. on the surface2 Sf
Square wave anodic stripping voltammetry PAZC. The PA@PAC modified glassy carbon electrode (Pd@PAC/GCE) was used for the detection of trace Cd*™,
Pb2* and Cu®* ions by square wave anodic stripping voltammetry (SWASV). It exhibited excellent sensitive and
selective detection of heavy metal ions simultaneously and individually, together with good anti-interference,
reproducibility, repeatability and stability under the same experimental conditions. Moreover, the PA@PAC/
GCE was utilized to detect heavy metal ions in real sample species, indicating potential application in real
environment detection. Porous structure and Pd NPs make PA@PAC excellent electrochemical activity, its in-
terconnected micropores and mesopores architecture accelerate the mass diffusion and facilitate the deposition-
stripping process of heavy metal ions. Pd NPs provide more active sites and improved conductivity significantly.
The present investigation provides a green and feasible method to assemble efficient electrochemical sensors and
electrocatalytic devices.
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1. Introduction

Various heavy metals all have potential harm and toxic. Cadmium
(Cd), lead (Pb) and copper (Cu) are widely distributed in the natural
water environment, so they would threaten the life of people and
ecosystem in high doses [1,2]. Generally, these elements both found II
compounds in natural water that have enhanced toxicity and greater
mobility [3]. The wide spread of these ions will affect human health
and ecosystem stability, so the sensitive and selective detection of
cadmium (Cd), lead (Pb) and copper (Cu) becomes more and more
urgent and necessary [4]. As reported, various analytical methods have
been adopted to detect trace metal ions, such as atomic fluorescence
spectrometry (AFS), inductively coupled plasma mass spectrometry
(ICP-MS), atomic absorption spectroscopy (AAS), X-ray fluorescence
spectrometry (XRF) and square-wave anodic stripping voltammetry
(SWASV). However, the applicability of most methods excepted SWASV
is often limited by the achievable lowest concentration of measure-
ments and the waste for time and researchers. So it is still a huge
challenge about how to improve the selectivity and sensitivity of sen-
sing ions by electrochemical method [5-10].

As one of electrochemical methods, SWASV is an emerging fast and
sensitive measurement system for the detection of trace heavy metal
ions. Compared with other methods, there are many advantages for
SWASYV, such as simple instrumentation, excellent sensitivity, low de-
tection limit, high selectivity, short analysis time, and portability
[11-14]. But above all, it offers the ability to analyze several trace
metal ions simultaneously and select certain metals individually. This is
mainly due to the fact that after a long period of pre-electrolysis, the
test substance is enriched and concentrated [15]. In the research of
electrochemical analytical systems for the trace metal ions detection,
the working electrodes are often modified with suitable materials to
achieve desired enhancements in sensitivity, selectivity, alternatively,
reproducibility and stability [16]. So, the design fantasy electrode
material is the most important step in SWASV method.

Over the decades, various materials have been explored, ranging
from carbon materials as metal carriers to biological receptors such as
DNA or proteins [17]. As electrode materials for SWASV, it needs to
offer large specific surface area, fast electron transfer and mass trans-
portation and provide countless active sites for nanoparticles (NPs)
loading or deposition. It seems that carbon nanomaterials-based sensors
would fit well with boosted electrocatalytic activity, such as carbon
nanofibers, mesoporous carbon, carbon nanotubes and graphene
[18-22]. Due to higher catalytic properties, some metal oxides have
been widely applied in the heavy metal detection. Wei et al. reported
SnO,/graphene nanocomposites can solve the aggregating problem
when used in an electrochemical sensor for the simultaneous analysis of
Cd?*,Pb%*, Cu®*, and Hg?* [23]. Zhang et al. prepared three different
morphologies (nanoparticles, nanobowls and nanotubes) of MnO,,
which were developed as sensing materials for the investigation of the
mutual interference of Cd*>*, Pb%* and Zn?* [24]. Meanwhile, recent
reports concluded that noble metal NPs modified carbon materials as
electrochemical sensor can provide the obvious advantages for the in-
dividual and simultaneous detection of heavy metal ions, such as ac-
celerating mass transfer, lower resistance and better electrical con-
ductivity [25]. Kaur et al. fabricated Ag-Nano-ZSM-5-modified glassy
carbon electrode and investigated as electrochemical sensors in the
detection of toxic heavy metal ions (Cd>*, Pb®*, As®*, and Hg?") [26].
In our previous work, we also developed Au NPs modified carbon na-
nofibers for high active electrochemical sensor and highly sensitive
detector for trace Cd*>*, Pb**and Cu®*ions using SWASV [27,28].
Recently, porous materials were developed and employed for the de-
tection of trace metal ions [9]. Zhou et al. prepared the L-cysteine
modified mesoporous MnFe,O4 nanocrystal clusters as a sensing ma-
terial for electrochemical detection of Pb%*, Hg?*, Cu®* and Cd**
based on SWASV technique [29]. For sensor technologies by surface
functionalization methods, it is well recognized that there are still some
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troubles such as long accumulation time, complicated and harsh ex-
perimental conditions, expensive and scarce suitable organic precursors
[30]. Pitchaimani et al. reported that Pd NP-embedded PAC nano-
composites for application as electrochemical sensors for detection of
toxic Cd*>*, Pb2*, Hg?>", and Cu®" ions using DPV. The results suggest
that the method is efficient and, however, its detection limit was only
500 nM [31]. Therefore, it is necessary to develop a biomass-derived
material with excellent sensitivity and low detection limits in detecting
heavy metal ions.

As well known, bio-sources materials can be successfully converted
into activated carbon by chemical activation method, physical activa-
tion method or template method [32-35]. Among them, chemical ac-
tivation method is crucial for the formation of pore architectures to
enhance the surface area of the electrode materials and then facilitate
the electrochemical detection of heavy metal ions. Moreover, KOH
activation is also efficient for generating micropores and mesopores
into the framework of various carbon architectures [36]. In the present
investigation, sustainable pomelo peels were employed to synthesis
porous activated carbon (PAC) via a chemical activation method and a
high temperature calcination process. Palladium NPs decorated PAC
was prepared via one step thermal reduction method for the electro-
chemical detection of trace heavy metal ions using SWASV technique.
Both the porous architecture and the homogeneously dispersion of Pd
NPs on PAC assist in accumulating the target heavy metal ions and
generating strong current response on the electrode surface. PA@PAC/
GCE could not only adsorb different heavy metal ions, but also ensure a
fast and high sensitivity current response thanks to the high electron
transfer speed between the electrode and solution. The present in-
vestigation provides a green and feasible method to prepare PAC with
evenly dispersed metal NPs for electrochemical analysis and electro-
catalytic applications.

2. Experiment
2.1. Preparation of Pd NPs embedded PAC (Pd@PAC)

PAC from the waste pomelo peels was synthesized by a KOH acti-
vation method as followed. First the pomelo peels were cut into small
pieces and dried at 80 °C for 12 h. Then, soaked in 1 M KOH for 24 h and
dried at 80°C for 12h. The dried pieces were carbonized in a tube
furnace at 700°C for 3h with a heating rate of 5°C min~' under an
argon (Ar) atmosphere, following by washing with 1 M HCl and dried at
80 °C for 4h and the KOH was successfully removed finally (Fig. S1).
The resulting material was denoted as PAC in the subsequent discus-
sions. PA@PAC was prepared via a simple one step thermal reduction
method. The PdCl, (5mg) and PAC (100 mg) was dispersed in ethanol
(5mL), following by the 2h ultrasonic to homogenize, then dried at
80 °C for 12 h. The dried ultrasound samples were carbonized in a tube
furnace at 900 °C for 3 h with a heating rate of 5°C min~! under an Ar
atmosphere and then cooled down to room temperature to obtain Pd
NPs decorated on the porous activated carbon. The load content of Pd
NPs in the PA@PAC is about 5.06 wt% (Fig. S3). And the detailed
synthesis process of the PA@PAC and the detection mechanism of trace
metal ions are illustrated in Fig. S4.

2.2. Characterizations

The morphology of the PA@PAC was characterized by field-emis-
sion scanning electron microscopy (JSM-6700 F, FESEM, JEOL, Japan)
and field emission transmission electron microscopy (JSM-2100, TEM,
JEOL, Japan). High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images and STEM mappings were
acquired using a STEM (Tecnai G2 F30S-Twin, HAADF-STEM, Philips-
FEI) at an acceleration voltage of 300KV. X-ray diffraction (XRD)
patterns of the PA@PAC were acquired on a Bruker AXS D8 Advance
with Cu Ka radiation (wavelength of 1.5406 A). X-ray photoelectron
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spectroscopy (XPS) analyses of the samples were conducted on a Kratos
Axis Ultra DLD with an Al (mono) Ka source (1486.6 eV). Raman
spectra was collected on a Thermo Fisher Scientific DXR laser Raman
microscope with 532nm laser lines under ambient conditions. The
specific surface area was performed using the Brunauer-Emmett-Teller
(BET, 3H-2000PSI) method.

2.3. Electrochemical characterizations

To remove the impurity on the surface of the bare glassy carbon
electrode (GCE), the bare GCE was ultrasonically cleaned in ethanol
and distilled water for 20 min and then polished carefully by using
0.5 nm alumina slurry. The polished GCE was washed with ethanol and
distilled water for 5min and then dried at room temperature. Then,
3 mg of PA@PAC powder was dispersed in 1 mL of a solvent, composed
of 3:1 (v/v) isopropanol/distilled water and 25 pL Nafion solution. To
create a homogeneous suspension, 1 mL of the solvent mixture was
ultrasonically stirred for 30 min. Subsequently, 5uL of the homo-
geneous suspension was added onto the GCE surface and dried at room
temperature. Hence, the modified electrode was composed of PA@PAC/
GCE. To facilitate comparison, other samples were prepared using the
same process.

Electrochemical experiments were recorded using a CHI660E elec-
trochemical workstation (Chenhua Instruments Co., Shanghai, China)
with a standard three-electrode system. A bare GCE, or modified GCE
served as a working electrode; a platinum net was used as a counter
electrode and a saturated calomel electrode as a reference electrode.
Cyclic voltammograms (CV) was carried out in a 5mM K3[Fe(CN)¢]
solution with steps from —0.2-0.6 V vs SCE with the scanning rate of
100mVs~ ', Square-wave anodic stripping voltammetry (SWASV)
curves were deposited at the potential of —2.1V for 210s in 0.1 M
NaAc-HAc (pH 4.8) buffer solution and performed in the potential
range of —1.2 to 0.4V at the following optimized parameters: the
amplitude was 50 mV, the increment potential was 4 mV and the fre-
quency was 15 Hz. All the experiments were conducted at room tem-
perature in air atmosphere.
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3. Results and discussion
3.1. Morphology of the PA@PAC materials

From Fig. 1a it can be observed that the pomelo peels derived PAC
exhibits typical honeycomb-like porous architecture structure. More-
over, the PAC has a typical three-dimensional interconnected structure
and thin nanosheet (as shown in Fig. 1b), suggesting the large specific
surface area and abundant porous structure. These networks were
employed as a well-suited support frame and reaction vessel to load the
Pd NPs [37]. Through the thermal reduction, the Pd NPs successfully
loaded into PAC and well dispersed throughout the whole porous ma-
terial (Fig. 1c). Compared with pure PAC, the PA@PAC still has a ty-
pical 3D network structure and Pd NPs were uniformity immobilized on
the surface of the PAC (Fig. 1d). Thus, it confirmed the successful
synthesis of the PA@PAC.

As shown in Fig. 2a, the TEM image further confirms the 3D in-
terconnected porous structure and existence of Pd NPs on the PAC. It
also can be observed that the Pd NPs uniformly dispersed on the PAC
with the size distribution of approximately 20 nm-30 nm (Fig. 2b). The
HRTEM image of Pd NPs displays the clear lattice fringes with an
average value of 0.22 nm, which can demonstrate the crystalline nature
of Pd crystal, corresponding to the Pd (111) crystal plane [38]. Fig. 2¢
shows the HAADF-STEM images of the PA@PAC. All C, N and O signals
were well distributed on the porous materials, and the Pd signals are
mainly centered at the bright spots area and further indicate that for-
mation of Pd NPs. Meanwhile the line-scan EDX spectra of all the ele-
ments in the selected region are shown in Fig. 2d. The C, N and O
signals demonstrated the existence of these elements again, the Pd
signals only have strong signals in the position of the bright spots
particularly, which agree well with by the SEM and TEM observations.
All above results indicate the successful synthesis of Pd@PAC materials.

Fig. 3a shows the X-ray diffraction (XRD) patterns of PAC and Pd@
PAC materials. As shown in Fig. 3a, those materials both have a strong
and a board peak at around 23°, which is assigned to the graphitic
carbon (002) plane. Owing to the high-temperature carbonization
process, PAC exhibits a shape peak at around 44°, corresponding to the
(100) planes of graphitic carbon (Fig. 3a, black line, PDF#12-0212),
which can demonstrate the high graphitization of the porous carbon
materials after KOH activation. After a thermal-reduction process,

Fig. 1. SEM images of the PAC (a, b) and PA@PAC (c, d).
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Fig. 2. TEM and HR-TEM images (a, b), the HAADF-STEM and corresponding elemental mapping images of C, N, O, and Pd (c) and the line-scan EDX spectra (d) of

the PA@PAC.

typical diffraction peaks at 40.1, 46.5, 67.9, 81.8 and 86.3° appeared,
corresponding to (111), (200), (220), (311) and (222) planes of a face
centered cubic (fcc) crystal of Pd NPs, respectively (Fig. 3a, red line,
PDF#88-2355). Furthermore, the X-ray photoelectron spectroscopy
(XPS) spectra of PA@PAC are shown in Fig. 3b, which exhibited two
characteristic signals for Pd. The shape peaks appeared at 334.65 and
340.1 eV, which are associated with the binding energies of Pd 3ds,»
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and Pd 3ds,», respectively. All the peaks of the Pd 3d are in accordance
with the peaks of metallic Pd, namely the PdCl, was totally decomposed
into Pd nanoparticles, which are a good correspondence with previous
literature reports [39-41]. All those typical peaks demonstrated the
formation of single crystal Pd NPs, which is beneficial to providing
more active sites and responsible for high sensitivity and low detection
limits. It is well known that Raman spectroscopy is one of the most
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Fig. 3. The XRD patterns (a), XPS spectra (b), Raman spectra (c) and N, adsorption/desorption isotherms (d) of PA@PAC and PAC.
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effective ways to analyze and characterize regular and irregular carbon
materials. As shown in Fig. 3¢, both PAC and PdA@PAC have two no-
ticeable peaks at 1348 and 1597 cm ~ !, which was ascribed to D band
(known as the disorder, defects or diamond band) and G band (known
as the graphite or tangential band). These suggest that both PAC and
Pd@PAC have high graphitization degree, which would facilitate the
electron transfer during the electrochemical detection process. Fig. 3d
shows the N, adsorption/desorption isotherms of the samples, in which
the emblematic type IV isotherm and huge specific surface area (PAC:
953.38m?g~! and Pd@PAC: 881.79m*g~ ', respectively) both
emerged. It can be observed that the PAC with Pd NPs loading still
preserves the porous structure. The N, adsorption/desorption isotherm
results suggest that KOH activation is an efficient method to produce
porous architecture and increase the specific surface area (SSA) in the
preparations of sustainable carbon materials.

3.2. Growth mechanism of PA@PAC

PAC was prepared via KOH activation and high temperature car-
bonization using waste pomelo peels. KOH activation plays a key role in
the formation of porous carbon. During the high temperature carboni-
zation process, KOH reacts with the carbon groups in the flocculent
layer of the pomelo peels to form a K,COs3. Then the K,COj3 is decom-
posed to produce a large amount of CO,, which runs out to form a
porous structure, and the carbon structure is partially graphitized [36].
PAC was chosen as a suitable carbon vessel due to its 3D network
structure, high specific surface area and micro- and mesoporous struc-
tures, which contribute to the load of metal nanoparticles.

The prepared PAC and PdCl, were dispersed in an ethanol solution
and dried in an oven to prepare PA@PAC for in-situ thermal reduction
methods. The SEM shows that there was no change in the porous
structure between the PAC and PA@PAC, so the formation of Pd NPs is
fully dependent on the thermal carbonization process. We here argue
that the formation of small and well-dispersed PdCl, in PAC is ascribed
to the in situ nuclear and growth during the thermal carbonization
synthesis. As the FTIR (Fig. S2) shown, PAC has O-H and C-O bands. C-
O band would break easily and combine with hydrogen to form hy-
droxyl groups [42,43]. Pd*>* would chelate with the hydroxyl group
and form Pd-OH chelates. Due to the chelation between Pd** and hy-
droxyl group, the nuclei are not easily touched or agglomerated
[44,45]. Pd-OH chelate are thermal reduced to Pd NPs by carbon.
Meanwhile, Pd®>* can catalyze carbon to reconstruct on the surface of
Pd NPs to form a layer of amorphous carbon, which play a certain
protective role on Pd NPs.

3.3. Electrochemical performance of the GCE, PAC/GCE and Pd@PAC/
GCE

To explore the detection performance of PA@PAC/GCE, we first
investigated the electrochemical activity, using cyclic voltammetry in a
5 mM K3[Fe(CN)g] solution with steps from —0.2-0.6 V vs SCE with the
scanning rate of 100mVs~'. As shown in Fig. 4a, all samples have
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clearly redox peaks and huge anodic-cathodic peak current. As ev-
eryone knows, the metal NPs and electrical conductivity are the most
critical factor affecting peak current. Compared with bare GCE and
PAC/GCE, the cathodic peak current of PA@PAC/GCE is supreme,
which may offer prefer electrochemical detecting behavior. Fig. 4b
displays the electrochemical detecting behavior of bare GCE, PAC/GCE,
and PA@PAC/GCE using SWASV in a solution containing 500 nM Pb**
in 0.1 M acetate buffer solution under the optimized experimental
conditions. The results indicate that the sensitivity for PAC/GCE is
obviously higher in comparison with GCE, due to honeycomb-like
porous structure is beneficial to the heavy ions adsorption as well as
rapid diffusion, resulting in an improved detection performance. And
the sensitivity for PA@PAC/GCE is the highest in three GCE, thanks to
Pd NPs played an important role in the testing process because of their
excellent electrocatalytic activity, good intrinsic conductivity, and
electronic property and robust sensitivity [46]. The promotion of
electron transfer process and strong electrochemical response results in
the large stripping peak current of PA@PAC. Therefore, the combina-
tion of porous structure and Pd NPs will be a huge breakthrough.

3.4. Individual detection of the PA@PAC/GCE

To further investigate the individual detection capability of a spe-
cific metal ion, we used the PA@PAC/GCE to test Cd*>*, Pb?* and Cu®™"
ions under the previous experimental conditions, respectively. As
shown in Fig. 5, the currents for PA@PAC/GCE linearly increase with
the continuous addition of specific metal ions solution in a concentra-
tion range from 25 to 500 nM and the lowest detectable concentration is
25nM. The linear regression equation for Cd>*, Pb*>* and Cu®* ion
detection is determined as y (pA) 3.5892 + 0.1059x (nM), y
(HA) = 6.0926 + 0.1130x (nM) and y (HA) = 16.1101 + 0.0817x
(nM), respectively, with correlation coefficient of 0.9997, 0.9954 and
0.9967, respectively, the sensitivities of 0.1059 pA/nM, 0.1130 pA/nM
and 0.0807 pA/nM, respectively. The detection limit of Cd**, Pb®* and
Cu?* ions are calculated by a 30 method [15], determined as 13.33 nM,
6.60nM and 11.92nM, respectively. Those results indicate the Pd@
PAC can use SWASV to detect heavy metal ions successfully. The de-
tection mechanism of trace metal ions is as follows, taking Pb®* for
example. Firstly, under stirring, the Pb>* would move rapidly, would
be deposited and absorbed on the surface of the PA@PAC, gradually
diffuse into the micro- and mesopores of PAC; stop stirring, at a con-
stant negative potential, Pb>* would be reduced to Pb. Because of Pd
NPs, more Pb would accumulate on the surface of the material after a
period of time; when the reverse scan potential from positive to nega-
tive, Pb would be oxidized to Pb2* again eventually [47]. From the
above analysis, we know the higher ion concentration in solution, the
higperconcentration on the GCE surface, the higher sensitivity in anodic
stripping process, thus strengthening the stripping peak response. The
Pd@PAC materials exhibit preferred detection sensitivity and low de-
tection limit for separate detection of three ions. Because the well dis-
persed Pd NPs not only could provide more active sites in the redox
reaction but also can accelerate the electron transfer and improve

Fig. 4. (a) Cyclic voltammogram curves of the bare,

PAC-modified and Pd@PAC-modified GCEs in a so-
lution of 5mM Ks3[Fe(CN)e]l, with steps from
—0.2-0.6 V vs SCE. (b) SWASV curves for 500 nM
each of Cd®>*, Pb?" and Cu®?" on the bare, PAC-
modified and Pd@PAC-modified GCEs in 0.1 M
acetate buffer solution (pH 4.8). Conditions: deposi-
tion potential: 2.1V; deposition time: 210s; room
temperature; amplitude: 50 mV; increment potential:
4 mV; and frequency: 15 Hz.
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Fig. 5. SWASV curves and the corresponding calibration plots of the PdA@PAC/GCE for the individual analysis of cd?* (a,b), Pb2* (c,d) and cu?* (e,f). The

experimental conditions are the same as those listed in Fig. 4.

samples conductivity toward the reduction of heavy metal ions [48,49].
Furthermore, it is believed that the interconnected micro- and meso-
pores architecture could acted as efficient ion-transfer channels, which
can provide more active surface areas to accelerate mass diffusion and
significantly facilitate the deposition-stripping process of detection.

3.5. Simultaneous detection of the PA@PAC/GCE

It is well known that various heavy metal ions can coexist in the
water environment. During the experiments, the interaction between
different ions is also a meaning work. So the performance of the si-
multaneous detection of all metal ions under the presence experiment
conditions was also examined (Fig. 6). Fig. 6a shows the SWASV re-
sponse to metal ions over the metal ion concentration range from 25 to
500 nM in 0.1 M NaAc-HAc buffer solution. It can be observed that the
stripping peak currents and the concentrations of metal ions increase
synchronously. As one can see, specific peaks and clear stripping per-
formance were observed for every individual trace metal ion when the
three types of ions coexist. Furthermore, the peak current of Pb>* is the
highest, demonstrating the optimal sensitivity to Pb*>* in the simulta-
neous detecting environment. Meanwhile, it shows individual peaks
located at approximately —0.8, —0.6 and 0.0V for Cd®>*, Pb®* and
Cu®", respectively. The corresponding calibration curves for Cd**,
Pb%* and Cu®* were shown in Fig. 6 (b, ¢, d), with linearization
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equations of 'y (HA) 1.642 + 0.015x (M), vy
(HA) = 2.2284 + 0.1048x (nM) and y (pA) = 3.365 + 0.058x (nM),
with the sensitivities of 0.015, 0.1048 and 0.058 pA/nM, correlation
coefficient of 0.9992, 0.9945 and 0.9893, respectively. Those results
indicated that the individual or simultaneous detection of the three
heavy metal ions all has strong current response, prominent sensitivity
and well-separated stripping peaks, suggesting that it can be considered
as the ideal sensor for detection. In the present investigations, the ex-
cellent electrochemical activity toward the detection of heavy metal
ions of the PA@PAC is attributed as follows: (i) the interconnected
micropores and mesopores architecture in the PAC could acted as ef-
ficient ion-transfer channels and provided more active surface areas.
These can accelerate mass diffusion and significantly facilitate the de-
position-stripping process of detection to guarantee the heavy ions
adsorption as well as rapid diffusion; (ii) the well dispersed Pd NPs on
the PAC could provide more active sites in the redox reaction and thus
substantially increase the electrochemical activity; (iii) the Pd NPs
decoration would significantly accelerate the electron transfer toward
the reduction of heavy metal ions; (iv) the Pd NPs has excellent elec-
trocatalytic activity, good intrinsic conductivity, and electronic prop-
erty and robust sensitivity. This present investigation provides a green
and feasible method to prepare porous activated carbon materials for
electrochemical analysis and electrocatalytic applications.

To further evaluate the detection capability between the three ions,
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Fig. 6. SWASV curves (a) and the corresponding calibration plots of the PA@PAC/GCE for the simultaneous analysis of Cd** (b), Pb?>* (c) and Cu?* (d). The

experimental conditions are the same as those listed in Fig. 4.

Table 1
Summary of individual and simultaneous detection of Cd*>*, Pb*>* and Cu®*.

Linearization equation y (HA) = a + bx (nM)

Sensitivity (WA/nM) Detection limit calculated (nM) Coefficient of detection

Individual detection cd** y = 3.5892 + 0.1059x
Pb2* y = 6.0926 + 0.1130x
cu®* y = 16.1101 + 0.0817x

Simultaneous detection cd** y = 1.642 + 0.015x
pPb2* y = 2.2284 + 0.1048x
cu** y = 3.365 + 0.058x

0.11 13.33 0.99
0.11 6.60 0.99
0.08 11.92 0.99
0.02 20.9 0.99
0.10 9.19 0.99
0.06 14.78 0.99

we summarized the linearization equations, sensitivities, detection limit
and coefficients in the individual and simultaneous detection condition
(Table 1). Compared with the simultaneous detections, it could be no-
ticed that the sensitivities of Cd?>*, Pb?" and Cu®* are weakened in a
specific metal ion. It is probably owed to that there is no competition of
the limited activity sites on the surface of electrode for a specific ions.
Although the properties of the sensitivity in the individual detection are
not the best compared with those in the simultaneous detection, the
detection limit are the optimum, which is feasibly attributed to the
formation of intermetallic compound among the heavy metal ions.
Furthermore, the detection level of the PA@PAC was compared with
other previously reported modified GCEs and summarized in Table S1.
It can be indicated that PA@PAC/GCE exhibit excellent performance in
the detection of trace metal ions.

3.6. Reproducibility, repeatability and stability of the PA@PAC/GCE

The reproducibility, repeatability and stability investigation of the
Pd@PAC material is also a critical factor, which can measure the value
of the sample and determine whether it can be used in actual water
environment. Therefore, repetitive SWASV response for 500 nM Pd* in
0.1 M NaAc-HAc solution (pH 4.8) under the same condition is shown
in Fig. 7a. The peak currents corresponding to the 20 repetitive elec-
trodes show much lower volatility and higher reproducibility with RSD
of only 1.21%. Meanwhile, the peak patterns of the same electrode (1st,
10th and 20th time) show complete consistency and perfect

repeatability (Fig. 7a). The operational stability of the electrode was
estimated in the presence of 500 nM Pb%" NaAc-HAc solution (pH 4.8)
under the same condition for 7 days (Fig. 7b). The two curves around 7
days almost coincided and the peak currents are not significantly re-
duced, indicating long-time stability of the PA@PAC/GCE. The above
results all indicated that the samples have excellent reproducibility,
repeatability and stability for detection of trace heavy ions. It would be
applied to the practical application very well, and would be suitable as
an electrochemical sensor.

3.7. Interference of the PA@PAC/GCE

When multiple heavy metal ions co-existing, there is bound to be
competition for the adsorption sites on the surface of the modified
electrode. Therefore, the performance of the interference of the Pd@
PAC/GCE in the detection of other metal ions under the presence ex-
periment conditions was also examined (Fig. 8). Fig. 8a shows the
SWASV responses obtained at PA@PAC/GCE in the different con-
centrations of Cd?™ while keeping the concentrations of Pb?*and Cu®*
constant at 500 nM. The peak currents of Cd®>* increases with the in-
crease of detection concentration while the responses of the other two
co-existing ions are practically unaltered. And no significant inter-
ference was observed in the detection of Cd*>* under the certain con-
centrations of Pb>*and Cu®*. Fig. 8c and e also prove that PA@PAC/
GCE has the same anti-interference property for the detection of Pb**
and Cu®*. The corresponding calibration curves for Cd**, Pb** and
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Cu?* were shown in Fig. 8 (b, d, ), with linearization equations of y 3.8. Electrochemical performance in the realistic water of the PA@PAC/
(HA) = 27.9 + 0.036x (nM), y (A) = 21.2 + 0.036x (nM) and y  GCE
(MA) = 15.5 + 0.058x (nM), with the sensitivities of 0.036, 0.036 and

0.058 pA/nM, correlation coefficient of 0.9955, 0.9952 and 0.9963, The level of detection in the actual water environment is one of the
respectively. Those sensitivities and correlation coefficient are slightly vital indicators for evaluating excellent electrochemical sensors. To
smaller than the value of the simultaneous detection. The decrease is verify the detecting performance in the real detecting environment, the
might attributed to weaker competition between target ions. The above PAd@PAC/GCE was applied for the simultaneous detection of Cd**,
results all indicated that the samples have excellent anti-interference Pb?* and Cu®" ions into a solution containing 0.1 M NaAc-HAc buffer
for detection of trace heavy ions. solution and practical water (ratio 1:1) under the previous experimental

conditions. As shown in Fig. 9a, the stripping peak potentials for si-
multaneous detections of Cd?*, Pb?" and Cu®?" ions are about —0.8,
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Fig. 8. Anti-interface experiment and the corresponding calibration plots of the PA@PAC/GCE for Cd?* (b), Pb%* (c) and Cu?* (d) detection. The experimental
conditions are the same as those listed in Fig. 4.
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Fig. 9. SWASV curves of the PA@PAC/GCE for the simultaneous analysis of Cd*>*, Pb>* and Cu®* into a real water sample diluted with 0.1 M HAc-NaAc solution
(pH = 4.8) in a ratio of 1:1. The experimental conditions are the same as those listed in Fig. 4.

—0.6, and 0.0V respectively. Moreover, the peak currents increase
with the continuous increase of Cd?>*, Pb?>* and Cu?* concentration
and exhibit optimal selectivity toward Pb?*, consisting with the results
of previous detection. The corresponding calibration curves for Cd**,
Pb?* and Cu®?* were shown in Fig. 9 (b, ¢, d), with linearization
equations of y (pA) 0966 + 0.013x (@M), vy
(MA) = —1.72 + 0.0547x (nM) and y (pA) = 0.167 + 0.0297x (nM),
with the sensitivities of 0.013, 0.0547 and 0.0297 pA/nM, correlation
coefficient of 0.9921, 0.9956 and 0.999, respectively. The sensitivities
and correlation coefficient are well maintained, which was good
agreement among the obtained results. Those results all indicated the
potential application in the real environment detection of the present
Pd@PAC/GCE.

4. Conclusions

In summary, we demonstrated an efficient method to fabricate Pd
NPs decorated PAC materials derived from pomelo peels via a KOH
activation and thermal reduction method. The Pd NPs were in-situ re-
duced and evenly dispersed on the surface of the PAC with typical in-
terconnected micropores and mesopores architecture. The as-synthe-
sized PA@PAC was applied as a sensing material for individual and
simultaneous detections of Cd®*, Pb?* and Cu®?* and exhibits high
sensitivity, low detection limit, good anti-interference, reproducibility,
repeatability and stability. Moreover, the PdA@PAC/GCE was utilized to
detect heavy metal ions in real sample species, indicating potential
application in real environment detection. The excellent electro-
chemical activity of the PA@PAC was ascribed to the interconnected
micropores and mesopores architecture and Pd NPs. The porous struc-
ture accelerates the mass diffusion and facilitates the deposition-strip-
ping process of heavy metal ions and the Pd NPs provide more active
sites and have excellent conductivity. The present investigation pro-
vides a green and feasible method to synthesis PAC and assembles ef-
ficient electrochemical sensors and electrocatalytic devices.

Acknowledgements

This study was supported by the National Natural Science
Foundation of China (Grant No. 51373154, 51573166).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.matchemphys.2019.01.010.

References

H. Huang, T. Chen, X. Liu, H. Ma, Ultrasensitive and simultaneous detection of
heavy metal ions based on three-dimensional graphene-carbon nanotubes hybrid
electrode materials, Anal. Chim. Acta 852 (2014) 45-54.

L. Cui, J. Wu, H. Ju, Electrochemical sensing of heavy metal ions with inorganic,
organic and bio-materials, Biosens. Bioelectron. 63 (2015) 276-286.

S. Kempahanumakkagari, A. Deep, K.H. Kim, S. Kumar Kailasa, H.O. Yoon,
Nanomaterial-based electrochemical sensors for arsenic - a review, Biosens.
Bioelectron. 95 (2017) 106-116.

M. Li, H. Gou, 1. Al-Ogaidi, N. Wu, Nanostructured sensors for detection of heavy
metals: a review, ACS Sustain. Chem. Eng. 1 (2013) 713-723.

M.B. Gumpu, M. Veerapandian, U.M. Krishnan, J.B.B. Rayappan, Simultaneous
electrochemical detection of Cd(Il), Pb(II), As(III) and Hg(II) ions using ruthenium
(I)-textured graphene oxide nanocomposite, Talanta 162 (2017) 574-582.

G.O. Duodu, A. Goonetilleke, G.A. Ayoko, Comparison of pollution indices for the
assessment of heavy metal in Brisbane River sediment, Environ. Pollut. 219 (2016)
1077-1091.

P. Pohl, Determination of metal content in honey by atomic absorption and emis-
sion spectrometries, TrAC Trend. Anal. Chem. 28 (2009) 117-128.

S. Roy, A. Prasad, R. Tevatia, R.F. Saraf, Heavy metal ion detection on a microspot
electrode using an optical electrochemical probe, Electrochem. Commun. 86 (2018)
94-98.

G. Aragay, J. Pons, A. Merkoci, Recent trends in macro-, micro-, and nanomaterial-
based tools and strategies for heavy-metal detection, Chem. Rev. 111 (2011)
3433-3458.

G. Chen, T. Chen, SPE speciation of inorganic arsenic in rice followed by hydride-
generation atomic fluorescence spectrometric quantification, Talanta 119 (2014)
202-206.

M.R. Zhang, G.B. Pan, Porous GaN electrode for anodic stripping voltammetry of
silver(I), Talanta 165 (2017) 540-544.

B. Eric, Q. Yu, Electrochemical sensors, Anal. Chem. 80 (2008) 4499-4517.

J. Wang, Stripping analysis at bismuth electrodes: a review, Electroanal 17 (2005)
1341-1346.

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]
[13]


https://doi.org/10.1016/j.matchemphys.2019.01.010
https://doi.org/10.1016/j.matchemphys.2019.01.010
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref1
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref1
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref1
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref2
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref2
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref3
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref3
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref3
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref4
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref4
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref5
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref5
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref5
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref6
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref6
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref6
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref7
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref7
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref8
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref8
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref8
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref9
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref9
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref9
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref10
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref10
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref10
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref11
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref11
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref12
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref13
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref13

T. Zhang et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

D.E. Mays, A. Hussam, Voltammetric methods for determination and speciation of
inorganic arsenic in the environment-a review, Anal. Chim. Acta 646 (2009) 6-16.
S. Sang, D. Li, H. Zhang, Y. Sun, A. Jian, Q. Zhang, W. Zhang, Facile synthesis of
AgNPs on reduced graphene oxide for highly sensitive simultaneous detection of
heavy metal ions, RSC Adv. 7 (2017) 21618-21624.

Y. Tang, W. Cheng, Nanoparticle-modified electrode with size- and shape-depen-
dent electrocatalytic activities, Langmuir 29 (2013) 3125-3132.

M.R. Saidur, A.R. Aziz, W.J. Basirun, Recent advances in DNA-based electro-
chemical biosensors for heavy metal ion detection: aA review, Biosens. Bioelectron.
90 (2017) 125-139.

T. Zhang, J. Liu, C. Wang, X. Leng, Y. Xiao, L. Fu, Synthesis of graphene and related
two-dimensional materials for bioelectronics devices, Biosens. Bioelectron. 89
(2017) 28-42.

W. Liu, Preparation of a zinc oxide-reduced graphene oxide nanocomposite for the
determination of cadmium(II), lead(II), copper(Il), and mercury(Il) in water, Int. J.
Electrochem. Sci. 12 (2017) 5392-5403.

L. Wang, Q. Zhang, S. Chen, F. Xu, S. Chen, J. Jia, H. Tan, H. Hou, Y. Song,
Electrochemical sensing and biosensing platform based on biomass-derived mac-
roporous carbon materials, Anal. Chem. 86 (2014) 1414-1421.

G. Aragay, A. Merkoci, Nanomaterials application in electrochemical detection of
heavy metals, Electrochim. Acta 84 (2012) 49-61.

M. Zhou, Y. Zhai, S. Dong, Electrochemical sensing and biosensing platform based
on chemically reduced graphene oxide, Anal. Chem. 81 (2009) 5603-5613.

Y. Wei, C. Gao, F.L. Meng, H.H. Li, L. Wang, J.H. Liu, X.J. Huang, SnO,/reduced
graphene oxide nanocomposite for the simultaneous electrochemical detection of
cadmium(I), lead(Il), copper(Il), and mercury(I): an interesting favorable mutual
interference, J. Phys. Chem. C 116 (2011) 1034-1041.

Q.X. Zhang, H. Wen, D. Peng, Q. Fu, X.J. Huang, Interesting interference evidences
of electrochemical detection of Zn(II), Cd(II) and Pb(II) on three different
morphologies of MnO, nanocrystals, J. Electroanal. Chem. 739 (2015) 89-96.

C. Tan, X. Huang, H. Zhang, Synthesis and applications of graphene-based noble
metal nanostructures, Mater. Today 16 (2013) 29-36.

B. Kaur, R. Srivastava, B. Satpati, Ultratrace detection of toxic heavy metal ions
found in water bodies using hydroxyapatite supported nanocrystalline ZSM-5
modified electrodes, New J. Chem. 39 (2015) 5137-5149.

B. Zhang, J. Chen, H. Zhu, T. Yang, M. Zou, M. Zhang, M. Du, Facile and green
fabrication of size-controlled AuNPs/CNFs hybrids for the highly sensitive si-
multaneous detection of heavy metal ions, Electrochim. Acta 196 (2016) 422-430.
S. Guo, D. Wen, Y. Zhai, S. Dong, E. Wang, Platinum nanoparticle ensemble-on-
graphene hybrid nanosheet: one-pot, rapid synthesis, and used as new electrode
material for electrochemical sensing, ACS Nano 4 (2010) 3959-3968.

S.F. Zhou, J.J. Wang, L. Gan, X.J. Han, H.L. Fan, L.Y. Mei, J. Huang, Y.Q. Liu,
Individual and simultaneous electrochemical detection toward heavy metal ions
based on L-cysteine modified mesoporous MnFe,O4 nanocrystal clusters, J. Alloy.
Compd. 721 (2017) 492-500.

S. Xiong, S. Ye, X. Hu, F. Xie, Electrochemical detection of ultra-trace Cu(Il) and
interaction mechanism analysis between amine-groups functionalized CoFe,04/
reduced graphene oxide composites and metal ion, Electrochim. Acta 217 (2016)
24-33.

P. Veerakumar, V. Veeramani, S.M. Chen, R. Madhu, S.B. Liu, Palladium nano-
particle incorporated porous activated carbon: electrochemical detection of toxic
metal ions, ACS Appl. Mater. Inter. 8 (2016) 1319-1326.

A.M. Abioye, F.N. Ani, Recent development in the production of activated carbon
electrodes from agricultural waste biomass for supercapacitors: a review, Renew.

442

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Materials Chemistry and Physics 225 (2019) 433-442

Sustain. Energ. Rev. 52 (2015) 1282-1293.

J.M. Dias, M.C. Alvim-Ferraz, M.F. Almeida, J. Rivera-Utrilla, M. Sanchez-Polo,
Waste materials for activated carbon preparation and its use in aqueous-phase
treatment: a review, J. Environ. Manag. 85 (2007) 833-846.

C. Liang, Z. Li, S. Dai, Mesoporous carbon materials: synthesis and modification,
Angew. Chem. 47 (2008) 3696-3717.

J. Lee, J. Kim, T. Hyeon, Recent Progress in the synthesis of porous carbon mate-
rials, Adv. Mater. 18 (2006) 2073-2094.

J. Wang, S. Kaskel, KOH activation of carbon-based materials for energy storage, J.
Mater. Chem. 22 (2012) 23710.

J. Wang, H. Zhu, J. Chen, B. Zhang, M. Zhang, L. Wang, M. Du, Small and well-
dispersed Cu nanoparticles on carbon nanofibers: self-supported electrode materials
for efficient hydrogen evolution reaction, Int. J. Hydrogen Energy 41 (2016)
18044-18049.

Y. Chen, L. Wang, Y. Zhai, H. Chen, Y. Dou, J. Li, H. Zheng, R. Cao, Pd-Ni nano-
particles supported on reduced graphene oxides as catalysts for hydrogen genera-
tion from hydrazine, RSC Adv. 7 (2017) 32310-32315.

P. Vijayakumar, M.S. Pandian, A. Pandikumar, P. Ramasamy, A facile one-step
synthesis and fabrication of hexagonal palladium-carbon nanocubes (H-Pd/C NCs)
and their application as an efficient counter electrode for dye-sensitized solar cell
(DSSC), Ceram. Int. 43 (2017) 8466-8474.

Y. Zhang, Q. Huang, G. Chang, Z. Zhang, T. Xia, H. Shu, Y. He, Controllable
synthesis of palladium nanocubes/reduced graphene oxide composites and their
enhanced electrocatalytic performance, J. Power Sources 280 (2015) 422-429.

S. Yang, J. Dong, Z. Yao, C. Shen, X. Shi, Y. Tian, S. Lin, X. Zhang, One-pot synthesis
of graphene-supported monodisperse Pd nanoparticles as catalyst for formic acid
electro-oxidation, Sci. Rep. 4 (2014) 4501.

H. Wu, X. Huang, M. Gao, X. Liao, B. Shi, Polyphenol-grafted collagen fiber as
reductant and stabilizer for one-step synthesis of size-controlled gold nanoparticles
and their catalytic application to 4-nitrophenol reduction, Green Chem. 13 (2011)
651-658.

J. Bai, Y. Li, M. Li, S. Wang, C. Zhang, Q. Yang, Electrospinning method for the
preparation of silver chloride nanoparticles in PVP nanofiber, Appl. Surf. Sci. 254
(2008) 4520-4523.

H. Zhu, M. Du, M. Zou, C. Xu, N. Li, Y. Fu, Facile and green synthesis of well-
dispersed Au nanoparticles in PAN nanofibers by tea polyphenols, J. Mater. Chem.
22 (2012) 9301-9307.

Z. Yue, K.R. Benak, J. Wang, C.L. Mangun, J. Economy, Elucidating the porous and
chemical structures of ZnCl,-activated polyacrylonitrile on a fiberglass substrate, J.
Mater. Chem. 15 (2005) 3142-3148.

M. Yang, P.H. Li, W.H. Xu, Y. Wei, L.N. Li, Y.Y. Huang, Y.F. Sun, X. Chen, J.H. Liu,
X.J. Huang, Reliable electrochemical sensing arsenic(IIl) in nearly groundwater pH
based on efficient adsorption and excellent electrocatalytic ability of AuNPs/CeO,-
ZrO, nanocomposite, Sensor. Actuat. B: Chem. 255 (2018) 226-234.

P.H. Li, Y.X. Li, S.H. Chen, S.S. Li, M. Jiang, Z. Guo, J.H. Liu, X.J. Huang, M. Yang,
Sensitive and interference-free electrochemical determination of Pb(II) in waste-
water using porous Ce-Zr oxide nanospheres, Sensor. Actuat. B: Chem. 257 (2018)
1009-1020.

X.M. Chen, Z.X. Cai, Z.Y. Huang, M. Oyama, Y.Q. Jiang, X. Chen, Ultrafine palla-
dium nanoparticles grown on graphene nanosheets for enhanced electrochemical
sensing of hydrogen peroxide, Electrochim. Acta 97 (2013) 398-403.

W.J. Zhang, L. Bai, L.M. Lu, Z. Chen, A novel and simple approach for synthesis of
palladium nanoparticles on carbon nanotubes for sensitive hydrogen peroxide de-
tection, Colloid. Surf. B 97 (2012) 145-149.


http://refhub.elsevier.com/S0254-0584(19)30015-X/sref14
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref14
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref15
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref15
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref15
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref16
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref16
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref17
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref17
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref17
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref18
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref18
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref18
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref19
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref19
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref19
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref20
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref20
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref20
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref21
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref21
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref22
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref22
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref23
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref23
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref23
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref23
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref24
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref24
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref24
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref25
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref25
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref26
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref26
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref26
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref27
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref27
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref27
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref28
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref28
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref28
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref29
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref29
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref29
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref29
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref30
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref30
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref30
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref30
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref31
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref31
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref31
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref32
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref32
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref32
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref33
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref33
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref33
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref34
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref34
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref35
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref35
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref36
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref36
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref37
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref37
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref37
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref37
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref38
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref38
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref38
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref39
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref39
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref39
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref39
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref40
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref40
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref40
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref41
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref41
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref41
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref42
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref42
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref42
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref42
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref43
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref43
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref43
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref44
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref44
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref44
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref45
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref45
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref45
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref46
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref46
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref46
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref46
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref47
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref47
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref47
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref47
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref48
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref48
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref48
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref49
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref49
http://refhub.elsevier.com/S0254-0584(19)30015-X/sref49

	Detection of trace Cd2+, Pb2+ and Cu2+ ions via porous activated carbon supported palladium nanoparticles modified electrodes using SWASV
	Introduction
	Experiment
	Preparation of Pd NPs embedded PAC (Pd@PAC)
	Characterizations
	Electrochemical characterizations

	Results and discussion
	Morphology of the Pd@PAC materials
	Growth mechanism of Pd@PAC
	Electrochemical performance of the GCE, PAC/GCE and Pd@PAC/GCE
	Individual detection of the Pd@PAC/GCE
	Simultaneous detection of the Pd@PAC/GCE
	Reproducibility, repeatability and stability of the Pd@PAC/GCE
	Interference of the Pd@PAC/GCE
	Electrochemical performance in the realistic water of the Pd@PAC/GCE

	Conclusions
	Acknowledgements
	Supplementary data
	References




