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Abstract  

Three-dimensional nitrogen-doped graphene (3D N-doped graphene) was prepared 

through the chemical vapor deposition (CVD) by using porous nickel foam as a 

substrate. As a model, a dopmine biosensor was constructed based on the 3D N-doped 

graphene porous foam. Electrochemical experiments exhibited that this biosensor had 

remarkable detective ability with a wide linear detection range from 3×10
-6
 M to 

1×10
-4
 M and a low detection limit of 1 nM. Moreover, the fabricated biosensor also 

showed excellent anti-interference ability, reproducibility, and stability.  

 

 

 

Introduction 

Graphene, a two-dimensional structure material composed of carbon atoms, has 

attracted enormous attentions due to its extraordinary electrical, optical, structural, 

and mechanical properties.
1-5

 However, the chemically derived two-dimensional 

graphene-based composites usually suffer from poor conductivity as a result of low 

quality or high junction contact resistance of the graphene sheets. 
6,7

 Graphene foam, 

a kind of three-dimensional (3D) structure graphene-based material, has a wide range 

application in the field of electronic devices, supercapacitors, and sensors due to its 

remarkable conductivity, high specific surface area, and good biocompatibility.
8-11

 

The graphene foams fabricated by chemical vapor deposition (CVD) method display 

highly conductive defect-free graphene layers without the formation of junction 

resistance.
6, 12

 The highly electrical conductive network structure and the large 

specific area of the 3D graphene foam provide carriers for the electron transportation 

processes and are suitable for biosensing.
13-15

  

The electronic properties, surface structure, and other intrinsic properties of the 

carbon materials can be effectively tuned and enhanced by the chemical doping with 

hetero-atoms.
16-18

 The presence of the dopant atoms lead to the local chemical 

changes to the elemental composition of the host material, which can improve the 

thermal or conductivities and enrich the charge-carrier densities.
19

 Among numerous 

dopants, nitrogen is widely used to be doped with the graphene-based materials. The 

N doped carbon nanotubes/graphene (NCNTs/G) has been used in the application of 

oxygen reduction reaction in alkaline electrolyte, which showed higher activity and 

selectivity compared with undoped CNTs/G composites.
20

 Zhu et al. has developed a 
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new electrochemical immunosensor based on the effective assembly of gold 

nanoparticles and nitrogen-doped graphene sheets for ultrasensitive detection of 

matrix metalloproteinase-2 with a low detection limit of 0.11 pg mL
-1
.
21

  

Dopamine (DA) distributed in mammalian brain has been widely and deeply 

studied since its discovery in 1950s.
22

 As one of the most significant 

neurotransmitters in the mammalian central nervous system, DA is a key maker for 

the treatment of schizophrenia and Parkinson’s disease.
23, 24

 Therefore, the rapid and 

accurate measurement to detect the trace amount of DA is of extreme importance to 

the clinical diagnosis and prevention of the diseases caused by the abnormal control 

of DA concentration in human bodies. As DA can be easily oxidized 

electrochemically, the electrochemical method is widely used to detect it.
25, 26

 

However, the interferences of AA and UA, which mostly coexist with DA and have 

the similar oxidation potential to DA, can lead to an overlapping voltammetric 

response in the electrochemical method.
27, 28

 Therefore, a sensor with improved high 

selectivity and sensitivity to the detection of DA is quite essential. 

In the present work, 3D N-doped graphene foam was prepared by the chemical 

vapor deposition (CVD) using the nickel foam as a substrate. Combining the 

advantages of well-defined 3D structure and doped nitrogen atoms, the obtained 

free-standing 3D N-doped graphene exhibited high electrical conductivity, 

satisfactory biocompatibility and electroactivity, and was developed as electrode 

materials for the electrochemical detection of DA. The resulting sensor showed 

excellent electrochemical activity, selectivity, sensitivity, and stability to the detection 

of DA in neutral solutions. 

 

Experimental Section 

 

Preparation of 3D N-doped graphene electrodes 

The 3D N-doped graphene was synthesized by chemical vapor deposition (CVD) 

method. Typically, a piece of nickel foam (2 cm × 2 cm, thickness 1.0 mm) was acted 

as the growth template and put into a quartz tube under H2 (20 sccm) and Ar (200 

sccm). Ethylenediamine (0.25 mL) was the precursor and the reaction temperature 

was raised from room temperature to 900 °C at a heating rate of 10 °C min
-1
. The 

reaction was allowed to proceed for 30 min. Then, after cooling down to room 

temperature, the nickel foam was removed to obtain the final product as the follow 

procedure.
6, 8

 The 3D N-dpoed graphene/Ni foam was drop-coated with a poly 

(methyl methacrylate) (PMMA) solution, and then dried for 10 min at 150 °C. Thus, a 

thin PMMA film that could prevent the destruction of the graphene structure upon the 

remove of the nickel template was formed on the N-doped graphene surface. Then, 

nickel was removed by immersing the sample in HCl (3 M) solution at 80 °C for 5 h. 

Finally, the free-standing 3D N-doped graphene was obtained by dissolving the 

PMMA protective layer in hot acetone. Then, after washed by the deionized water, the 

freestanding 3D N-doped graphene was fabricated as an electrochemical electrode. 

Characterization  

The products were characterized by scanning electron microscopy (SEM, S-4800), 
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X-ray photoelectron spectroscopy (XPS, PHI5000 VersaProbe) and Raman 

spectroscopy (Renishaw inVia Raman Microscope with an argon-ion laser at an 

excitation wavelength of 514 nm). The static water contact angles were measured with 

a contact angle meter (Rame-Hart-100, USA) using droplets of deionized water at 

room temperature. Electrochemical experiments were conducted with a CHI660C 

workstation (Shanghai Chenhua, Shanghai) in a three-electrode system. All 

electrochemical experiments were performed in a cell containing 6.0 mL of phosphate 

buffer solution (PBS, 0.1 M) at room temperature, using a coiled platinum wire as the 

auxiliary electrode, a saturated calomel electrode (SCE) as the reference electrode, 

and the different materials-fabricated electrode as the working electrode. 

  

Results and Discussion 

The morphology of the CVD-grown free-standing 3D nitrogen-doped graphene foam 

is characterized by scanning electron microscopy (SEM). A well-defined foam-like 

porous structure of the nitrogen-doped graphene is shown in Fig. 1a. The pore 

diameter ranges from about 200 to 600 µm. Fig 1b is the image of the gap on the edge 

of the 3D N-doped graphene sketeton. The gap was caused on purpose in the SEM 

sample preparation process to prove the hollow skeleton structure and the successful 

removal of the Ni foam substrate. Fig. 1c exhibits the image of the surface of 

graphene skeleton and Fig 1d is a higher magnification display. As a result of the 

conformal CVD grown, the surface of the thin graphene skeleton is smooth as the 

same surface topological features of the Ni substrate.
29

 The obvious ripples and 

wrinkles on the graphene surface, which are the typical features of the CVD-grown 

graphene, were generated from the different thermal expansion during the grown 

process.
30

  

 

Fig. 1 SEM images of (a) free-standing 3D N-doped graphene sketeton, (b) 3D 

N-doped graphene skeleton gap, (c) the surface of 3D N-doped graphene skeleton, 

and (d) the high magnification display of the 3D N-doped graphene surface. 

 

The Raman spectra of 3D-graphene and 3D N-doped graphene foam obtained at 

different positions are demonstrated in Fig. 2. Three salient characteristic peaks at 

around 1357, 1580, and 2700 cm
-1
 appears in the Raman spectra, corresponding to the 
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D, G and 2D bands of graphene, respectively.
31

 Compared with the spectrum of 

3D-graphene, the D-band peak at ~ 1350 cm
-1
 is obtained in the N-doped graphene 

sample and the intensity ratio of the D band to the G band (ID/IG) is 0.49. It indicates 

that the doped nitrogen atoms lead to the disorder-induced band and the indicative of 

defects in the graphene structure.
32

 And the G-band, peak at ~1580 cm
-1
, is attributed 

to C(sp
2
)-C(sp

2
) band stretching vibrations.

33, 34
 The presence of the 2D peak indicates 

that the multi-layer graphene exists in the product.
29

  

 

Fig. 2 Raman spectra of 3D N-doped graphene and 3D-graphene. 

 

The content and state of nitrogen element in 3D N-doped graphene were 

analyzed by X-ray photoelectron spectroscopy (XPS). Fig.3 displays the survey scan 

of 3D-N-graphene, 3D-graphene, and N1s narrow scan XPS spectra of 3D N-doped 

Graphene. As can be seen in Fig .3a, a predominant narrow C1s peak at ~285 eV is 

obtained in both of the 3D N-doped graphene and the 3D graphene, while the N1s 

peak at ~400 eV was presented only in the N-doped 3D graphene. The corresponding 

element contents in the 3D-N-graphene are 97.29% and 2.71% for C 1s and N 1s, 

respectively. The content of Ni was measured to be zero indicating that the remove of 

Ni substrate was successful by the acid treatment. The high resolution XPS N1s 

spectrum shown in Fig.3b revealed the presence of five component of nitrogen atoms 

within the graphene structure, including pyridinic N (398.3 eV), pyrrolic N (400.4 eV), 

graphitic N (401.3 eV), N-oxide (403.3 eV), and N2 (405.5 eV).
20, 35, 36
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Fig. 3 XPS spectra of (a) survey scan of 3D N-doped graphene and 3D-graphene, and 

(b) N1s narrow scan of 3D N-doped graphene. 

 

Electrochemical activity of the as-prepared 3D N-doped gragpene is detected by 

cyclic voltammetric (CV) experiments. Fig. 4 represents the CV behaviors of the 

different materials in 0.1 M PBS 7.0 solutions with or without the presence of DA. No 

redox peak was obtained of the 3D N-doped graphene fabricated electrode in the 

blank PBS without DA (Fig. 4e). Nevertheless, after the addition of 1 mM DA, an 

obvious pair of redox peak appeared (Fig. 4d). Among several CV curves of Fig. 4a-d 

which corresponding to different graphene-based material fabricated electrode in 

1mM DA, including (a) 2D-Graphene, (b) 3D-Graphene, (c) 2D-N-Graphene, and (d) 

3D-N-Graphene, Fig. 4d showed the lowest potential and the highest current value 

suggesting that 3D-N-Graphene has the best eletrocatalytic activity towards the 

detection of DA. These results implied that the 3D structure and the doped-N atom of 

3D-N-Graphene could lead to the enhancement of the electron transfer rate and 

improvement of the electrocatalytic activity. 

 
Fig. 4 Cyclic voltammograms of different graphene-based electrodes in 0.1 M PBS 

(pH = 7.0) containing 1 mM DA at the scan rate of 100 mV/s: (a) 2D-Graphene, (b) 

3D-Graphene, (c) 2D-N-Graphene, (d) 3D-N-Graphene with 1 mM DA, and (e) 

3D-N-Graphene without DA. 

 

The effect of the potential scan rate (v) on the peak current for the 3D N-doped 

graphene fabricated biosensor with the presence of 1 mM DA in the range of 50-500 

mV/s is shown in Fig. 5. The anodic peak potential shifts to a more positive direction 

and the cathodic peak potential shifts toward a more negative direction with the 

increase of the scan rates. And peak currents increase linearly with the increase of the 

square root of the scan rate (v
1/2

), indicating a diffusion controlled process.
37, 38
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Fig. 5 3D N-doped graphene electrodes in 0.1 M PBS (pH = 7.0) with 1mM DA at 

different scan rates: from inside to outside 50, 100, 150, 200, 250, 300, 400, and 500 

mV/s. Insets show calibration plots between oxidation peak currents and the square 

root of the scan rate. 

 

The anti-interference property of the proposed biosensor was tested by selective 

detection with glucose (GC), ascorbic acid (AA), and uric acid (UA) that usually 

coexist with DA. As it is shown in Fig. 6, the current response of 1.0 mM DA, 1.0 

mM GC, 1.0 mM AA, and 1.0 mM UA has been studied through differential pulse 

voltammetric (DPV) experiments carried out in neutral electrolyte. An obvious 

oxidation peak appeared at around 0.13V after 1.0 mM DA was added while there was 

hardly any incremental of the current upon the addition of inferences suggesting that 

DA can be detected in the presence of GC, AA, and UA, showing the selectivity of the 

biosensor is very high. The possible reason for selective detection of DA may be the 

strong π-π interactions between the graphene basal plane and the phenyl ring of DA 

molecules, which makes it more possible for DA to absorb on the surface of the 

graphene foam leading to an enhanced and specific voltammetric response of DA.
39, 40, 

41 

 
Fig. 6 Differential pulse voltammograms of the 3D N-doped graphene fabricated 

electrode in 0.1 M PBS (pH = 7.0) with 1 mM (a) DA, (b) GC, (c) AA, and (d) UA, 

respectively. 
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The detection linear range and the detection limit of the biosensor were obtained by 

the DPV measurements using the 3D N-doped graphene eletrode in pH 7.0 PBS upon 

the successive addition of different concentration of DA solutions. To make sure that 

the added DA was fully mixed, the electrolyte was stirred for about 1 min. CV was 

carried out until the peak current was stable and changeless and then the DPV was 

performed immediately. The peak at around 0.13 V appeared with the addition of DA. 

And the peak current gradually increased and was proportional to the DA 

concentrations with a wide linear range from 3×10
-6
 M to 1×10

-4
 M with the 

correlation coefficient of 0.9962. Furthermore, the biosensor exihibits remarkalbe 

sensitivity of 9.87 mA mM
-1
 cm

-2 
and a low detection limit of 1 nM at the 

signal-to-noise of 3. Table 1 shows the comparison of different graphene-based 

electrodes towards the electrochemical detection of DA. From the table, we can see 

that the 3D N-doped graphene foam electrode shows wider detection range, lower 

detection limit, and better sensitivity and selectivity in neutral environment than that 

of the other graphene-based electrodes. This may be due to the high conductivity, the 

perfect three dimensional structure of the 3D N-doped graphene foam, and good 

hydrophilicity and biocompatibility which is essential to the enhancement of 

electroactivity to the detection of DA.
30

 The contact angle measurements have been 

taken to quantitatively evaluate the hydrophilicity and biocompatibility of the 

mearsured materials. Normally, the contact angle of pure graphene is above 90º.
45

 The 

contact angle of 3D N-doped graphene foam is 70.9º reflecting its good hydrophilicity 

and biocompatibility which is caused by the existence the doped N atoms.  

 

Fig. 7 Relationship between peak currents and the DA concentration. Insets are the 

DPV responses of different DA concentrations from 3 µM to 100 µM. 

 

Electrodes 

Detection 

range 

(µµµµM) 

Detection 

limit 

(nM) 

Sensitivity 

(mA mM
-1
 

cm
-2
) 

Selectivity pH Ref. 

EDTA-reduced 

graphene /Nafion /GC 
0.2-25 10 — AA 7.2 42 
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Graphene oxide 

nanoribbons /GCE 
0.15-12.15 80 2.39 AA, UA 7.0 43 

3D Graphene Up to 25 25 0.62 UA 7.2 39 

rGO/TiO2{001}/GCE 2-60 6000 8.80 AA 6.5 44 

3D N-doped 

Graphene (This work) 
3-100 1 9.87 AA, UA, GC 7.0 — 

Table 1. Comparison of different graphene-based electrodes towards the 

electrochemical detection of DA. 

 

The reproducibility and stability of the 3D N-doped graphene electrode were 

further studied. When the electrode was successively scanned for 100 cycles, no 

obvious change in the peak current could be observed. The relative standard deviation 

(RSD) was 3.0% for six successive determinations. The fabrication of six electrodes 

made independently showed an acceptable reproducibility with a RSD of 3.9% for the 

current determined in the presence of 1 mM DA. The long-term stability of the 

electrode was investigated over a 10 day period. When the fabricated electrodes were 

stored in pH 7.0 PBS or dried in air at 4 °C, and measured periodically, no obvious 

change was found. These results showed the excellent reproducibility and stability of 

the 3D N-doped graphene-based DA biosensor, which might be attributed to the 

excellent conductivity and good biocompatibility of 3D N-doped graphene. 

Conclusions 

The successful synthesis of three-dimensional nitrogen-doped graphene (3D N-doped 

graphene) was achieved through the chemical vapor deposition (CVD) by using 

porous nickel foam as a substrate. The obtained free-standing 3D N-doped graphene 

was developed as an electrode material for the electrochemical detection of dopamine 

(DA). The fabricated biosensor showed high electrocatalytic activity to DA compared 

with other graphene-based electrode material. Furthermore, the biosensor exhibited 

excellent anti-interference ability, reproducibility, stability, and displayed a wide 

linear detection range from 3×10
-6
 M to 1×10

-4
 M with a low detection limit of 1 nM. 
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