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I 

 

Abstract 

 

Since graphene was obtained from graphite via a mechanical exfoliated method by Geim et al. in 

2004, it has been regarded as a promising material because of its outstanding properties. In particular, 

nitrogen-doped graphene (N-doped graphene) is anticipated for industrial use because of the widening 

of the graphene bandgap, and the potential to offer a catalytic site to oxygen reduction reaction, ultra-

capacitor, etc. Most N-doped graphene are synthesized using ammonia or hydrazine as precursor. 

However, these materials could be pose enormous hazards to people. Herein, we report conversion of 

polyacrylonitrile to N-doped graphene with nitrogen percentage up to 2%−4%. Polyacrylonitrile (PAN), 

which is a well-known precursor to carbon fiber, is an appropriate material for the commercialization 

of N-doped graphene because it is already produced by many companies. Because the linear formula of 

PAN is (C3H3N)n, a nitrogen compound material is not required. PAN is spin-coated on Pt foil, which 

exhibits a catalytic effect to form graphene. The PAN/Pt foil was heated to 200oC for stabilization in air 

and 800oC−1000oC for graphitization with hydrogen gas. The stabilization process is an important factor 

to consider in order to obtain continuous N-doped graphene films. An atomic force microscope and 

scanning electron microscope confirmed that N-doped graphene forms continuous film with single layer. 

Raman spectroscopy demonstrated nitrogen doping induced D band and blueshift of G band. X-ray 

photoelectron spectroscopy showed that the atomic ratio of nitrogen in graphene was approximately 

2%−3.5%; additionally, pyrrolic-N was dominant. The N-doped graphene filed effect transistors exhibit 

an n-type behavior.  
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1. Introduction: Research background for conversion of polyacrylonitrile to N-doped graphene 

Graphene is a single layer carbon film with honeycomb lattices. Since graphene was obtained from 

graphite using a “scotch tape” method by Geim et al. in 2004,5 various sorts of graphene have been 

regarded as the next generation materials because of their superior characteristics. 

 

 

1.1 Properties of graphene 

The structure of graphene is two-dimensional crystalline consisting of a single layer with honeycomb 

lattices. Graphene has two types of edges: an “armchair” edge and a “zig-zag” edge (figure 1a). Carbon 

atom has 2s, 2px, 2py, 2pz atomic orbitals. In graphene, sp2 orbital hybridization occurs by mixing 2s, 

2px, and 2py. The sp2 orbitals constitute three σ bonds with combination neighbor atoms. The remaining 

2pz orbital forms a π-bond. The π-bonds in graphene of carbon atoms hybridize together to produce a 

valence band filled with electrons and a conduction band which is empty (figure 1b). At K = o point, 

the valence band and the conduction band meet each other with linear dispersion, i.e., here, the graphene 

has no band gap (figure 1c).1  

Graphene electron mobility is 2.5 × 105 cm2V-1s-1 at room temperature.6 Additionally, graphene has 

noble electronic properties like quantum Hall effects,7 ballistic transports, and ambipolar electric field 

effects.3 

 Graphene shows not only superb electronic properties but also impressive mechanical properties. In 

2008, Hone et al. measured the stiffness of free-standing graphene, using the tip of an atomic force 

microscope (AFM), and observed that it is not affected by the surrounding environment. They obtained 

the Young’s modulus of approximately 1.0 TPa and intrinsic tensile strength of 130.5 GPa. In their 

thesis, they noted that graphene was the strongest material among the materials measured.8 Later, JU 

Lee et al. obtained a more precise Young’s modulus value of approximately 2.4 TPa, which value is 120 

times stronger than steel by Raman spectroscopy measurement.9 However, graphene’s fracture 

toughness is approximately 4 MPa√𝑚 . The value demonstrates that graphene is relatively brittle 

compared to its strength.  

 The opacity of monolayer graphene is widely known to be πα = 2.3 % in the visible range,10 because 

theoretically, the thickness of monolayer graphene is approximately 0.345 nm.11 The transmittance of 

graphene decreases as the number of graphene layers increases. Graphene on SiO2/Si substrate exhibit 

an interference effect of light reflection.12 Hence, Graphene on SiO2/Si substrate can be observed with 

the naked eye. The refractive index of graphene was reported to be in the range n = 2.0i−1.1i11 as a 
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monolayer, and in the range n = 2.6i−1.3i13 as bulk graphite in the visible range. 

 

 

1.2 Properties of N-doped graphene 

Graphene has been considered a promising material to replacing silicon because of its remarkable 

electronic properties. It is difficult to put to industrial use because of the absence of a bandgap, which 

is essential for semiconductor switching in pristine graphene. Doping is a well-known method for 

changing the semiconducting properties in industry. Boron and nitrogen are commonly used as doping 

atoms in carbon materials because their atom sizes are similar to the size of a carbon atom. Boron and 

nitrogen contain one additional hole and electron when these atoms substitute carbon atoms in graphene. 

Thus, boron and nitrogen act as hole acceptor and electron donor of carbon materials. As a result, doped 

graphene exhibits a change in its electronic structure, thereby widening its bandgap.14 There are three 

substitutional sites when nitrogen atom is doped into graphene (Figure 2).15 The first is pyridinic N, 

which is located at the defects or edges in graphene. Pyridinic N contributes a p electron to the π system. 

The second is graphitic N, which is located at the hexagonal ring by the substitution site of carbon. The 

third is pyrrolic N, which bonds with two carbon atoms in five-membered ring and gives two electrons 

to the π system. When nitrogen atoms substitute carbon atoms in graphene lattice, the nitrogen atoms 

prefer pyrrolic-N or pyridinic-N sites because of stable thermal energy.16  

 

 

1.3 Synthesis methods of graphene. 

Graphene synthesis methods have been developed to a scalable and high-quality level since the 

introduction of the exfoliated method. There are four main methods of obtaining graphene, which are, 

mechanical peeling method,5 chemical vapor deposition (CVD) using gas or solid precursors on catalyst 

substrates,17-18 reduction of graphene oxide,19 and epitaxial graphene growth using SiC substrates.20 It 

is widely known that graphene synthesis method affects graphene quality and scale. For example, 

mechanical filling methods produce high-quality graphene, however this technique has limitations in 

growing large areas and large amounts of graphene. In epitaxial graphene growth method, pyrolysis 

occurs on the SiC substrate to form graphene. However, this method has drawbacks in controlling 

thickness and cost. The growth of graphene using CVD is used in many laboratories and is a well-

known growth method for obtaining graphene. Since Li et al. demonstrated that graphene can grow on 

Cu foil using methane gas, this method is commonly used in many laboratories to obtain high-quality 
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graphene because it produces graphene at an affordable price and in an easy way.21 Not only Cu, but 

also other metals such as Pt,22 Ni,21 Ru,23 and Ge24 are used as catalysts for graphene growth. Gao et al. 

showed repeatable graphene growth on Pt. Although, Pt is a more expensive material than Cu foil, 

growth on Pt has strong points, repeatable use, and small wrinkles owing to similar thermal coefficients 

between Pt and graphene. 

 

 

1.3.1 Synthesis of graphene using polymers as a precursor 

 Graphene can be formed not only using gas but also solid carbon sources. In 2007, poly (methyl 

methacrylate), called PMMA, was converted to graphene on Cu substrates.18 Thereafter, many 

researchers have tried to find appropriate polymers that can be used to grow graphene. For example, 

Yan et al. demonstrated a direct growth of bilayer graphene by insulating substrates without transfer 

process using PMMA, Poly(2-phenylpropyl)methylsiloxane (PPMS), polystyrene (PS), and 

poly(acrylonitrile-co-butadiene-co-styrene) (ABS).25 These polymers were converted to graphene under 

the Ni layer. Additionally, Byun et al. demonstrated direct graphene growth on SiO2 substrate from 

PMMA, PAN, PS which are common polymers with evaporated Ni layer.26 

 Choosing polymers as the precursor to graphene is an option toward the commercialization of 

graphene. First, polymers are relatively safer than hydrocarbon gases. Although, there are numerous 

studies on hydrocarbon gases as a graphene source, hydrocarbon gases have the possibility of explosion, 

which becomes an obstacle to mass production. Additionally, polymers are appropriate to 

industrialization of graphene because they are easily coated on substrates, such as spin-coating and 

Langmuir-Blodgett method. Finally, polymers are likely to be designed to synthesize graphene at low 

temperatures or to produce high-quality graphene. For example, Jo et al. reported growth of monolayer 

graphene without using the characterization of Benzophenone tetracarboxylic dianhydride-

phenylenediamine properties.27 Furthermore, Cho et al. reported the synthesis of graphene at low 

temperatures using poly aromatic hydrocarbons.28 

 

 

1.3.2 Synthesis of N-doped graphene  

Recently, many scientists have reported N-doped graphene growth and its application.29-32 There are 

two main methods for the synthesis of doped graphene: the first is growth in CVD method, and the 

second is post-synthesis treatment. In the CVD method, the nitrogen compounds are introduced during 
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the graphitization process. Luo, Z group showed that the nitrogen content of graphene could be 

modulated by nitrogen/methane flow rate.33 However, this method dangerous because of its use of 

ammonia, which is hazardous to humans. Additionally, Panchokarla group reported the synthesis of 

boron and nitrogen doped graphene by an arc discharge method.34 However, the arc discharge method 

has the possibility of damaging graphene. Post-synthesis treatment methods often require high 

temperatures. Qian liu et al. reported they converted graphene to N-doped graphene in ammonia gas at 

high temperatures.35 Shao et al. reported N-doped graphene fabricated using graphene oxide with 

melamine at high temperatures.36 However, this method has the limitation that graphene oxide is not 

suitable for high-quality materials because of its many impurities.  

 

 

1.4 Future of graphene 

 Graphene is one of the promising materials that will vastly revolutionize industries because of its 

superb properties. In modern electronics, ITO is the most widely used material for the transparent anode 

in optoelectronics. However, ITO has several defects, such as poor flexibility, difficulty of etching, and 

high price. Graphene has the potential to replace ITO because of its excellent conductivity. In addition, 

because of excellent flexibility, it can be used for flexible electronics.37 Additionally, it can be used in 

fuel cells. Graphene acts as a selective barrier that blocks hydrogen atoms and passes protons.38     

N-doped graphene has the potential to be commercialized in various sectors. For example, N-doped 

graphene could be used to increase the performance of lithium ion batteries because of the high surface 

area, flexibility, and high electrical electronic properties. Wang group reported N-doped graphene 

containing 2% nitrogen that showed 900 mAh/g reversible capacity at a current density of 42 mA.39 

Furthermore, Reddy et al. demonstrated that N-doped graphene has almost double the reversible 

discharge capacity of graphene because of Li ion intercalation occurring with nitrogen atoms.40 N-doped 

graphene is one of the materials suitable for replacing Pt with respect to oxygen reduction reaction 

(ORR). Nitrogen atoms in graphene change the atomic charge distribution. Additionally, N-doped 

graphene usually exhibits a high spin density. Kurak et al. and Zhang et al. suggested a mechanism of 

two and four ORR pathway on N-doped graphene.41-42 Recently, N-doped graphene reached over 20% 

the diffusion-limited current density compared to Pt/C electrode.32 Shao et al. demonstrated high 

stability nitrogen-doped during ORR compared with the commercial Pt.36 Furthermore, N-doped 

graphene can be used as photocatalysts,43 ultra capacitors29, etc. 
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Figure 1. (a) Geometry of graphene. (b) Bonding of one carbon atom in graphene. (c) Band diagram of 

graphene at K = o point.1 
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Figure 2. Schematic of N-doped graphene. 
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Figure 3. Examples of graphene application in various area.2 
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2. Conversion of polyacrylonitrile to N-doped graphene 

 As an acrylic fiber, polyacrylonitrile (PAN), is used as a precursor of carbon fibers (Figure 4a). 

Generally, PAN is made from acrylonitrile polymerization. It is relatively insoluble and hard as a semi-

crystalline organic polymer. Many scientists have reported on the heat treatment of PAN because carbon 

fibers made from PAN have better properties than carbon fibers made from other precursors.44-46 In 

addition, when PAN is converted to carbon fibers, it exhibits a high carbon yield, which means that it 

is an appropriate precursor for mass production. The process of converting PAN to carbon fiber is 

divided into three stages: stabilization, carbonization, and graphitization.47 The stabilization process is 

important for forming high-quality carbon materials (figure 4b). The process commonly proceeds in air 

because of oxygen. Oxygen leads to dehydrogenation of PAN and crosslink between PAN polymers.48 

During the process, cyclization and dehydrogenation reactions occur at the same time, and 

dehydrogenation occurs when oxygen is combined with hydrogen in PAN to form water. The PAN 

structure changes from a linear structure to an aromatic structure during the cyclization process, where 

the C ≡ N bond, which is composed of PAN, is changed to C = N bond.49 Setnescu et al. reported PAN 

formed C = C and C = H during cyclization.50 From their result, PAN forms highly stable aromatic 

structures. Generally, the temperature required for stabilization is approximately 180oC to 300oC. If the 

temperature is below 180oC, stabilization is not completed. Additionally, stabilization at high 

temperatures can result in the burning of PAN. The carbonization process produces stabilized PAN 

aromatic growth and polymerization (figure 4c). The temperature required for carbonization is known 

to be approximately 600oC to 1300oC. During carbonization, H, N and O atoms are eliminated as 

gases.51 The heating rate of carbonization process is under 5oC/min because of danger of shrinkage. The 

graphitization process occurs up to 2000oC, and this process enhances the stiffness of fibers and 

orientation of basal planes. 

 

 

2.1 Experimental section 

2.1.1 Conversion of polyacrylonitrile to N-doped graphene using CVD 

PAN (Sigma-Aldrich, Mw 150,000) was dissolved in DMF at a concentration of 0.25%. PAN solution 

was sonicated for 3 hours. Pt foil was cleaned in acetone for 5 min using sonicator. Pt foil was treated 

O2 plasma for 10 min to make the surface hydrophilic and to remove carbon residue. PAN solution was 

spin-coated on Pt foil at 3000 rpm for 2 min. The PAN film on Pt foil was loaded in a CVD system then 

heated at 200oC for 1 h under 2.0-1 torr. This process is essential for stabilization of PAN. The sample 

was heated to 900oC for 2 h under low pressure and then H2 gas was introduced in chamber at 13 sccm 
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for 30 min while maintaining the temperature for 1 h. The sample was cooled down approximately 

3oC/min without any gas. 

 

 

2.1.2 Transfer method 

The N-doped graphene transferred onto SiO2(300 nm)/Si substrate using the electrochemical 

bubbling method. For cleaning, SiO2(300 nm)/Si substrate was sonicated in acetone solution for 5 min 

and in isopropyl alcohol solution for 5 min. PMMA was spin-coated on Graphene/Pt foil at 3000 rpm 

for 1 min. After that the sample was dried 70oC on the hot plate. The sample was used as the cathode, 

and pure Pt foil was used as the anode. The electrolyte used a NaOH aqueous solution (1.0 M). 

Current and voltage condition were 1 V and 0.8 A. When PMMA/graphene was peeled off from Pt 

foil, the sample was cleaned 2 times using deionized water to remove NaOH. Cleaned sample was 

transferred onto SiO2(300 nm)/Si substrate. After that, the sample was dried in air and then immersed 

into acetone solution for removing PMMA.  

 

 

2.1.3 FET fabrication 

The N-doped graphene was transferred to on SiO2(300 nm)/Si substrate. Oxygen-plasma treatment 

was performed to make graphene channel. E-beam lithography was used to fabricate source and 

drain. Au (55 nm)/(Ti 5nm) were deposited on the sample for forming source and drain by E-beam 

evaporator. After that, lift off method was employed to make pattern electrodes. The fabricated 

sample was heated at 300oC for 1 h to obtain good contact and remove polymer residue. 

 

 

2.1.4 Characterization 

 The Raman spectroscopy was performed on alpha 300R Raman spectrometer (WITec) equipped with 

a 532 nm laser. The surface morphologies were characterized by scanning micro scope (S-4800, 

Hitachi). The atomic force microscope image was obtained by a DI-3100 AFM microscopy (Veeco) 

with tapping mode. The chemical composition of samples was studied by X-ray photoelectron spectra 

(K-Alpha, Thermo Fisher). The electrical properties of the samples were characterized by four tip probe 

station (4200-SCS, KEITHLEY).  
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Figure 4. (a) Molecular structure of PAN. (b) The stabilized PAN structure.3 (c) Structure changes 

for PAN precursor during carbonization.4 
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2.2 Result and discussion 

Figure 5a shows our experiment condition for conversion N-doped graphene using PAN. To stabilize 

PAN, the sample was spin-coated on Pt foil and heated at 200oC for 1 h under atmospheric pressure. To 

identify stabilization of PAN, the PAN and stabilized PAN that was heated at 200oC for 1 h under 

atmospheric pressure were examined with XPS to characterize any change in chemical structures. 

Figure 5b exhibits the C1s core-level spectra of PAN. The C1s peak could be fitted into three peaks at 

284.7, 285.6 and 286.3 eV. The left peak at 286.3 eV is identified as the C ≡ N groups. The middle 

peak at 285.6 eV is attributed to CH-CN groups. The right peak at 284.7 peak is correspond to CH2 

groups. The ratio of each peak areas is similar. that means C ≡ N : CH-CN : CH2 is approximately 

equal to the expected rate of PAN values. That results are similar to results reported previously.52 Figure 

5c exhibits the C1s core-level spectra of stabilized PAN. For stabilized PAN, the C1s spectrum could 

be fitted into six peaks. These peaks were assigned to sp2-C (284.0 eV), sp3-C (284.8 eV), CH-CN 

(285.6 eV), C = N and C ≡ N (286.3 eV), C-O and C-N (287.4 eV) and C = O (288.8 eV). Compared 

with the XPS spectrum of PAN, the intensities of CH2, CH-CN and C = N, C ≡ N peaks are smaller 

than the XPS spectrum of PAN. Moreover, the peak at 284.0 eV for the sp2-C group and the peak at 

287.4 eV for the C-N group, which was not observed as PAN, appeared after the stabilization process. 

These results indicate that most of the carbon were converted to aromatic rings, and the structure of 

PAN changed to stabilized PAN. Owing to the oxidation of PAN, the peak at 288.8 eV, corresponding 

to C = O appears in the XPS spectra of the stabilized PAN.   

To confirm the stabilization effect, we performed two comparative experiments. The first experiment 

is N-doped graphene growth without the stabilization process. Figure 6a shows the SEM image of N-

doped graphene morphology without the stabilization process. The SEM image shows that the graphene 

has many holes and the substrate is not completely covered with the film. This is because the stabilized 

PAN has only 33% of weight loss when heated to 700° C. However, at the same conditions, the weight 

loss of PAN is approximately 60%.53 Hence, the formation of graphene was not perfect because of 

volatilization of PAN. The second experiment is N-doped graphene growth at vacuum during the 

stabilization process. Figure 6b shows The SEM image of graphene growth at vacuum during the 

stabilization process. The morphology of graphene is small and not forming continuous film. Because 

a PAN back-bone containing oxygen bearing groups provides better stability to sustain during 

carbonization treatment.48 

Figure 7 shows surface the morphology of our N-doped graphene. To investigate surface morphology, 

the N-doped graphene was transferred on 300-nm-thick SiO2/Si substrates. as shown in figure 7a. A 

continuous and large-area film of N-doped graphene was observed via the optical image. Figure 7b 

shows the SEM image of N-doped graphene. The layers of graphene can be checked, in contrast to SEM 

image. The SEM image shows that a continuous graphene with some adlayer. That may be due to the 
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resorption of carbon. The AFM image shows that the thickness of the N-doped graphene is 

approximately 0.68 nm, suggesting that it consists of a single layer film (Figure 7c, 7d). 

Raman spectroscopy is one of the most effective tools for identifying graphene (Figure 8). There are 

well known three Raman peaks for graphene. The D band, which is located at approximately 1344 cm-

1 is associated with graphene defects. The D band does not appear to be pristine graphene. In the Raman 

spectra, the D band is one of the evidence that nitrogen is doped into graphene, because nitrogen causes 

vacancies and bonding disorder in graphene lattice. The G band is observed at approximately 1585 cm-

1 in figure 8 pristine graphene. The G band occurs because of the E2g phonon mode at the Γ point. The 

G band shift occurs because of many factors, such as doping, defects, strains and layer numbers. 

Moreover, our Raman spectra result is similar to the result obtained from previous data, where doping 

causes a blue shift in the G band.54-55 The Raman peak at approximately 2670 cm-1 is called the 2D band, 

which is a second-order zone boundary phonon mode to graphene. The 2D band shift occurs depending 

on the layer number, doping, and stacking. The intensity ratio of the G band and the 2D band (I2D/IG) 

and the 2D band of full width at half-maximum (FWHM) are applied to determine the graphene layers. 

The I2D/IG of N-doped graphene is 2.3. The FWHM of N-doped graphene is 40. The results indicate that 

our N-doped graphene is a single layer graphene. These results are consistent with the AFM and the 

SEM results.  

To investigate the bonding configurations of N-doped graphene and N/C atomic ratio, the samples 

were examined with XPS. The N1s peak is observed in the typical XPS results of N-doped graphene 

(figure 9a). It is also clear that nitrogen is included in the sample compared to N-doped graphene and 

clean SiO2 / Si substrates (inset of Figure 9c, 9c). Figure 9b shows the C 1s spectra of N-doped graphene. 

The C1s peak can be fitted with four components at 284.2 eV, 285.4 eV, 286.6 eV and 288.3 eV. The 

main peak, which is located at 284.2 eV, is assigned to graphite-like sp2 carbon. The smallest peak, 

which is located at 288.3 eV, is CO type bond. It can be attributed to physiosorbed oxygen on N-doped 

graphene or the incompletion of deoxidation during the carbonization process. Two small peaks, which 

are located at 285.4 eV and 286.6 eV, correspond to N-sp2-C and N- sp3-C, respectively, which originate 

from the substitutional doping of nitrogen atoms.54. The N1s peak in N-doped graphene is shown in 

figure 9c. The N1s peak can deconvolute three peaks at 398.5 eV, 399.4 eV and 400.3 eV. These peaks 

correspond to pyridinic-N, pyrrolic-N and graphitic-N. In our spectra, the intensities of pyridinic-N and 

pyrrolic-N are bigger than the intensity of graphitic-N. The result is consistent with previous theoretical 

prediction, which is that nitrogen atoms are more stable at the edges of graphene lattice than at the 

centers of graphene lattice.16 Figure 9d shows the changes in the ratio of carbon to nitrogen with the 

conversion temperature. Because the main reaction is the stabilization process up to 200oC, the ratio of 

nitrogen atoms is not significantly reduced. However, the rate of nitrogen atoms decreases rapidly from 

800oC because nitrogen atoms were eliminated during the carbonization process.47 As the temperature  
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Figure 5. (a) Experiment process of conversion of PAN to N-doped graphene using CVD. (b) XPS C 

1s spectrum of the PAN. (c) XPS C 1s spectrum of the stabilized PAN. 
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Figure 6. (a) SEM image of the N-doped graphene without stabilization process. (b) SEM image of 

the N-doped graphene growth at vacuum during the stabilization process. 
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Figure 7. (a) Optic image of the N-doped graphene. (b) SEM image of the N-doped graphene. (c) 

AFM image of the N-doped graphene. (d) The height profile which was taken from (c) the white line. 
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Figure 8. Raman spectra of the N-doped graphene, the spectrum of red line is pristine graphene. 

The spectrum of the blue line is the N-doped graphene. 
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Figure 9. (a) XPS spectrum of the N-doped graphene on SiO2(300 nm)/Si substrate. (b) XPS C 1s 

spectrum and (c) XPS N1s spectrum of the N-doped graphene on SiO2(300 nm)/Si substrate. The 

inset image exhibits XPS N1s spectrum of cleaned SiO2/Si substrate. (d) Graph of Atomic N ratio. 
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Figure 10. (a) XPS N 1s spectra of N-doped graphene with temperature. (b) Graph of N-doped 

graphene nitrogen configuration with temperature. 
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Figure 11. Optic image of different concentrations of PAN after the same conversion condition not 

using Pt but using Cu. (a) and (b) were used 0.5 and 5% PAN solution. (c). Raman spectra of PAN after 

the same conversion condition using Cu. Red and blue line were used 0.5 and 5% PAN solution.   
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Figure 12. (a) Schematic of the N-doped graphene FET device. (b) Optic image of the N-doped 

graphene device. (c) Ids/Vds characteristics at various Vg for the N-doped graphene FET. Devices. (d) 

Ids/Vg curve of the N-doped graphene (Vds= 1 V). The inset figure shows Ids/Vds characters without Vg. 
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increases from 800oC to 1000oC, the rate of nitrogen atoms decreases smoothly. Figure 10a shows 

XPS N 1-s spectra of N-doped graphene with temperature. As the conversion temperature increases, the 

ratio of pyridinic-N reduces. The denitrogenation occurs at the pyridinic N sites during the generation 

of HCN and NH3.47 The ratio of pyrrolic-N and the temperature are proportional to each other, which is 

similar to the relationship obtained in previous report.56-57  

To investigate whether other graphene catalysts could convert PAN to N-doped graphene under our 

condition, we tried converting PAN to N-doped graphene using copper with the same experimental 

process. Figure 11a and b show optic images of the sample transferred on SiO2/Si substrate. Although 

using 5% PAN solution shows much more carbon residues than 0.5% PAN solution, both images show 

many vacancies and small carbon residues. The appearance of carbon residues in both images appears 

to be a cluster of polymers rather than graphene. As shown in figure 11c, 2D peak was not observed in 

both samples. That means copper and Pt have different converting mechanisms of PAN to N-doped 

graphene. The reasons for not successfully converting PAN to N-doped graphene may be due to oxygen 

in polymers as air changes copper to copper oxide, which has a rare catalytic effect to form graphene, 

or because copper has a weaker graphitization ability compared to Pt.58-59 

We fabricated the bottom gated filed-effect transistors (FETs) of N-doped graphene to identify  

electrical characteristics of nitrogen doping effects. As shown in figure 12a, N-doped graphene acts as 

conducting channel of FETs. Figure 12b shows optic image of FETs. The channel length was 6.5 𝜇m 

and the channel width was 20.3 𝜇m. The inset of figure 12d shows the source-drain current (Ids) vs the 

source drain voltage (Vds) behavior without back-gate voltage. The result indicates ohmic contact 

forming between the N-doped graphene and the Au/Ti pads, which acts as a source and drain. Figure 

12c shows the Ids vs Vds behavior at variable back-gate voltages (Vg) from -80 V to 80 V in a step of 40 

V. The figure shows that the Ids decreases as the Vg decreases, which is consistent with n-type behavior. 

Figure 12d shows the Ids dependence on Vg behavior for the N-doped graphene at a fixed Vds of 1.0 V. 

The drain current increases as the gate voltage increases, indicating the channel is n-type. Dirac points 

were not observed because of limitations in our equipment. The electron mobility is estimated by the 

equation.60 

 

μ =  
∆𝐼𝑑𝑠

∆𝑉𝑔𝑠
∗

𝐿

𝑊𝐶𝑜𝑥𝑉𝑑𝑠
                              (1) 

where L and W denote channel length and channel width, respectively, and Cox is the capacitance per 

unit area of the gate insulator, which is SiO2(300 nm) in the sample. The N-doped graphene mobility is 

approximately 4.7 cm2V-1s-1 according to equation (1). This value is similar to the value obtained in 
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previous reports18, 61-62. However, the mobility is approximately two orders of magnitude reduced 

compared to pristine graphene devices.61 That may due to pyridinic and substituting nitrogen in 

graphene lattice induces more scattering in graphene lattice. Additionally, oxygen residue or 

physisorption can be one of the reasons. 

 

 

2.3 Conclusion 

 In conclusion, we report a method that converts polyacrylonitrile to N-doped graphene films. During 

the process, stabilization becomes an important factor because of dehydrogenation and cyclization 

reaction. The converted N-doped graphene exhibits a continuous film with a monolayer. The nitrogen 

substitution site of graphene was pyrrolic-N site. The fabricated FET shows an n-type behavior, which 

is in accordance with XPS result. Electron mobility of the N-doped graphene is approximately 4.7 cm2V-

1s-1. Nevertheless, improvement to quality is required to put to industrial use. PAN conversion to N-

doped graphene has the potential to open the way to graphene commercialization. 
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