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Abstract
N and P double doped porous carbon derived from Sonchus arvensis L at different carbonization
temperatures (700 °C, 800 °C and 900 °C) were prepared by a simple one-step activation pyrolysis for the
simultaneous electrochemical detection of AA, DA and UA. Compared with SaL-700 and SaL-900, the Sal-
800 show excellent electrochemical sensing ability. Therefore, further electrochemical sensing studies
were carried out by using SaL-800. The linear range of AA was 200-6000 μM., the sensitivity was 0.06
μA·μM-1·cm-2, and the detection limit was 76 μM (S/N=3). The sensitivity of DA was 9.81 μA·μM-1·cm-2

(0.5-20 μM) and 39.69 μA·μM-1·cm-2 (20-90 μM), and the detection limit was 0.11 μM (S/N=3). The
sensitivity of UA was 0.81 μA·μM-1·cm-2 (10-100 μM) and 4.05 μA·μM-1·cm-2 (100-900 μM), and the
detection limit was 2.70 μM (S/N=3). In addition, satisfactory results have been obtained for the
determination of AA, DA and UA in normal human serum, which provides a new research direction for the
construction of electrochemical sensors in the future.

1. Introduction
Ascorbic acid (AA), known as vitamin C, is distributed in plants and animals. As an antioxidant, AA can
stabilize the color of food and the performance of cosmetics, so it is widely used in food, medicine and
other fields. The main function of AA in human body is to prevent cancer and improve immunity. Its
deficiency can lead to scurvy, collagen metabolism disorder and even infertility [1–3]. Dopamine (DA)
plays an important role in the central nervous system, kidney, hormone and cardiovascular system.
Measuring the level of DA in extracellular fluid has important clinical significance for monitoring the
process of neurotransmission and diagnosing Parkinson's disease [4–6]. Uric acid (UA) is the decisive
product of purine metabolism in human body. The change of uric acid concentration is closely related to
purine metabolism. The determination of UA is very important in the treatment of severe hepatitis,
hyperuricemia, renal failure and other diseases caused by abnormal purine metabolism [7–9]. AA, DA and
UA usually coexist in human body fluid, the oxidation potentials of them are close on the traditional
electrode, which is easy to cause the overlap of oxidation peaks [10–12]. Therefore, it is essential to
develop electrode modified materials with high sensitivity and selectivity for the simultaneous
determination of AA, DA and UA.

Compared with traditional detection methods (such as capillary electrophoresis, fluorescence
spectroscopy, liquid chromatography and chemiluminescence spectroscopy), which are time-consuming,
complex and expensive, electrochemical detection technology arises with its advantages of fast,
sensitivity and simple operation. In recent years, different electrode modification materials have been
developed to improve the sensitivity and selectivity of the electrode, which can be roughly divided into
carbon nanotubes (CNTs) [13–15], graphene (GR) [16–20], polymers [21–24], ionic liquids (ILs) [25–27]
and nanoparticles (NPs) [28–30]. Among them, biomass carbon materials have attracted great interest
because of unique properties, such as low-cost precursors, simple and environmentally friendly
preparation processes, ultra-high specific surface area and excellent chemical stability.
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Biomass carbon materials with porous and heteroatom self-doping characteristics can be obtained by the
carbonization of biomass precursors with natural porosity and rich elements at high temperature [31–33].
Porosity is an important index to evaluate biomass carbon materials, in order to obtain better porosity,
physical or chemical activation is usually used in the process of preparing carbon materials. Notably,
chemical activation with phosphoric acid can form micropores and mesopores in the carbon structure,
thus greatly improving the porosity [34, 35]. Huang et al [36] synthesized N, P double doped porous
carbon (CNP) derived from lotus leaves for simultaneous electrochemical detection of AA, DA and UA,
achieved good detection results. Vediyappan veeramani et al [37] prepared biomass derived activated
carbon (ACs) for the simultaneous detection of AA, DA and UA, the ACs have better catalytic activity than
reduced graphene oxide. Li et al [38] prepared carbon nanoplates with ground cherry to construct an
advanced electrochemical sensor (BG-CNPs/GCE). In addition to the detection of hydrogen peroxide
(H2O2), tryptophan (TRP), purine and other small molecules, it can also realize the simultaneous detection
of AA, DA and UA. These researches demonstrate that biomass-derived functional porous carbons as
novel electrode materials are very promising.

Sonchus arvensis L (SaL) is a perennial herb, rich in amino acids and vitamins, which can be used as
medicine and food. It has a strong reproductive ability and global footprint. In this study, with Sonchus
arvensis L as precursor and phosphoric acid as activator, N and P double doped porous carbon derived
from Sonchus arvensis L at different carbonization temperatures were synthesized by a simple one-step
activation pyrolysis method. The porous carbon materials synthesized at 700°C, 800°C and 900°C are
denoted as SaL-700, SaL-800 and SaL-900, respectively. The preparation and detection process of SaL-
800 are shown in the Scheme 1. In simultaneous determination of AA, DA and UA, the acceptable linear
range and lower detection limit are obtained, and the as-prepared sensor was successfully applied for
detecting AA, DA and UA in human serum.

2. Experimental

2.1 Materials and apparatus
The Supplementary information (Scheme 1) provides a detailed description of the chemicals and
reagents, as well as instruments utilized, and the measurements conducted.

2.2 Synthesis of SaL carbon materials
Sonchus arvensis L came from Huxi campus of Chongqing University in Chongqing. The picked Sonchus
arvensis L was washed several times with deionized water, dried at 80℃ for 12 h, and crushed into
powder. Divide the powder into three equal parts, 5g each. Mix three parts of powder with 50% phosphoric
acid in the impregnation ratio of 1:2.5, stir with magnetic force for 1 h, and soak for 12 h, respectively.
The soaked samples were placed in a tubular furnace, heated at 700 ℃, 800 ℃ and 900 ℃, with a
heating rate of 5 ℃/min, and pyrolyzed at high temperature for 2 h in N2 atmosphere to obtain carbon
materials labeled as SaL-700, SaL-800 and SaL-900, respectively. Then ground in agate mortar for 30



Page 5/21

minutes, soaked in 2 M HCl for 12 hours, filtered and washed with deionized water for many times until
the pH value of the filtrate was neutral, and dried in the oven to obtain the final carbon material.

2.3 Preparation of SaL/GCE
The glassy carbon electrode was polished with 0.3 and 0.05 µm alumina slurry, ultrasonic treated in
ethanol and deionized water for 5 minutes, and then dried in air. Add 2 mg SaL-700, SaL-800 and SaL-900
carbon materials into 1 mL distilled water and disperse them with ultrasound for 30 min to obtain a
uniformly dispersed suspension. Transfer an appropriate amount of suspension drops and apply them to
the center of GCE. Dry them naturally at room temperature to obtain carbon modified electrode marked as
SaL/GCE.

3. Results And Discussion

3.1 Characterization studies
The surface area and pore properties of carbon materials were analyzed by nitrogen adsorption-
desorption analysis. Figure 1A exhibits the N2 adsorption-desorption isotherms, the BET surface area of

SaL-800 is the best, about 695.25 m2/g, while SaL-700 and SaL-900 are 358.21 m2/g and 468.22 m2/g,
respectively. The highest surface area can be obtained at 800℃, indicating that the best activation
temperature is 800℃. Figure 1B shows the pore size distribution of SaL-800. The pore size is mainly
distributed at 3.94 nm and 12.58 nm, which proves that SaL-800 has mesoporous properties. SaL-800
with high surface area and mesoporous structure can provide more active sites, improve ion migration
and promote redox reaction, which is very beneficial to electroanalysis [39].

The Raman spectrums are exhibited in Fig. 1C. There are two obvious peaks at 1330 cm− 1 and 1580 cm− 

1, corresponding to the D band of disordered carbon and the G band of graphite carbon, respectively.
Generally speaking, the relative strength ratio (ID/IG) of D band and G band is proportional to the number
of defect sites of carbon materials [40, 41]. The relative strength ratio (ID/IG) of SaL-700, SaL-800 and
SaL-900 were 0.933, 1.040 and 0.944, respectively. The result shows that SaL-800 has the high-density
defect site, which can provide more active adsorption sites and is conducive to electrocatalysis. Moreover,
it was further proved that the optimum activation temperature of SaL was 800℃.

Figure 1D shows the XRD pattern of SaL-800 in which two broad peaks are observed at around 23.4°and
43.7°corresponding to (002) and (100) planes of amorphous carbon, which indicating SaL-800 has
amorphous properties [42].

The morphology of SaL-800 carbon material was characterized by scanning electron microscopy (SEM).
As demonstrated in Fig. 2A-C, SaL-800 presents loose porous structure, which is conducive to increase
the specific surface area and provide more active adsorption sites. Moreover, the porous structure is
conducive to the transmission of electrolyte molecules. Figure 2D reveals elemental mapping of the SaL-
800, the C, N, O and P elements are uniformly and continuously distributed in it, indicating that N and P
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were successfully doped. N elements may mainly come from the carbonization of nitrogenous bases in
SaL and P from the activation of phosphoric acid [36].

The surface chemical properties of SaL-800 were also investigated by the X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 3A, the SaL-800 is consisted of the C, O, N and P elements, and the
relative atom percentages of C, O, N and P in SaL-800 are 76.42%, 15.90%, 2.67% and 5.01%, respectively,
which once again suggested successful incorporation of N and P into the SaL-800. The high resolution
fitted C1s spectrum (Fig. 3B) is deconvoluted into carbon peaks in different chemical environments. The
peaks at 284.8 eV, 285.4 eV, 286.3 eV and 289.3 eV correspond to C = C, C-C, C-OH and C = O, respectively.
The N1s spectrum (Fig. 3C) shows four different peaks, indicating the presence of pyridinic nitrogen
(398.2 eV), pyrrolic nitrogen (399.9 eV), graphitic nitrogen (401.2 eV) and oxidized nitrogen (402.8 eV).
Among them, pyridinic nitrogen and pyrrolic nitrogen contribute to increase the active site and improving
the catalytic activity [43]. The P2p spectrum (Fig. 3D) has two main peaks at 132.8 eV and 133.6 eV,
which are attributed to P-C and P-N bond, respectively. In conclusion, N and P elements in SaL-800 form
active functional groups through different combinations, which will be beneficial to improve the
electrocatalytic performance [36].

 

3.2 Electrochemical characteristic
Figure 4A shows the cyclic voltammograms (CV) in the 5.0 mM K3[Fe(CN)6] and 0.1 M KCl mixed
solution, and Fig. 4B shows the differential pulse voltammograms (DPV) in the mixed solution containing
500 µM AA, 50 µM DA and 50 µM UA at different activation temperatures. The current of SaL-800 is
significantly better than that of SaL-700 and SaL-900 (Fig. 4A). When AA, DA and UA are detected
simultaneously, SaL-800 still has excellent selectivity and conductivity (Fig. 4B). The results are
consistent with BET and Raman. It is confirmed again that 800℃ is the best activation temperature of
SaL.

The cyclic voltammetry analysis of Bare GCE and SaL-800/GCE is shown in Fig. 4C. The current of Bare
GCE is significantly lower than SaL-800/GCE, which indicates that the introduction of SaL-800 improves
the conductivity of the electrode. Randles-Sevcik formula is introduced to calculate the effective working
area (Aeff) of the electrode:

3.1
In the formula: =1,, = 0.673×10-5 cm2/s, C=5×10-6 mol/cm−, ༌V=0.05 V/s.

Through calculation, the effective working areas of Bare GCE and SaL-800/GCE were 0.054 cm2 and
0.064 cm2, respectively, indicating that the SaL-800 with high specific surface area increases the effective

ip = (2.69 × 105) n A∗D C∗V1/23

2

1

2

n
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working area of the electrode and is conducive to improving the electrical analysis performance of the
electrode.

Electrochemical impedance spectroscopy (EIS) analysis is shown in Fig. 4D. The upper left inset of
Fig. 4D is an electrical equivalent fitting circuit diagram. The Rct value is calculated by the diameter of the
high frequency semicircle in the ZsimpWin software fitting impedance diagram. The Rct of Bare GCE and
SaL-800/GCE were 342 Ω and 70.62 Ω, respectively. The results are consistent with the cyclic
voltammetry analysis, which further shows that the SaL-800 has good conductivity and electrochemical
properties.

3.3 Electrocatalytic oxidation
The electrochemical sensing properties of different electrodes were investigated by CV and DPV to detect
500 µM AA, 50 µM DA and 50 µM UA simultaneously. As shown in Fig. 4E and Fig. 4F, Bare GCE all only
has two peaks of DA and UA, however, three oxidation peaks are clearly observed by SaL-800/GCE,
corresponding to AA, DA and UA, respectively. The peak currents and peak separations are significantly
enhanced in DPV test, which indicates the detection sensitivity and selectivity of DPV are obviously
superior to CV, so DPV is used in subsequent experiments. The DPV oxidation peak potentials of AA, DA
and UA appeared at -28, 190 and 314 mV, respectively. And the peak separations of AA-DA, DA-UA and AA-
UA were 218, 124 and 342 mV, respectively, which proves that SaL-800/GCE can realize the simultaneous
electrochemical detection of AA, DA and UA.

3.4 Optimization of experimental conditions
For best experimental results, the coating amount of SaL-800 (V), pH value of PBS and enrichment time
(T) were optimized in the mixed solution of 500 µM AA, 50 µM DA and 50 µM UA, as described in the
Supplementary Information (S2) under the following experimental conditions: V = 6 µL, PH = 7 and T = 
90s.

3.5 Effect of scan rate
The reaction kinetics of the electrode was investigated by studying the effect of scan rate. The scan rates
of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV were tested in the mixed solution of 500 µM AA, 50 µM DA
and 50 µM UA. As shown in Fig. 5A the anodic peak currents of AA, DA and UA increase linearly with the
scan rates and have good linear relationships with the scan rates (Fig. 5B), which proves that the
electrocatalytic oxidation process of AA, DA and UA is controlled by adsorption.

3.6 Selectivity of AA, DA and UA detection by SaL-800/GCE
DPV was carried out for the simultaneous determination of AA, DA and UA in 0.1 M PBS (pH = 7). During
the detection, the concentration of one analyte was changed, while the concentration of the other two
analytes remained unchanged. As shown in Fig. 6A-F, the peak potentials of AA, DA and UA are well
separated on SaL-800/GCE, and the anode peak current of each target detector is directly proportional to
its concentration. The results show that changing the concentration of one target analyte has no
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significant effect on the detection of the other two target analytes. The linear range of AA was 200–6000
µM, the sensitivity was 0.06 µA·µM− 1·cm− 2, and the detection limit was 76 µM (S/N = 3). The sensitivity
of DA was 9.81 µA·µM− 1·cm− 2 (0.5–20 µM) and 39.69 µA·µM− 1·cm− 2 (20–90 µM), and the detection
limit was 0.11 µM (S/N = 3). The sensitivity of UA was 0.81 µA·µM− 1·cm− 2 (10–100 µM) and 4.05
µA·µM− 1·cm− 2(100–900 µM), and the detection limit was 2.70 µM (S/N = 3). The analytical parameters
of this study were compared to results from other reports in Table 1. The results show that SaL-800/GCE
has relatively wide linear range and low detection limit.

 

 
Table 1

Performance comparison of different electrochemical sensors
Electrode Linear range (µM) LOD (µM) References

AA DA UA AA DA UA

HNP-PtTi 200–1000 4-500 100–1000 24.2 3.2 5.3 [44]

Au/RGO 240–1500 6.8–41 8.8–53 51 1.4 1.8 [45]

PtAu 103–165 24–384 21–336 103 20 21 [46]

Fe-M-PANI 10–300 10–300 10–300 6.5 9.8 5.3 [47]

CILE 50-7400 2-1500 2-220 20 1 1 [48]

Hnp-PtCu 25–800 4–20 10–70 17.5 2.8 5.70 [49]

OMC/Nafion 40–800 1–90 5–80 20 0.5 4.0 [50]

SaL-800 200–6000 0.5–90 10–900 76 0.11 2.70 This work

The detection performance of SaL-800/GCE for AA, DA and UA was also confirmed by increasing the
concentration of three target analytes at the same time. With AA (500–2000 µM), DA (2–40 µM) and UA
(8–40 µM), the anodic peaks of the three analytes (Fig. 7A) are still well separated, and there are good
linear relationships between the peak currents of all analytes and their concentration (Fig. 7B-D). The
detection limits of AA, DA and UA were 47.61, 1.14 and 1.86 µM (S/N = 3), respectively. In conclusion,
SaL-800/GCE has high sensitivity and selectivity in the simultaneous detection of AA, DA and UA, which
provides a broad prospect for the construction of high sensitivity and selectivity biosensors.

3.7 Selectivity, reproducibility and stability
Some organic compounds and inorganic ions may coexist with AA, DA and UA in real samples, such as
glycine, glutamic acid, glucose, citric acid, K+, Na+, Cl−, NO3−, CO3

2− and SO4
2−. As shown in Fig. 8A, the

current responses for AA (500 µM), DA (10 µM) and UA (10 µM) remain almost the same in the presence
of aforementioned ions and compounds (100 µM), and the current variation are less than 10%. These
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results indicate the SaL-800/GCE can effectively reduce the influence of possible interfering species and
has good sensing performance for the detection of AA, DA and UA.

The reproducibility of SaL-800/GCE was evaluated by a series of 10 repeated measured responses to a
mixture of AA (1 mM), DA (10 µM), and UA (10 µM). The relative standard deviations of peak anodic
currents of AA, DA and UA were 1.44%, 1.95% and 1.68%, respectively (Fig. 8B). In addition, the SaL-
800/GCE was stored at room temperature for two weeks, and then the electrode was tested. The peak
currents of AA, DA and UA retained 98.55%, 98.06% and 98.34% of the initial currents, respectively. The
above results show the SaL-800/GCE has excellent reproducibility and stability.

3.8 Real sample analysis
Normal human serum was selected as the real sample, and the actual effect of SaL-800/GCE on the
simultaneous detection of AA, DA and UA was studied by standard addition method. Normal human
serum samples were diluted 50 times with 0.1 M PBS (pH = 7) without another pretreatment. The
recoveries of AA, DA and UA were in the range of 95.56%-105.90%, and the RSD was below 5% (Table 2),
indicating that SaL-800/GCE can be effectively used for the simultaneous determination of AA, DA and
UA in real samples.

  
Table 2

The recoveries of SaL/GCE in serum samples
Sample Analytes Added (µM) Found (µM) Recovery (%) RSD (%)

Sample 1 AA 500.00 477.78 95.56 1.00

DA 5.00 5.01 100.23 2.56

UA 100.00 99.11 99.11 3.45

Sample 2 AA 1000.00 1050.00 105.00 1.95

DA 10.00 9.84 98.38 1.32

UA 200.00 211.79 105.90 2.85

Sample 3 AA 1500.00 1478.00 98.53 3.91

DA 15.00 14.23 94.85 3.52

UA 400.00 402.62 100.66 2.89

4. Conclusion
Using the green and environment-friendly Sonchus arvensis L plant as the precursor, N and P double
doped endive carbon materials were obtained by a simple one-step phosphoric acid activation pyrolysis
for the simultaneous detection of AA, DA and UA. Through the comparison of SaL-700, SaL-800 and SaL-



Page 10/21

900, SaL-800 has the highest surface area and conductivity, and shows best catalytic activity for the
electrooxidation of AA, DA and UA. The SaL-800/GCE sensor has wide linear range, low detection limit
and high sensitivity. Thus, the low cost, environmentally friendly biomass carbon is an attractive
candidate to fabricate electrochemical biosensors for the simultaneous determination of active
biomolecules in bodies.
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Scheme 1 is available in the Supplementary Files section
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Figures

Figure 1

(A) Nitrogen adsorption-desorption curves of SaL-700, SaL-800 and SaL-900,

(B) pore size distribution of SaL-800, (C) Raman spectra of SaL-700, SaL-800 and SaL-900, (D) X-ray
diffraction pattern of SaL-800
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Figure 2

(A)-(C) The SEM characterization photographs of SaL-800,

(D) elemental mapping images of SaL-800
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Figure 3

(A) The XPS full spectrum of SaL-800, (B) the high-resolution spectrums of C1s,

(C) N1s and (D) P2p
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Figure 4

CV (A) and DPV voltammograms (B) of SaL-700, SaL-800 and SaL-900, CV(C), impedance and
impedance fitting diagram (D) of Bare GCE and SaL-800/GCE, CV(E) and DPV voltammograms (F) of
detecting AA, DA and UA at the same time



Page 18/21

Figure 5

(A) The current signals of 500 μM AA , 50 μM DA and 50 μM UA in 0.1 M PBS mixed solution at different
scanning rates, (B) relationships between anodic peak current of AA, DA and UA and scanning speeds



Page 19/21

Figure 6

DPV diagrams of SaL-800/GCE in 0.1M PBS containing different concentrations of AA (A), DA (C) and UA
(E) and corresponding fitting curves of AA (B), DA (D) and UA (F)
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Figure 7

(A) DPV diagrams of simultaneous detection of AA, DA and UA by SaL-800/GCE, linear relationships
between peak currents and concentrations of AA(B), DA (C)and UA(D)
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Figure 8

(A) The study on anti-interference ability of SaL-800/GCE, (B) reproducibility
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