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Abstract
Biomass-derived porous carbon materials with environmental adaptability and superior specific surface area have become one of
the most promising materials in 21st era, especially in the electrochemical application. Herein, we proposed a kelp-derived
carbon material (KPC) with a unique highly disordered graphite layer structure as an outstanding sensor via facile KOH
activation method. The BET adsorption-desorption isotherm of KPC shows a typical IUPAC I type, and KPC possesses a high
specific surface area with 2064 m2 g−1. Morphology observation and pore size analysis indicate that its porous-rich structure
comprises countless micropores and mesopores. This unique structure of KPC not only provides massive active sites but exhibits
high sensitivity in the detection of heavy metal by square wave anodic stripping voltammetry (SWASV), with Pb2+ at 53.4 μA
μM−1 and Cd2+ at 26.5 μA μM−1 in simultaneous detection. This study reports a new strategy for the detection of heavy metal
ions using porous metal-free carbon materials.
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Introduction

Heavy metal ions (HMIs) can cause serious damage to human
beings due to their refractory degradation and high toxicity
[1]. Besides, HMIs is hard to biodegraded by human body,
and most of HMIs can even be enriched hundreds of times in
food chain and accumulate within human inners eventually.
HMIs interact strongly with proteins and enzymes [2], while
as a result, functional groups becoming inactivated lead to
irreparable damage, such as chronic poisoning [3].

Many spectrophotometric methods, for example, atomic
absorption spectrometry (AAS), atomic fluorescence spec-
trometry (AFS), and inductively coupled plasma mass
spectroscopy (ICP-MS), have been applied to detect trace
amount of HMIs [4–9]. Although these methods are highly
sensitive and accurate with low limits of detection, attendant
problems such as high cost and tedious operation, still exist

and hinder their application industrially. Another crucial that
impeded their development is that these methods are not
suitable for on-site and on-time detection, on account of elab-
orate procedure needed. Therefore, it is becoming increasingly
urgent to develop new methods to ensure the sensitive,
ecofriendly, and low-cost detection of HMIs. In order to
achieve it, electrochemical techniques, especially anodic strip-
ping voltammetry (ASV) determination, are emerging as a
promising method to trace HMIs among various detection
methods [10–14]. Compared with other spectrophotometric
measurements, electrochemical techniques can offer low
limits of detection, high sensitivity, while only need short
analytical time and facile operation, which make electrochem-
ical techniques suitable for the on-site and on-time detection
of HMIs. In electrochemical techniques, electrode material
plays a crucial role in the accurate and fast detection of HMIs.

So far, numerous electrode materials have been studied for
detection of HMIs by SWASV. For example, Xu et al. used
nanostructured magnesium silicate hollow spheres to monitor
HMIs, offering sensitivity of 3.28 μA μM−1 for Cd2+ and
6.25 μA μM−1 for Pb2+ in simultaneous analysis [15]. 3D
honeycomb-like bismuth nanoparticles-decorated N-doped
carbon nanosheet frameworks were synthesized for the detec-
tion of Pb2+and Cd2+ at a limit from 0.5 to 100 μg L−1 by Lu
et al [16]. Dong et al. reported a 3D hierarchical porous wool-
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ball-like AlOOH with big accessible surface area and rich
pores, and in order to achieve stronger conductivity, they de-
posited NiO NPs in the surface, which turning electrode out to
be more electroactive with more favorable paths for targets
transport [17]. These studies prove that porous materials are
ideal material of electrodes in electrochemical detection of
HMIs [18–20]. Owing to its high specific surface area, porous
material provides more space for HMIs deposition. With the
better conductivity of carbon-based porous materials, re-
searchers recently are seeking more facile alternatives to pro-
duce electrochemical sensors for HMIs detection [21–25].

Nowadays, researchers are motivated to utilize ocean re-
sources as raw materials to prepare it. For example, degrad-
able fibers, a rich raw material in the ocean, are derived from
chitin. In this work, kelp is used as the raw material to fabri-
cate porous carbon material as electrode for the detection of
HMIs (Scheme 1). As an abundant seaweed resource in the
ocean, kelp has a certain porosity judging from volume
change before and after water absorption [26–28]. KOH as a
typical activating agent is introduced to kelp cell and prevent
adjacent kelp cell wall aggregation during carbonation process
[29]. Kelp-derived activated porosity has a high specific sur-
face area up to 2064 m2 g−1. During the electrochemical de-
tection of Pb2+ and Cd2+, the KPC-modified electrode shows
high sensitivity and good linear relationship between concen-
tration and current from 0.01 to 0.5 μΜ.

Experimental

Reagents

The original kelp was bought from Qingdao Haihengda
Commerce. Co., Ltd. (Qingdao, China). Potassium hydroxide
(KOH) and hydrochloric acid were bought from Shanghai
Reagents Company (Shanghai, China). Acetic acid sodium
acetate buffer (NaAc-HAc, pH = 4.8 ) was bought from
Xiamen Science and Technology Co., Ltd. Standard.
(Xiamen, China). Pb(NO3)2, Cd(NO3)2, and K3[Fe(CN)6]
were bought from Aladdin Industrial Corporation (Shanghai,
China). Pb(NO3)2, Cd(NO3)2, and K3[Fe(CN)6] were dis-
solved in deionized water to prepare standard metal ion

solution (5.0 mmol/L), which were stored in refrigerator when
not in use.

Apparatus

The morphology of KPC was obtained by the field emission
scanning electron microscope (JSM-6700F, FESEM, JEOL,
Japan) at an accelerating voltage of 3 kV and transmission
electron microscopy (JSM-2100, TEM, JEOL, Japan) at an
acceleration voltage of 200 kV. 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 300 kV. XRD patterns of the samples
were characterized with a Cu-Ka radiation (λ = 0.1548 nm), at
scan rate of 5°/min in the 2θ range of 10–80°. X-ray photo-
electron spectra of all the samples were recorded on a Kratos
Axis Ultra DLDwith an aluminum (mono) Kα source (1486.6
eV). The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET, 3H-2000PSI). The Raman
spectra were measured by a micro-Raman system (Thermo
Fisher Scientific DXR laser Raman microscope) operating
with a 532-nm wavelength laser under ambient conditions.

Synthesis of KPC and Inactivated Kelp-Derived Carbon
(UKC)

Two grams of kelp was dipped in 0.5 M KOH for 20 min.
Then redundant solution on the surface of kelp with filter
paper was removed and freeze-dried for 48 h. Then the sam-
ples were carbonized at 900 °Cmaintaining 3 h in tube furnace
with heating rate at 5 °Cmin−1 under Ar (99.999%) flow. After
cooling to room temperature, the products were washed by
HCl and water, then dried at 60 °C for 12 h in oven. The
obtained product then was denoted as KPC. As contrast sam-
ple, outcomes without KOH activation were also prepared
using the same process, named as UKC.

Electrodes Modification with KPC

The bare glassy carbon electrode (GCE), diameter of 3 mm,
was polished using 0.3 μm and 50 nm alumina power slurries

Scheme 1 The fabrication of
KPC and application as electrode
materials
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in order, then sonicated by water and absolute ethanol twice
for 5 min to remove surface impurity. Three milligrams of
KPC was dispersed in 1 mL mixed solvent, composed of 3:1
(v/v) isopropanol/distilled water, then the mix solution was
sonicated for 30 min. Followed that, 25 μL 5% Nafion was
dropped into the suspension above and sonicated for 30 min.
Finally, pipetting 5 μL above suspension onto the surface of
GCE, then drying it in the air for 24 h to obtain the KPC/GCE
electrode. As control, the UKC/GCE electrode was prepared
by the same process.

Electrochemical Characterizations

Electrochemical workstation (CHI600E, Chenhua Instrument
Co, Shanghai, China) was used for all electrochemical mea-
surements with a three-electrode system. In this three elec-
trode system, Kelp/GCE (or UKC/GCE) was used as the
working electrode, platinum net as the counter electrode, and

calomel electrode with saturated KCl as the reference elec-
trode. Cyclic voltammetry was performed in 5 mM
K3[Fe(CN)6] containing 0.1MKCl at the potential range from
− 0.2 to 0.6 V with scan rate at 0.1 V s−1. SWASV was
performed in electrolyte containing NaAc-HAc solution (pH
= 4.8) with HMIs at different deposition potentials from − 0.8
to − 1.4 Vand different deposition time from 30 to 360 s. In all
SWASV tests, the amplitude and the frequency are 0.025 V
and 25 Hz with an increment potential of 4 mV. All the quiet
potential was at − 1.5 V, quiet time was at 180 s unless other-
wise stated, and all electrochemical tests are performed at
room temperature.

Results and Discussion

By activation of KOH, kelp-derived carbon got disordered
porous carbon structure. Figure 1 a and b show images of kelp

Fig. 1 aOriginal dry kelp. bKelp after dipped in deionized water. c SEM image of KPC. d–eHAADF-STEM and f–h STEM-EDS mapping images of
KPC. i–l HRTEM images of KPC
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before and after dipped in deionized water. As exhibited clear-
ly, the size of kelp after dipped in deionized water expands to
3–5 times than that of original one. This sponge-like property
makes it possible to be based biomaterials to fabricate porous
carbonmaterials. In addition, ions like K+ and OH− are easy to
go inside the kelp cell, which effectively inhibit the aggrega-
tion among cell walls during the active process. Thus, intact
porous-rich structure can be produced via carbonization meth-
od. Previous studies have pointed out that KOH can react with
C to form K2CO3 during high-temperature carbonization pro-
cess. After K2CO3 that is remaining in the material is washed
away with acid and deionized water, abundant micropores and
mesopores emerge [30]. In the present investigations, kelp
was firstly activated by KOH and then carbonized. It is ex-
pected to obtain porous carbon materials with abundant pores
and high specific surface area. The SEM image of KPC in Fig.

1(c) indicates that there are massive honeycomb structures in
KPC, which are in accordance to our expectation. Figure 1 d
reveals the TEM image of KPC, from which the hierarchical
porous structure can be observed obviously. The mapping
images of the KPC (Fig. 1e–f) also certify the uniform distri-
bution of C, N, and O elements. And from the TEM images
with different magnification (Fig. 1i–l), the highly disordered
porous carbon structure can be further illustrated.

To further study the structural characteristics of both KPC
and UKC, their XRD patterns were obtained, as shown in Fig.
2a. There were, both for KPC and UKC, two diffraction peaks
at 24.3° and 43.1° corresponding to (002) and (100) planes of
graphite carbon structure, respectively. Besides, the sharper
peak of (100) plane in KPC, compared with that in UKC,
demonstrated a higher graphitization of KPC after activation
treatment. Figure 2 b shows the differences of the Raman

Fig. 2 a XRD patterns of KPC
and UKC. b Raman spectra of
KPC and UKC. c XPS survey
spectra of KPC. d The high-
resolution C 1 s spectra of KPC. e
N2 adsorption/desorption iso-
therm of KPC and UKC. f The
distribution curve of pore size
calculated with the BJH method
from the adsorption branch of the
nitrogen sorption measurements
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spectra obtained from two samples. The peaks at 1360 cm−1

and 1595 cm−1 are assigned to the D and G band of carbon
substance, respectively. It is acknowledged that the D band is
an indicator representing the disordered graphitized carbon
structure, while the G band is corresponding to the sp2 hybrid-
ized graphite carbon species. And the ratio between the inten-
sity of the D to G band (ID/IG) indicates the degree of disorder
in structures. In this work, the ID/IG of KPC and UKC were
calculated to be 0.88 and 0.93, respectively, which reveals that
the order degree of KPC decreases after being activated by
KOH, while the level of disorder increases in accordance with
the consequence in other studies of this work. This result is
related to the coexistence of plentiful micropore and mesopore
structures in the carbon material, which can be further ex-
plained from BET analysis. The XPS spectra of KPC in Fig.
2c indicates that the C and O are the main elements in the
surface of KPC. Further analysis in C 1-s high-resolution
spectrum can be seen that there are four major peaks at
284.4, 285.4, 286.5, and 289.1 eV, corresponding to C–C, C
= C, O–C = O, and C = O, respectively.

In order to further study characteristics of porous structure
and specific surface area, nitrogen sorption isotherms of KPC
andUKCwere obtained and the results are shown in Fig. 2e–f.
The specific surface area of UKC was calculated to be only
295 m2 g−1 while the figure for KPC is up to 2064 m2 g−1,
which is pretty higher than that of almost porous carbon ma-
terials previously reported in Table 1. The IUPAC IV type
isotherm exhibited in UKC mainly comes from its original
mesoporous structure. And the N2 adsorption-desorption
curve of KPC shows the IUPAC I type isotherm, manifesting
that there are numerous microporous and mesoporous struc-
tures in the KPC. Additionally, the BJH model was used to
calculate the distribution of pore size, and the result in Fig. 2f
illustrates that the pore size of UKC is mainly at 4 nm with an
average pore diameter of 3.66 nm, meanwhile pore size of
KPC is between 2 and 10 nm with an average pore diameter
of 2.10 nm, which further demonstrates the coexistence of
micro and mesopores. The large number of micropores and
mesopores of 1–5 nm inside the material leads the reduction of

the spacing between the pores of the carbon material. The
molecular fragments, which are more favorable for the graph-
ite layer structure, are randomly stacked together to form a
disordered layer structure, which is consistent with the result
obtained from Raman spectroscopy.

The electrochemical properties of KPC/GCE electrode
were tested by cyclic voltammetry and electrochemical im-
pedance spectra in 5 mM [Fe(CN)6]

3−/4− containing 0.1 M
KCl. Figure 3 a shows that there was a separately pair of redox
peaks for the GCE, Nafion, UKC/GCE, and KPC/GCE elec-
trodes, while the redox peaks for the KPC/GCE electrode are
more significant than others, which indicated good charge
transfer kinetics evaluated with ferricyanide/ferrocyanide re-
dox. This is caused by abundant porous structures in KPC,
which gives faster electron transfer rate in the surface of the
electrode. The following HMIs tests further proved that abun-
dant porous structures in KPC also enhanced HMIs redox in
SWASV tests. The electrochemical impedance spectra of four
electrodes were tested, shown in Fig. 3b. Compared with larg-
er resistance of bare GCE, when modified with KPC, the
resistance is much smaller. It demonstrates that KPC/GCE
has a better electrical conductivity and gives less resistance
during electron transfer process. Double-layer capacitance is
related to effective surface area. The bigger double-layer ca-
pacitance of KPC/GCE could indicate a relatively higher ef-
fective surface area. By CV tests of different scan rate, the
double-layer capacitance was calculated to be 0.28, 0.036,
0.55, and 3.13 mF cm−2 for GCE, Nafion, UKC/GCE, and
KPC/GCE, respectively. Compared with UKC/GCE, the
double-layer capacitance of KPC/GCE was about 5–7 times
greater than that of UKC/GCE, indicating that KPC/GCE
have bigger electrode effective surface area and could further
enhanced the detection sensitivity. The results of electrochem-
ical test by SWASV in NaAc-HAc containing 0.5 μΜ Cd2+

and Pb2+ with deposition potential at − 1.1 V and deposition
time at 180 s are shown in Fig. 3c. For different electrodes, the
response peaks for Cd2+ and Pb2+ also appeared at different
potentials. And the KPC/GCE electrode exhibits the best dis-
crimination that response peaks of Cd2+ and Pb2+, emerging at
around − 0.82 V and − 0.55 V, respectively. Because the po-
rous structure in KPC gives the way to enhance electrochem-
ical reaction, the peak currents of Cd2+ and Pb2+ in the KPC/
GCE electrode significantly increase, compared with the
weaker peak currents in other electrodes.

Deposition potential and deposition time also make enor-
mous difference in the electrochemical test of SWASV.
Therefore, we further explored the optimal experimental con-
ditions for the detection ability of KPC/GCE electrode. The
most effective deposition potential and deposition time of
Cd2+ and Pb2+ are determined by changing the deposition
potential or deposition time while detecting Cd2+ and Pb2+

under the same conditions. As shown in Fig. 4a, as the voltage
gradually decreases, the peak current increases firstly and then

Table 1 Comparison of several different carbon sources-derived porous
carbon

Carbon sources SBET
(m2 g−1)

Average pore size (nm) Pore volume
(cm3 g−1)

Ref

Corn husk 867 4.97 0.51 [20]

Rice straw 2399 1.78 1.59 [24]

Coconut shells 209 3.03 0.88 [26]

Water hyacinth 950.6 6.33 1.49 [28]

Fungus 1103 4 0.54 [30]

This work 2064 2.10 1.07
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decreases, with a maximum peak current appearing at − 1.1 V.
When the deposition potential overtops − 1.1 V, the decrease
of peak current is mainly due to the interference by the gen-
eration of H2 through water splitting. H2 bubbles occupy the
active sites which are initially for Cd and Pb ions, resulting in
the decrease in peak currents of Cd2+ and Pb2+. Therefore, −
1.1 V is optimal deposition potential in this work. The effect of
deposition time on the current response was demonstrated in
Fig. 4b. With time increasing, the peak currents of Cd2+ and
Pb2+ rise gradually, when deposition time reaches at 180 s, the
values peak at maximum and then decrease. In the further
increase in deposition time, the decreasing peak currents
may be since the active sites of KPC were saturated. As a
result, 180 s is the optimum deposition time.

Simultaneous detection with different concentrations of Cd2+

and Pb2+ was carried out under the optimal experimental param-
eters. Figure 4 a shows electrochemical response from 0.010 to
0.5 μΜ Cd2+ and Pb2+ by SWASV, which indicated that as the
concentration increases, the peak current rise simultaneously.
The linear fit between the peak current and the concentration of
Cd2+, Pb2+in Fig. 4b manifests a good linear relationship be-
tween the concentration and the peak current, with linear corre-
lation equations of Y(Pb2+) = 53.4c + 5.47 (R2 = 0.995) and
Y(Cd2+) = 26.5c + 3.71 (R2 = 0.997), while “Y” representing
the peak current and “c” presenting the concentration. For Cd2+

and Pb2+, the sensitivities are 53.4μAμM−1 and 26.5μAμM−1,
respectively. The limit of detection (S/N = 3) were calculated to
be 11.38 nM and 23.3 nM for Pb2+ and Cd2+, respectively.

Fig. 3 Cyclic voltammetry (a)
and electrochemical impedance
spectra (b) of bare GCE, Nafion,
UKC/GCE, and KPC/GCE in
5 mM [Fe(CN)6]

3−/4− containing
0.1 M KCl. c Double-layer ca-
pacitance derived from CVs of
different scan rate. d SWASVof
bare GCE, Nafion, UKC/GCE,
and KPC/GCE at 0.5 μΜ Cd2+

and Pb2+

Fig. 4 Influence of a deposition
potential and b deposition time at
1 μΜ Cd2+ and Pb2+ at peak
currents
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To further evaluate the mutual interference and selectivity
among HMIs, the SWASV responses of sole Pb2+ or Cd2+

were tested in HAce-NaAc (pH = 4.8) at the range from
0.025 to 0.500 μΜ. Compared with simultaneous detection,
the SWASV response curves of sole Pb2+ have a little peeling

peak when concentration was high than 0.2 μΜ. For the so-
lution of sole Cd2+, the SWASV response curves had a strong
peeling peak, which makes the individual sensitivity of sole
Cd2+ lower than the simultaneous sensitivity of Cd2+. These
phenomena can be summarized as follows: when the

Fig. 5 a SWASV responses of
KPC/GCE in HAce-NaAc solu-
tion containing 0.010–0.500 μΜ
Cd2+ and Pb2+. b The corre-
sponding calibration for Cd2+ and
Pb2+ respectively. c SWASV re-
sponses of KPC/GCE in HAce-
NaAc solution containing 0.025–
0.500 μΜ Pb2+ and d its corre-
sponding calibration. e SWASV
responses of KPC/GCE in HAce-
NaAc solution containing 0.025–
0.500 μΜ Cd2+ and f its corre-
sponding calibration. Deposition
potential = − 1.1 V; Deposition
time = 180 s

Table 2 Summary of analytical
parameters for simultaneous and
individual detection of Cd2+ and
Pb2+ for KPC/GCE

Linear range

(μΜ)

Sensitivity

(μA μM−1)

Detection limit

(nM)

R2

Simultaneous sensitivity Pb2+ 0.010–0.500 53.4 11.38 0.995

Cd2+ 0.010–0.500 26.5 23.3 0.997

Individual sensitivity Pb2+ 0.025–0.500 63.0 10.12 0.996

Cd2+ 0.025–0.500 20.4 26.7 0.998
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concentration of Pb2+ or Cd2+ increases to a higher level,
peeling peak will appear. For Pb2+, only a little peeling peak
appears, while a strong peeling peak for Cd2+, which makes
sensitivity of Cd2+ decreases. As shown in Fig. 5c-f, they
exhibited good linear relationships between the concentration
and the peak current for sole Pb2+ and Cd2+, and the corre-
sponding linearization equations were Y(Pb2+) = 63.0c + 2.67
(R2 = 0.996) and Y(Cd2+) = 20.4c + 4.00 (R2 = 0.998), respec-
tively. The sensitivities were 63.0 μA μM−1 and 20.4 μA
μM−1 for Pb2+ and Cd2+, respectively. The detection limita-
tions (S/N = 3) were 10.12 nM and 26.7 nM for Pb2+ and Cd2,
respectively (Table 2). Compared to simultaneous analysis,
the sensitivity of Cd2+ was reduced and the sensitivity of
Pb2+ was increased, which can be explained by the competi-
tion between the two metal ions for modifying a limited num-
ber of active sites on the surface of the electrode in simulta-
neous analysis. Besides, the strong peeling peak makes the
sensitivity of Cd2+ decrease.

These results above indicate that KPC possesses excellent
reproducibility in the detection of HMIs. Compared with other
reported electrochemical methods for metal ion co-detection
(Table 3), KPC/GCE has lower limit of detection (LOD) and
higher sensitivity. The comparison shows that the KPC/GCE
can be used as a better sensor to the detection of Pb2+ and
Cd2+.

Conclusions

In summary, the KPC with a high specific surface area and a
porous-rich structure was synthesized via a facile method. By
the treatment of KOH and high temperature carbonization, the
KPC possesses multi-stage pore structures and abundant mi-
cropores and mesopores, which provided a large number of
active sites for the adsorption and desorption of Pb2+ and Cd2+

in the tests by SWASV. Under optimal experimental condi-
tions, KPC-modified electrodes showed excellent electro-
chemical activity and high sensitivity for the determination
of Pb2+ and Cd2+. This work proposed a novel strategy to
the prepare biomass-based micro and mesoporous-coexisted
porous carbon materials. The bio-metal-free materials modi-
fied electrodes have the potential application in the rapid and
accurate analysis of HMIs.
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