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A B S T R A C T   

The thermoelectric characteristics of interstitial nitrogen (N)-doped graphene have been studied using the first 
principles calculations combined with the semi-classical Boltzmann theory. We found that the Seebeck coeffi
cient of N-doped graphene is 3 and 5.5 times higher compared to pristine graphene, along with ZT values. At 
room temperature, for pristine graphene, the ZT value stands at 0.81, whereas it rises to 0.98 and 1.00 for N- 
doped graphene with 6.25 % and 50 % nitrogen doping, respectively. The increase in the Seebeck coefficient of 
N-doped graphene is due to the increase in the effective mass band as the chemical potential rises above the 
conduction band minimum. We observed that N-doped graphene exhibits the highest ZT value in the positive 
energy range, indicating a p-type character. Our findings suggest that N-doped graphene has promising potential 
for thermoelectric applications and provides insights into the underlying physics governing the thermoelectric 
properties of doped graphene materials.   

1. Introduction 

The potential of thermoelectric materials to convert waste heat into 
valuable electrical energy has garnered significant interest due to their 
ability to contribute to energy sustainability and mitigate greenhouse 
gas emissions. Advancements in materials science and device structures 
have recently resulted in significant strides in enhancing the perfor
mance index (referred to as the figure of merit or ZT) of thermoelectric 
devices. The performance of thermoelectric materials is determined by 
the dimensionless figure of merit ZT as follows: 

ZT =
S2σ
κ

T =
S2σ

κel + κlat
T (1)  

where S is the Seebeck coefficient, σ is the electric conductivity, T is the 
absolute temperature, and κ is the thermal conductivity [1–8]. As a 
relatively independent coefficient among the fundamental physical 
quantities of thermoelectric materials, lattice thermal conductivity (κlat) 
is essential for improving thermoelectric performance [9]. The thermal 
conductivity κ is obtained from the contribution of electrons and 

phonons, κ = κe + κph. From equation (1), it can be seen that the material 
that can be used for thermoelectric applications is a material that has a 
high ZT value, which can be obtained from materials that have large S, 
high σ, and low κ, simultaneously. The rapid development of the ther
moelectric device accelerates the possible commercial applications, 
which need excellent thermal stability and mechanical properties [9, 
10]. 

Thermoelectric devices commonly utilize inorganic substances such 
as Tellurium (Te), Lead (Pb), and Bismuth (Bi). However, these mate
rials have several drawbacks, including toxicity and the need for costly 
processes conducted in high-temperature and vacuum environments 
[11,12]. However, there has been significant research on organic com
pounds, such as polypyrrole [13,14], poly(3, 
4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [15], 
and polyaniline (PANI) [16,17]. A low-temperature solution technique 
can be used to make inexpensive thermoelectric devices made of organic 
materials. These materials are ideal for usage in thermoelectric power 
generators used into wearable smart devices to their outstanding me
chanical flexibility. However, in general, these materials have low 
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electrical conductivity. Many methods have been used to overcome this 
problem, including doping and mixing with inorganic materials [15, 
18–20]. However, the increase in conductivity due to doping causes the 
value of the Seebeck coefficient to decrease [21]. In addition, organic 
thermoelectric materials have unstable atmospheric conditions. 

Two-dimensional (2D) materials are novel materials that can be used 
as thermoelectric devices [19,22–26]. They exhibit excellent mechani
cal properties, good air stability, and strong electrical conductivity. 
Among the currently available 2D materials, graphene, and MXene 
families have attracted extensive attention due to their properties, 
including high mobility of charge carriers [27–29], transfer capability to 
other substrates, and easy-to-modulate electrical properties [18,19,30]. 
Graphene, as a 2D material having unique thermal, mechanical, and 
electronic properties, has been proposed as a potential thermoelectric 
material [24–26,31,32]. 

However, graphene has a zero band gap and very high thermal 
conductivity, causing attention to graphene as a thermoelectric material 
to tend to diminish [33–36], especially due to pristine graphene has a 
low thermoelectric figure of merit (ZT), which further limits its appli
cation as a thermoelectric material. In recent years, the electrical and 
thermoelectric characteristics of graphene have attracted great interest 
[37,38]. Various efforts are used to improve the thermoelectric perfor
mance of graphene materials, namely by increasing electrical conduc
tivity and, at the same time, lowering its thermal conductivity. Initially, 
the ZT value of pristine graphene at room temperature [39] was found to 
be 0.55 × 10− 3, which is far below the commercially desirable ZT ≈ 4. 
ZT increases three times higher than pristine graphene by treating ox
ygen plasma treated graphene with a sufficiently high defect density 
[39], implying that introducing a controlled number of defects into 
graphene is an effective way to improve thermoelectric performance. 

Recent studies have shown that significantly doping graphene with 
heteroatoms can improve thermoelectric performance [40,41]. The first 
theoretical study on thermoelectric devices using nanoscale thin-coated 
graphene is predicted to have a maximum ZT value of ~3 at ambient 
temperature with proper chemical functionalization (hydrogen and 
pentane) [25]. Nano-ribbons of single-layer graphene can be used to 
increase ZT enhancements of up to 2 by altering the nanopores to the 
proper dimension and adding them to the nanoribbon structure [42]. 
Although encouraging, these predictions have not come to pass since it is 
challenging to create a large-area monolayer graphene sheet thermo
electric device with more heat absorption than nanoscale devices [23, 
43]. A large-area thermoelectric device that makes p and n junctions 
using chemical doping and reduced graphene oxide (rGO) [44]. 
Although this large-area device’s performance was higher than that of a 
nanoscale device, it was still lower than the single-layer graphene value 
predicted by theory. For graphene-based thermoelectric devices, several 
alternative conductivity-enhancement techniques have been reported, 
including spray-coating with Au nanoparticles to improve doping and 
employing O2 plasma to create porous graphene or Au/graphene/hBN 
stacked structures [39,45,46]. 

In general, chemical doping using nitrogen (N) or boron (B) is widely 
regarded as an excellent way to modify the characteristics of graphene- 
based materials [47,48]. Nitrogen doping plays a crucial role in shaping 
the characteristics of carbon compounds due to its similar atomic size 
and the presence of five valence electrons, enabling robust valence 
bonds with carbon atoms. Theoretical investigations have revealed that 
nitrogen doping leads to an amplified positive charge on a carbon atom 
near nitrogen atoms [49] and a favorable shift in the Fermi energy at the 
apex of the Brillouin zone of graphene [50]. Peng et al. were the first to 
disclose the production of N-doped graphene, which they used as elec
trocatalysts in an oxygen reduction process [49]. This has attracted 
much interest, making N-doped graphene even more popular. Various 
techniques have been utilized to fabricate N-doped graphene, such as 
wet chemical synthesis [51], chemical vapor deposition (CVD) [52–57], 
a solvothermal method [58–60], thermal annealing [47,61,62], a hy
drothermal process [63], pyrolysis [64,65], plasma treatment [66,67], 

arc-discharge [66,68], N2H4 treatment [69–71]. As a result, it is critical 
to explore how nitrogen doping affects the structure of graphene and 
how chemical characteristics might be correspondingly altered. How
ever, to date, only a limited number of studies have been conducted on 
the design and thermoelectric features of N-doped graphene. 

In this work, we investigate the electronic and thermoelectric 
properties of N-doped graphene using first-principles calculations. Our 
study aims to provide a fundamental understanding of the underlying 
physics governing the thermoelectric performance of N-doped gra
phene, which can guide the design and development of new and efficient 
thermoelectric materials. Specifically, we focus on the interstitial doping 
effect of N-doped graphene (2 and 16 N dopant atom), which has 
exhibited a higher ZT in comparison to pristine graphene. The intro
duction of N atoms leads to the opening of the band gap at the K-point of 
the Brillouin zone and the formation of localized states near the Fermi 
level, which shifts the band gap above the Fermi level, leading to an 
increase of charge carrier, which in turn enhanced the Seebeck coeffi
cient. Furthermore, N-doped graphene can exhibit low thermal con
ductivity due to phonon scattering by the N dopants and the 
modification of the graphene lattice structure [72,73]. Our results show 
that N-doped graphene exhibits a high thermoelectric performance, 
which suggests its potential for thermoelectric applications. 

2. Computational details 

2.1. Geometry and electronic structure 

The 4 × 4 graphene supercell (consisting of 32C atoms) and nitrogen 
atoms as the interstitial doping atom are used to represent the N-doped 
graphene supercell systems. In the z-axis direction, there is a vacuum 
parameter of 25 Å to prevent interlayer interactions. The pristine gra
phene supercell is optimized by fully relaxing atoms till the Hellmann- 
Feynman force component acting on each atom is less than 10− 5 Ha/ 
Bohr. Specifically, on the x- and y-axes, doping positions are fixed, and 
on the z-axis, they are relaxed [74–76]. The interstitial doping effect is 
studied at dopant concentrations of 6.25 % (two nitrogen atoms in 32 
carbon atoms) and 50 % (sixteen nitrogen atoms in 32 carbon atoms), 
which have the lowest total energy. 

The geometry optimization and electronic structure of N-doped 
graphene are calculated using the DFT [77–80], which is carried out in 
the OpenMX code [81]. It is based on pseudo-atomic localized basis 
functions [82,83] and norm-conserving pseudopotential [84]. The basis 
functions’ precision, such as the pseudopotentials (VPS), the delta gauge 
approach utilize carefully benchmarked [85], after which a linear 
combination of several pseudoatomic orbitals (PAO) expand the basis 
functions using a confinement scheme [82,83]. The pseudo-atomic 
orbital basis functions are C6.0-s3p2d2 and N6.0-s3p2d2. The general
ized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 
[86] analyzes the interplay between electronic exchange and correla
tion. The 300 Ry cut-off energy and energy convergence threshold of 1 
× 10− 9 Hartree are applied in all calculations. An 8 × 8 × 1 K-grid with 
the gamma (Г) as its center is used to sample the first Brillouin Zone. The 
N-doped graphene’s density of states (DOS) and partial density of states 
(PDOS) are calculated using the 12 × 12 × 1 K-grid. 

2.2. Thermoelectric properties 

The thermoelectric properties are calculated by determining electron 
transport coefficients based on the semi-classical Boltzmann theory 
(where the carriers’ relaxation time is τ) from the wave number 
dependence of the energy eigenvalues in the Kohn-Sham equation, 
OpenMX is interfaced with BoltzTraP [82,87,88]. BoltzTraP software is 
used as a post-processing tool to calculate thermoelectric properties 
through physical quantities as well as relative electrical conductivity 
στ− 1, the Seebeck coefficient S, and electronic thermal conductivity κe 
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which depends on the chemical potential μ, which can be determined by 
using the following equations [88]: 

Kn =

∫

σ(ε, T)(ε − μ)n
(

−
∂fFD

∂ε

)

∂ε, (2)  

σ(T)=K0, S(T)= −
1

|e|T
K1

K0
, κe(T)=

1
|e|2T

(

K2 −
K2

1

K0

)

(3)  

where Kn is the transport coefficient, σ(ε,T) is the conductivity spectrum 
at ε and T, ε is the energy, fFD is the Fermi–Dirac distribution function, μ 
is the chemical potential, e is the elementary electric charge, and T is the 
absolute temperature. 

3. Result and discussion 

3.1. Geometrical structures 

The optimized pristine graphene and N-doped graphene supercell 
systems are illustrated in the left panel of Fig. 1(a–c). The calculated 
lattice parameter for the 4 × 4 pristine graphene supercell structure is 
9.89 Å. This is very much in agreement with the earlier results [74,89]. 

The interstitial doping effect is studied at dopant concentrations of 6.25 
% and 50 % in 32C atoms, which have the lowest total energy. Table 1 
shows the total energy for 6.25 % N is − 5630.053 eV and − 9438.098 eV 
for 50 % N. The bridge site is the most stable site for N doping [75]. As 
the doping concentration increases, the total energy decreases. The 
distance between the two nearest carbon atoms (dCC) was found to have 
the same value when dopant atoms were added to graphene. The in
crease in doping concentration causes a decrease in the height position 
of N doping from C atoms (h), particularly the distance of the N doping 
from its closest carbon atoms (dDC). 

Fig. 1. Structure, projected band structure, the density of states (DOS), and PDOS for (a) pristine graphene, (b) 6.25 % N-doped graphene, and (c) 50 % N-doped 
graphene. The black and blue atoms are carbon and nitrogen atoms, respectively. 

Table 1 
The structural properties of N doping at the bridge sites (B) listed are the dis
tance between the two nearest carbon atoms (dCC); the height position of N 
doping from C atoms (h); the distance of the N doping from its closest carbon 
atoms (dDC); and the total energy (Etot).  

Number of 
dopant atom 

Doping 
concentration (%) 

dCC 

(Å) 
h 
(Å) 

dDC 

(Å) 
Etot (eV) 

2 6.25 1.43 1.37 1.54 − 5630.053 
16 50 1.43 1.30 1.48 − 9438.098  
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3.2. Electronic properties 

Fig. 1 shows the projected band structures, DOS, and PDOS of pris
tine and N-doped graphene supercells. Both samples of N-doped gra
phene supercell exhibit the energy band gaps of 0.7 eV and 1.4 eV for 
6.25 % N-doped and 50 % N-doped, respectively, which are shifted away 
above the Fermi level. For 6.25 % N-doped, the band gap is formed by 
both the p-orbital of a carbon atom and the p-orbital of an N atom, while 
the band gap for 50 % N-doped is formed by the p-orbital of a carbon 
atom (minimum of conduction band) and p-orbital of N atom (maximum 
of valence band) which is in accordance with DOS calculations (Fig. 1 
(c)). The transfer of charge from graphene to the N atom causes a shift in 
the Fermi level in the N-doped graphene system, whose value increases 
with increasing doping concentration. We observe that the Fermi level is 
shifting away about 0.7 eV and 1.9 eV for 6.25 % and 50 % N-doped 
graphene, respectively, indicating that N-doped graphene is electron- 
deficient. This implies that graphene with interstitial N doping has the 
p-type character of charge carrier, which contrasts with substitutional 
N-doped graphene [90]. 

The DOS and PDOS data show localized states at energy levels of ~ 
− 0.3 eV and 1.6 eV for 6.25 % N-doped graphene (Fig. 1 (b)). From our 
calculation, both localized states are due to the 2p orbital of N. As for 50 
% N-doped graphene, the localized state at the Fermi energy disappears. 
The 2p orbital of the N atom determines the state at the Fermi level for 
this concentration, which leads to poorer transport properties. The dif
ference in work function between graphene and the atomic dopant as 
well as the electron affinity of the atomic dopant causes a shift in the 
Fermi level and charge transfer [74]. The charge density difference of 
N-doped graphene is plotted using VESTA software as follows (Fig. 2). 

The amount of charge transfer between two systems can be deter
mined with ECT following [91]: 

ECT =(ΔNmax)A − (ΔNmax)B (4)  

where ΔNmax is the maximum electronic charge (ΔNmax = − μ/ η), μ is 
chemical potential, and η is the chemical hardness of the system. Ac
cording to equation (4), the ECT value of 6.25 % N-doped graphene is 
0.082e. This means that each nitrogen atom receives 0.041e from gra
phene. Meanwhile, the ECT value of 50 % N-doped graphene is 0.72e, 
where each nitrogen atom receives 0.045e from graphene. Thus, gra
phene acts as an electron donor on 6.25 % and 50 % N-doped graphene. 

3.3. Thermoelectric properties 

In this section, we study the thermoelectric properties of the N-doped 
graphene supercell systems, how the chemical potential affects transport 
properties that include the Seebeck coefficient (S), a figure of merits 
(ZT), electrical conductivity (σ/τ), thermal conductivity (κe/ τ), and also 
a number of charge carriers per unit cell (N) of N-doped graphene at 300 
K. The transport properties are calculated from − 2 eV to 4 eV. It is 
presumptively ignored how phonon thermal conductivity contributes. 
Fig. 3 (a, e, i) and Fig. 4 (a) show the calculated temperature-dependent 

electrical conductivity (στ− 1) while Fig. 3 (b, f, j) and Fig. 4 (b) show the 
thermal conductivity (κe/τ) versus chemical potential μ for pristine, 
6.25 % N-doped graphene and 50 % N-doped graphene, respectively. 
Near the Fermi level, electrical conductivity and thermal conductivity 
exhibit roughly symmetric behavior [92] for pristine graphene, which is 
due to the symmetric DOS around the Fermi level. For 6.25 % N-doped 
graphene, the DOS around the Fermi level becomes less symmetrical, 
and it shifts according to the shifting of the band gap observed in DOS. 
Doping graphene with 50 % nitrogen atom results in more asymmetrical 
electrical conductivity, shifting further away from the Fermi level, 
which is in accordance with DOS, indicating the p-type character of 
charge carrier in N-doped graphene. The electrical conductivity for 
pristine, 6.25 %, and 50 % N-doped graphene seem not affected by 
temperature changes except at the band gap, where it starts to be filled 
by the charge carrier. An increase in nitrogen concentration causes an 
increase in electrical conductivity around the Fermi level; at the same 
time, it rises as the temperature increases (see Fig. 4 (a)), representing 
better transport properties. 

In terms of thermal conductivity, it exhibits a more pronounced 
temperature dependence, increasing as the temperature rises for pristine 
graphene, as well as for graphene doped with 6.25 % and 50 % nitrogen. 
Notably, the thermal conductivity follows the same behavior as elec
trical conductivity (Fig. 4(a) and (b)). The system under study adheres to 
the Wiedemann–Franz Law Law (κe = LσT; where L is the Lorentz 
number), which makes the optimization of thermoelectric properties a 
complex task [88]. Seebeck coefficient is a parameter to identify ma
jority and minority charge carriers. We have plotted the temperature 
dependence of the Seebeck coefficient (S) of pristine graphene, 6.25 % 
N-doped graphene, and 50 % N-doped graphene versus chemical po
tential μ, as shown in Fig. 3 (c, g, k). The maximum value of S at T =

300 K for pristine graphene is 464 μV/K, and it increases to 1488 μV/K 
and 2539 μV/K for 6.25 % and 50 % N-doped graphene, respectively. 
The characteristic Seebeck coefficient can be understood from DOS. By 
considering the charge carriers in the region around the Fermi level that 
contribute to the conduction process, the Fermi level shifts following the 
addition of doping concentration, and DOS becomes asymmetric around 
EF, leading to the asymmetrical S around EF. The increase in the Seebeck 
coefficient of N-doped graphene is also due to the increase in the 
effective mass band as the chemical potential rises above the conduction 
band minimum, as shown in Fig. 1 (projected band structure and DOS). 
Fig. 3 (c, g, k) also shows that the maximum value of the Seebeck co
efficient is at a positive chemical potential value [93] indicating the 
p-type behavior of N-doped graphene. A material with a large band gap 
typically has a large Seebeck coefficient [42], where the relationship 
between S and Eg can be understood by S ≈ − (kB /e)(Eg /2kBT+2) [2, 
94]. Note that in our case, the band gap is shifted away from the Fermi 
level. This is why we found that the largest optimum S is owned by 50 % 
N-doped graphene since Eg50% N > Eg6.25% N > Egpristine. Fig. 4 (c) shows 
that the increase in temperature causes the maximum value of S for 
pristine graphene, 6.25 % N-doped graphene, and 50 % N-doped gra
phene to decrease due to the addition of hole concentration (see Fig. 5). 

We evaluated the performance of thermoelectric materials by using 
Equation (1) to calculate a dimensionless figure of merit (ZT). In Fig. 3 
(d, h, l) and Fig. 4 (d), we observed that N-doped graphene exhibits the 
highest ZT value in the positive energy range, indicating a p-type 
character. This enhanced ZT value is attributed to the significantly 
increased electrical conductivity resulting from the larger effective mass 
band in DOS. Adding a dopant can adjust the carrier concentration and 
increase the degeneration of the band to increase the charge carrier’s 
effective mass [95–98]. Furthermore, Fig. 3 (d, h, l) demonstrates that 
the ZT value rises with increasing dopant concentration [98], and the ZT 
width becomes wider as the doping level increases, which is likely due to 
the rise of band gap. 

The characteristic of ZT can be understood from DOS. Considering 
the charge carriers in the region around the Fermi level that contribute 

Fig. 2. Charge density difference of N-doped graphene.  
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to the conduction process, the Fermi level shifts following the addition 
of doping concentration, and DOS becomes asymmetric around EF. It 
causes characteristic ZT also to be asymmetric around EF. Fig. 4 (d) 
shows an increase in temperature gives the same trend between pristine 

and 6.25 % N-doped graphene; namely, an increase in temperature 
causes a decrease in the value of ZT, but it does not apply to 50 % N- 
doped graphene. The ZT feature for 50 % N-doped graphene behaves 
differently due to the higher rate of temperature dependence of thermal 

Fig. 3. (Upper panel) Calculated temperature dependence of (a) electrical conductivity, (b) thermal conductivity, (c) Seebeck coefficient, (d) figure of merit of 
pristine graphene. (Middle panel) Calculated temperature dependence of (e) electrical conductivity, (f) thermal conductivity, (g) Seebeck coefficient, (h) figure of 
merit of 6.25 % N-doped graphene. (Lower panel) Calculated temperature dependence of (i) electrical conductivity, (j) thermal conductivity, (k) Seebeck coeffi
cient, (l) figure of merit of 50 % N-doped graphene. 

Fig. 4. Calculated temperature dependence of maximum (a) electrical conductivity, (b) thermal conductivity, (c) Seebeck coefficient, (d) figure of merit as a 
function of temperature. 
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conductivity and Seebeck coefficient (Fig. 3 (j and k)) as compared to 
pristine and 6.25 % N-doped graphene. 

Moreover, the ZT value is influenced by temperature, meaning that 
when combined with κe/τ and S, their product will lead to an enhanced 
ZT as the temperature rises. At room temperature, for pristine graphene, 
the ZT value is 0.81, which improves to 0.98 and 1.00 for N-doping of 
6.25 % and 50 %, respectively. Hence, N-doped graphene emerges as a 
promising thermoelectric material, achieving a ZT value of 1 [92]. Note 
that for 50 % N-doped graphene, the highest ZT energy state is located at 
a significantly deep energy level, making it would be exceptionally 
challenging to access experimentally. However, for other systems such 
as Ge-intercalated graphene [99] and K–Ca intercalated graphene [100], 
the shift of chemical potential as large as 3 eV has been realized. To date, 
the Fermi level shift for nitrogen doped graphene is approaching 1 eV 
[101–104]. A comparison of graphene and 2D materials-based ther
moelectric properties of our results and other thermoelectric devices is 
presented in Table 2. 

While 2D-based materials, such as graphene, are currently widely 
studied and demonstrate particularly competitive performance 
compared to their conventional bulk semiconductor counterparts, there 
are significant challenges to overcome before practical applications can 
be realized. One of the essential components in 2D devices that in
fluences the transfer of charge carriers from metal to the 2D pathway is 
the contact between semiconductors and metal electrodes [116,117]. 
The interfacial injection of charge in 2D materials has a crucial effect on 
several device figure of merit, including contact resistance and the 
current on/off ratio. Consequently, it is critical to develop effective 
contact engineering methodologies for establishing ohmic contacts in 
2D devices. Although further studies on thermoelectric performance are 
necessary, these results confirm the underlying physics governing the 
thermoelectric properties of N-doped graphene and suggest its potential 
for thermoelectric applications. 

4. Conclusion 

In summary, our first-principles study demonstrates that N-doped 
graphene has promising thermoelectric properties, especially in the 
interstitial doping effect. We found that the Seebeck coefficient of N- 
doped graphene is 3 and 5.5 times higher compared to pristine gra
phene, along with ZT values. For pristine graphene, the ZT value stands 
at 0.81, whereas it rises to 0.98 and 1.00 for N-doped graphene with 
6.25 % and 50 % nitrogen doping, respectively. The increase in the 
Seebeck coefficient of N-doped graphene is due to an increase in the 
effective mass band as the chemical potential rises above the conduction 
band minimum. We observed that N-doped graphene exhibits the 
highest ZT value in the positive energy range, indicating a p-type 
character. This enhanced ZT value is attributed to the significantly 
increased electrical conductivity resulting from the larger effective mass 
band in DOS. This enhanced ZT value of N-doped graphene is attributed 
to the significantly increased electrical conductivity resulting from the 
larger effective mass band in DOS. The formation of localized states near 
the Fermi level due to the introduction of N atoms increases the density 

of states, which enhances the Seebeck coefficient. Our findings provide 
insights into the underlying physics governing the thermoelectric 
properties of N-doped graphene and suggest its potential for thermo
electric applications. Further studies can be conducted to explore the 
feasibility of N-doped graphene as a practical thermoelectric material 
and to optimize its thermoelectric performance for various applications. 
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