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The leaching of metal ions from the mines may result in pollution of the surrounding waters. In this 

work, we propose a composite material that combines porous carbon and graphene (G-C), which shows 

a very high sensitivity to lead ions. The lamellar structure of the composite material facilitates the rapid 

diffusion of lead ions on the surface of the material. Meanwhile, combined with the strong adsorption 

ability of the microporous carbon layer for heavy metal ions, the sensor has a high sensitivity towards 

electrochemical detection of lead ions in water. In addition, the proposed electrochemical sensor has 

been successfully applied for field detection. 
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1. INTRODUCTION 

 

Lead is one of the metals that were first used by human, being smelted from ore and used as a 

building material as early as 3000 BC. The content of lead in the earth's crust is 0.0016%, making it the 

most abundant heavy metal, and the main ore is galena. Lead from the natural environment can be 

released into the atmosphere through volcanic eruptions and tsunamis. Soil is the largest reservoir of 

lead in the natural environment with a relatively long-lasting impact [1–6]. Lead mining has a very long 

history, but many of the mines are now closed. Some of these areas have been turned into tourist sites 

under the government's planning. However, the lead ions in the tailings will be slowly released into the 

environment, especially into the water environment of the landscape through rainwater [7–12]. 

Lead in human body mainly comes from food, breathing and drinking water, and is mostly 

excreted through urine and feces. However, its long biological half-life allows it to accumulate in the 

human body for a long time. The typical toxicological effects of lead include: affecting porphyrin 
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metabolism, inhibiting heme synthesis, causing hypochromic anemia, inhibiting ATP on the red blood 

cell membrane, causing loss of sodium and potassium ions, and resulting in hemolysis. Lead ions can 

damage the nervous system, inhibit myophosphate kinase, and block transmission of nerve impulses in 

the extensor muscles, resulting in nerve paralysis. Moreover, lead ions can also cause brain damage by 

breaking the blood-brain barrier and causing swelling of cells in the capillaries, leading to cerebral edema 

and cerebral hemorrhage [13]. Lead ions can damage the digestive system and may cause inhibition of 

alkaline phosphatase and ATP enzyme activity in the intestinal wall, resulting in abdominal cramps [14]. 

In addition, lead can directly damage liver function with spasm of small arteries in the liver, which may 

cause local ischemia, resulting in hepatomegaly, jaundice and even cirrhosis or liver necrosis [15]. 

With the frequent occurrence of lead poisoning incidents, the lead detection technology has been 

gradually attached much importance [16–21]. The scientific researchers around the world have been 

constantly seeking new breakthroughs in terms of low cost, simple operation, increased sensitivity, etc. 

At present, the major physicochemical methods for the detection of lead ions are atomic spectrometry, 

mass spectrometry, UV-visible spectrophotometry, high performance liquid chromatography and 

electrochemical analysis [22–28]. Electrochemical method is an analytical method established on the 

basis of electrochemical properties of substances in solution and at electrodes, which mainly measures 

electrical signal conductance, potential, current and power. This method can be recorded directly without 

signal conversion. Among the methods for the detection of trace heavy metal ions, electrochemical 

analysis has been favored by many researchers in recent years for its sensitivity, accuracy, rapidity, low 

cost and simplicity of operation, compared with the traditional methods with high cost and tedious 

operation [29–35]. 

Electrochemical testing techniques can be performed in the laboratory or in the field. In the case 

of being operated in the field, it is essential to design a disposable and rapid detection chip. Screen-

printed electrodes are often adopted in the preparation of disposable electrodes for their low cost. 

However, carbon paste electrodes containing binder often make the sensor less effective due to their 

poor conductivity [36,37]. Currently, a large number of carbon nanomaterials are increasingly applied 

in the research of electrochemical detection of heavy metals because of their high adsorption of heavy 

metal ions. Porous carbon spheres are used to improve the enrichment efficiency of the electrode surface 

for heavy metal ions, for the reason that porous carbon spheres have a high specific surface area and 

abundant functional groups, which can significantly enhance the adsorption capacity of heavy metal 

ions, thus achieving positive detection results. In spite of so many advantages of porous carbon, its lower 

electron transport capacity compared with materials such as graphite dilution hinders the charge transfer 

between the electrode material and the surface of the glassy carbon electrode, which limits the further 

application of pure porous carbon in the field of electrochemical detection [38]. Graphene is a two-

dimensional structured carbon material whose lamellae are formed by the interconnection of carbon 

atoms in a hybridized manner. Its excellent electron transport properties, the large external surface area 

inherent in the lamellar structure itself, and its favorable electrocatalytic properties allow it to be an ideal 

platform for electrode detection in the field of heavy metal detection. In addition, the single-atom 

thickness and two-dimensional planar structure of graphene oxide provide it with a great specific surface 

area, together with a structure containing a large number of boundary points, structural defects and 

abundant functional groups [39]. It can be compounded with other materials to synthesize a wide variety 
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of graphene derivatives. A number of  graphene-based sensors have been designed and synthesized for 

heavy metal ion detection. 

In this work, we designed a platform for lead ions detection in water by using the high adsorption 

capacity of porous carbon for heavy metal ions as well as  the high electrical conductivity and lamellar 

structure of graphene. The graphene-porous carbon composite was successfully used for the surface 

modification of SPE. The formed porous carbon with microporous lamellar structure has showed good 

performance in strong acidic and alkaline environments, which also enhances the application value of 

the material. 

 

 

 

2. MATERIALS AND METHODS 

2.1. Materials 

All reagents were analytical grade and used without further purification. Potassium ferricyanide 

(K4[Fe(CN)6]· 3H2O, potassium ferricyanide (K3[Fe(CN)6]), dipotassium hydrogen phosphate 

(K2HPO4), potassium dihydrogen phosphate (KH2PO4), asparaginate, standard Cd(II) and Pb(II) ions 

were purchased from Sinopharm Group Chemical Reagent Beijing Co., Ltd. Graphene oxide (Sheet 

diameter: 1-5 μm, Content: 5.0wt%, Solvent: NMP) was purchased from Nanjing XFNANO Materials 

Tech Co., Ltd. Conductive silver adhesive was purchased from Shanghai Baoyin Electronic Materials 

Co., Ltd. FR-4 glass fiber board was purchased from Xi'an Xidian Electric Material Co., Ltd. 5 mM 

K3[Fe(CN)6]-5 mM K4[Fe(CN)6]-0.1 M PBS (pH 7.0)-1.0 M KC1 was adopted as the impedance 

detection solution. 

 

2.2. Preparation of graphene-porous carbon composite 

First of all, a certain amount of asparagine was dissolved in 2 mg/mL of graphene oxide solution 

at 25°. After complete dissolution, resorcinol was added and stirred magnetically for 5 min. 

Subsequently, 5 mL formic acid (37 wt%) was quickly added to the solution. After being well-stirred, 

the reaction was sealed and transferred to 90° for 18 h. The obtained polymer dispersion was charred at 

800° under inert atmosphere to obtain the sample. By varying the mass ratio of carbon precursor to GO 

(5:1, 10:1, 20:1 and 40:1), a series of composites (denoted as G-C-1, G-C-2, G-C-3 and G-C-4) were 

obtained. The composites were then dispersed in NMP to form 2 mg/mL slurry.  

 

2.3. Integrated G-C electrode fabrication: 

An appropriate amount of G-C slurry was added to the Petri dish, and was well-scraped with a 

scraper to obtain a uniform sticky conductive paste. The polyethylene self-adhesive presenter board was 

pasted onto a cleanly treated FR-4 glass fiberboard substrate (the fiberboard was washed with ethanol 

and distilled water, and dried at room temperature). An integrated three-electrode system containing a 

G-C working electrode, a carbon counter electrode and a carbon reference electrode was obtained by 
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screen printing technique. Afterwards, 1 layer of silver paste was evenly coated at the reference electrode 

and the prepared integrated electrode was dried in an oven at 70°C. An appropriate amount of 0.1 M 

FeCl3 solution was dropped on the silver surface, and the silver was oxidized to FeCl3. After 1 h, the 

FeCl3 solution was removed by rinsing with distilled water and air-dried to obtain the Ag/AgCl reference 

electrode. Finally, all areas except the working electrode, counter electrode, reference electrode and wire 

connection points were insulated with insulating tape. 

 

 

 

3. RESULTS AND DISCUSSION 

The scanning electron microscope visualizes the morphological structure of the synthesized 

composites. As shown in Figure 1, the composites have a regular lamellar structure similar to that of 

graphene. It is apparent that the macromolecule acts as a structural guide during the surface self-

assembly process. It can be noted from the figure that the size of the lamellar structural units varies from 

a few tens of nanometers to more than ten microns in size. These lamellar units of different sizes lap 

each other, forming abundant macroporous voids that significantly increase the exposed external specific 

surface area of the sample. Interconnected carbon framework would effectively improve the electronic 

conductivity and mechanical integrity of the electrode [40]. This feature would be beneficial to the 

increase of the diffusion rate of heavy metal ions inside the material. In addition, the lamellar units of 

this series of composites have increasing thicknesses and highly flat surfaces, with average lamellar 

thicknesses measured at 11.4 nm, 20.2 nm, 33.7 nm and 71.5 nm. The morphology of the sample can be 

controlled. 

 

 
 

Figure 1. SEM images of (A) G-C-1, (B) G-C-2, (C) G-C-3 and (D) G-C-4. 
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To further observe the microstructure of the sample, XRD was adopted to characterize the crystal 

structure of the sample at different stages of the reaction process. Figure 2A shows a sharp peak at 10.5° 

in the graphite oxide, corresponding to the 001 crystal plane of graphite oxide. After 18 h of reaction at 

90°, the GO-formic acid only has a peak present at 19.7° and does not show the characteristic peak of 

GO, indicating that the monolayer of graphite oxide is symmetrically encapsulated by the polymer layers 

on both sides, which in turn leads to the horizontal dispersion of the monolayer of graphite oxide [41]. 

After pyrolysis, it was reduced in situ to graphitic oxide while the surface was coated with a microporous 

carbon layer. The characteristic peak of graphitic refining does not appear in the sample after pyrolysis. 

Only a broad peak at 10°-30° appears, indicating the characteristic amorphous carbon structure of the 

sample. Since the graphite refining in the middle of the interlayer has excellent electron transport ability, 

it can be inferred that the composite will exhibit better electrochemical properties compared to the pure 

microporous carbon. 

The thickness and surface area of the samples were also measured, as shown in Figure 2B. 

Detailed studies on the porosity characteristics were analyzed with N2 adsorption–desorption 

measurements, obtained at 77 K up to a maximum relative pressure of 1 bar. G-C-4 had the thickest 

lamellae among all samples, while G-C-1 had the thinnest.  

 

 

 
 

Figure 2. (A) XRD patterns of GO, G-C-3 before and after the pyrolysis. (B) The relationship between 

the thickness of sheets and the surface area of G-C samples.  

 

To explore where the pattern of the samples came from, we made a fitted curve of the increase 

and decrease relationship of this variable with the ratio table and lamellar thickness data of these four 

samples, which can for instance be caused by the existence of non-rigid aggregates of single to a few-

layered graphene structures or assemblages of slit-shaped mesopores [42]. It can be clearly seen from 

the figure that the specific surface area increases with the lamella thickness. The trend of its specific 

surface area increase is consistent with the order of lamella thickness. Especially in the initial stage, the 

enhancement of specific surface area slows down with the thickening of the lamellar structure unit, the 
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reason for which is that the specific surface area is mainly from the microporous carbon layer wrapped 

around the graphite thin flakes. The amount of graphene oxide is fixed during the synthesis process, and 

a high ratio of carbon precursor to graphene oxide mass leads to a result that the thicker the flake layer 

is, the higher the specific surface area will be. Considering the large specific surface area and suitable 

pore size provided by the microporous carbon layer, its strong adsorption ability on heavy metal ions 

will contribute to the detection effect. 

We used anodic stripping square wave voltammetry (SWSVA) for the screen-printed electrodes 

prepared with different G-C composite for electrochemical detection of lead ions in water. Figure 3 

shows the response signals of the chip prepared from G-C-1, G-C-2, G-C-3 and G-C-4 composites 

toward different concentrations of lead solutions in water. A very sharp peak appeared at -0.6 V 

corresponding to the dissolution of lead ions [43]. Meanwhile, the current values obtained by 

electrochemical tests for all four chips were fitted and a linear relationship was formed. 

 

 

 
 

Figure 3. SWASV of (A) G-C-1/SPE, (B) G-C-2/SPE, (C) G-C-3/SPE and (D) G-C-4/SPE towards 

different concentrations of lead ions in 0.1 M NaAc-Hac (pH=5). Inset: plots of lead ions 

concentrations against peak current.   
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It is well known that the efficiency of lead ion pre-accumulation on the electrode surface is 

significant for the effectiveness of electrochemical detection. The ability to obtain high sensitivity and 

low detection limits during the detection process is partly determined by the strong adsorption capacity 

of the microporous carbon layer for the target ions [44–46]. In this part of the work, the positive detection 

performance is partly resulted from the high specific surface area of the sample, which provides more 

active sites during lead ion adsorption. In addition, the adsorption rate of the material is equally important 

in fast electrochemical detection. The graded pore structure of the material and the large external surface 

area of the lamellar structure itself enable the lead ions in solution to contact the material surface more 

easily and achieve a higher adsorption rate. 

The electrical conductivity of both G-C/SPE is high, which is mainly due to the role of graphitic 

flakes in the composite. Graphite dilution as a conductive medium significantly facilitates the charge 

transfer process within the material. The higher the relative amount of added graphene is and the thinner 

the flake layer is, the higher the conductivity will be. As shown in Table 1, the material conductivity 

shows a high regularity with respect to the flake layer thickness. 

Both G-C/SPE have shown a high sensitivity for lead ion detection. Among the four sensors, 

their detection sensitivity increases in the order of G-C-4/SPE < G-C-1/SPE < G-C-2/SPE < G-C-3/SPE. 

Although G-C-4 has the thickest flake layer, it has the lowest sensitivity. 

 

 

Table 1. Electrochemical performance of the G-C/SPE with other reports toward lead ions detection. 

 

Sensor Conductivity 

(S/cm) 

Linear 

detection 

range (μM) 

Limit of 

detection (μM) 

Reference 

Bi/MGF–

Nafion/GCE 

- 0.08-3.12 μM 0.02 μM [47] 

Bi/Nafion/RGO-

GNPs/GCE  

- 0.2-0.9 μM 0.14 μM [48] 

Diatomite–

MPTMS/GCE 

- 2-15 μM 1.23 μM [49] 

PyTS–

CNTs/Nafion/PGE 

- 0.1-3 μM 0.05 μM [50] 

G-C-1/SPE 18.9 0.25-1 μM 0.08 μM This work 

G-C-2/SPE 9.0 0.1-1 μM 0.04 μM This work 

G-C-3/SPE 1.1 0.05-1 μM 0.01 μM This work 

G-C-4/SPE 0.7 0.05-1 μM 0.03 μM This work 

 

 

After the detection of individual ions, the best G-C-3/SPE was adopted to detect mixed ions of 

lead and cadmium. Figure 4 presents that in the mixed state, cadmium ion and lead ion showed separate 

dissolution peaks at -0.81 V and -0.56 V, respectively. The potential interval between each dissolution 

peak is large enough not to interfere with each other. Therefore, the selective detection of lead ions by 

G-C-3/SPE is highly positive, which improves its practical application. 
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Figure 4. SWASV of G-C-3/SPE for the analysis of Cd(II) and Pb(II) in 0.1 M NaAc-Hac (pH=5).. 

 

 

Water samples from three scenic spots were tested with G-C-3/SPE. All three scenic areas have 

lead mining around them. Table 2 shows the detection results, which indicates that the presence of trace 

amounts of lead ions can be detected in site 3. Standard addition was also used for the measurement and 

the recovery rate can be calculated to be 95.0% to 105.0%. 

 

Location Detection  Addition Detection Recovery  

Site 1 - 2.0 μM 2.1 μM 105.0% 

Site 2 - 2.0 μM 1.9 μM 95.0% 

Site 3 0.7 μM 2.0 μM 2.6 μM 96.3% 

 

 

4. CONCLUSION 

In this paper, a G-C composite obtained from incorporation of graphene oxide with porous carbon 

is reported, and it is applied to the electrochemical detection of lead ions in water, achieving a highly 

positive detection results. The SPE made of G-C composite has excellent performance in the detection 

of trace lead ions in water, and the individual values are far below the safe concentration of lead ions in 

drinking water set by the World Health Organization. The excellent detection performance of the sensor 

can be attributed to the porous structure of the microporous carbon layer and the good electrical 

conductivity of graphene. In addition, the proposed electrochemical sensor has been successfully applied 

in field testing.  
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