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Abstract. Graphene is a new remarkable material for diverse applications, especially when 
grapheme is interacted with hydrogen. The charge-transfer rates (CTR) from hydrogen to 
graphene is substantial to determine the electronic properties. A new approach to increase and 
decreases the charge-transfer from hydrogen to graphene is proposed. By using density 
functional theory calculation method, the effect of B and N doping on the CTR of 
hydrogenated graphene is investigated. The results found that both of dopants (B and N) had 
opposite effect on the CTR of hydrogenated graphene. B doping increased CTR, while N 
doping decreased CTR from hydrogen to graphene. The research finding may provide a 
promising rule for quantitatively tuning and or controlling of CTR in hydrogenation graphene 
by atom dopant, which is potential importance for their use in electrochemical and energy-
related application. 
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1. Introduction 
The Chemical functionalization is an attractive way to modify physical and chemical 
properties of graphene. The chemical inertness of graphene surface and the absence of band 
gap motivates researcher in modifying graphene by substituting dopant atom in order to 
improve the integration of graphene in electronic and chemical device application. 

The most common dopant atom for carbon materials is Boron (B) and Nitrogen (N) [1]. 
It has been reported that B or N substitution in CNT has been widely studied experimentally 
and theoretically [2,3]. Not only in CNT, B and N doping in graphitic carbon materials also 
has been widely studied experimentally and theoretically [4,5]. Also, B and N doped graphene 
have been successful realized [6,7]. Experimental works show that the electrochemical 
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performance of B and N doped graphene is better than pristine graphene [8]. B and N can 
form the most stable defect and can be readily incorporated in graphene lattice [1,9]. 
Additionally, B and N doped graphene materials are highly promising materials for electronic, 
electrochemical applications, and transport properties [10, 11], such us energy storage [12], 
sensing [13] and capacitors [14]. 

Doping of graphene with N was realized experimentally [15,16] and has promising 
properties towards application in the field of electrochemical sensing [15], lithium-ion 
batteries [17], p-n junction [18] and fuel cells [19]. 

Hydrogen is a widely available element, an ideal partner for carbon atoms to make 
strong covalent [20] and the most broadly used as adsorbate to functionalize graphene [21]. 
Furthermore, hydrogen on graphene surface has been the subject of intense studies for 
hydrogen storage [22,23]. Hydrogenations of these doped graphene appear to be feasible route 
to have hydrogenated of doped graphene. The charge-transfer rate from hydrogen to graphene 
is substantial to determine the electronic properties of graphene for diverse applications. 
Therefore, how to tune the CTR from hydrogen to graphene is important to be revealed. 

Recently, Sunnardianto et al. [24] succeeded to derive the rule to determine the charge-
transfer rates (CTR) from hydrogen to graphene in wide range of coverage. The finding reveals 
that the CTR roughly shows a linear behavior from 0.22e for the dilute limit to 0.15e for the 
half- coverage limit [24]. The next step is how to control the CTR (increase and decrease of 
CTR) by dopant atom. 

To the best of our knowledge, the impact of dopant (B and/or N atoms) on CTR of 
hydrogenated graphene has not been explored yet. In order to fundamentally understand how 
to tune and or control of CTR value in optimizing graphene for device application, a simple 
strategy to control and conveniently tune of CTR from hydrogen to grapheme was proposed in 
this study. This study would give a tremendous impact on the design of doped graphene system 
from the electrochemical device application point of view. On the other hand, it would also 
open new ways on how to design and control CTR of hydrogenated doped graphene. 

 
2. Materials and method 
In this study, the arrangement of hydrogen atom randomly on B and N doped graphene were 
considered. At each coverage (H/C: 0.125, 0.25, 0.375), ten possible configurations of 
hydrogen arrangement were used. In this case, the effect of single dopant on the CTR of 
hydrogenated graphene was proposed. As for N doped graphene, three common C-N bonding 
configurations are normally obtained when doping nitrogen into the graphene lattice; 
pyridinic N, pyrrolic N, and graphitic N. Graphitic N is the substitution of carbon atom by 
nitrogen, pyridinic N is the substitution of carbon atom by nitrogen at the edge of vacancy. 
Experimentally observed pyridinic N type is energetically favorable for high concentration of 
N, but thermally unstable, while graphitic N type is the most energetically favorable than 
other N types doping for low concentration of N [25]. Since a single doping was used,  
so N-graphene in the form of graphitic N was considered. 

The structure models used for simulation are graphene sheets consisting 47 carbon 
atoms in rectangular super cells (see Fig. 1). For low coverage of H adsorption, the most 
favorable H adsorption site is the nearest-neighbor position of the dopant site for B and N 
doped graphene and for larger H coverage the formation of dimers close to the dopant site is 
energetically favorable over hydrogenation [20]. In these simulations, we keep at least two or 
three of hydrogen atoms lie on the carbon atoms neighboring the substitution boron sites to 
know the effect of dopant to the CTR. 
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Fig. 1. The structures of N and B doped graphene in certain hydrogen coverage (H/C: 0.375). 
The upper is N doped graphene and the lower panel is B doped graphene. The yellow, blue, 

purple and red atoms denote carbon, hydrogen, nitrogen and boron, respectively 
 

Calculations were done using density functional theory [25] implemented in the 
quantum espresso (QE) code [26, 27]. The local density approximation by the Perdew-Zunger 
parametrization was adopted [28]. The projector-augmented wave method and ultra-soft 
pseudo potential were used [29, 30]. The parameters for hydrogenated of doped graphene in a 
super cell were the energy cut off of 40 Ry for the plane wave expansion of the wave function 
and 400 Ry for the expansion of the augmented charge. The convergence criterion for the 
structural optimization was that the total absolute value of the inter-atomic force vector 
became less than 10-4Ry/a.u. The distance between graphene planes was separated by 10 Å in 
order to avoid interaction between layers. Distribution of k-points on a mesh of 12x12x1 was 
selected via Monkhrost Pack scheme [31]. The distribution of the transferred charge was 
estimated by determining charge difference from the neutral value on each atom site of 
graphene. The local charge assigned at each atomic site was obtained by the Löwdin charge 
analysis [32]. 

 
3. Results and discussion 

Reduction of CTR by nitrogen doping. We found that N doped graphene is 
energetically favorable than B doped graphene, this is in agreement with the previously 
calculation [1]. In this case, the N atom form covalent bonds with the C atom with bond 
length of C-N of 1.41 Å. If we compare it with bond length of C-C in pristine graphene which 
is around 1.42 Å, we could conclude that the N doped only a little bit distort the graphene 
lattice and N atom a little bit moves downward but still keeping the planar graphene structure. 
Once hydrogenation is introduced, the nitrogen atom moves more downward of 0.13 Å and 
hydrogenated carbon atom move upward of 0.37 Å with C-H bond length 1.15 Å. Since the 
C-H bond length a bit longer/weaker, the CTR from hydrogen atom to carbon atom in 
graphene decrease. 

As seen in Fig. 2 and Table 1, we found CTR is around 0.1852e for low H coverage 
(represented by H/C = 0.125), when the more hydrogen are sequentially introduced into  
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N-graphene up to H/C = 0.25 (middle coverage), CTR decrease to be around 0.1727e, after 
continuously H adsorbs on the N-graphene up to H/C = 0.375 (high coverage), CTR decrease 
to be around 0.1584e. There are two conclusions based on the result. Firstly, substitution of  
N doping modulates CTR from hydrogen to grapheme. In this case, CTR per hydrogen 
decrease is about by 0.01e for low coverage and middle coverage and by 0.002 e/H for high 
coverage of adsorbed H. Secondly at the whole, in accordance with hydrogenation on pristine 
graphene, hydrogenated on N doped graphene also show CTR from hydrogen to N doped 
graphene decrease linearly with respect to increasing of hydrogen coverage. 

 

 
Fig. 2. The CTR of hydrogen on N doped graphene. For comparison, the data CTR for 

hydrogenation on pristine graphene is shown. A solid blue circle and solid green circle denote 
CTR of hydrogen on pristine graphene and N doped graphene, respectively 

 
Table 1. The averaged CTR value (Av-CTR) of hydrogenation of N doped graphene in 
different coverage of H. The standard deviation of CTR (SD) coming from random 
arrangement is also shown 

Materials H/C Av-CTR [e] SD [e] 
Graphene (47C+6H+N) 0.125 0.1852 ±0.0016 0.0051 
Graphene+(47C+12H+N 0.25 0.1727 ±0.0012 0.0038 
Graphene+(47C+18H+N) 0.375 0.1584±0.0011 0.0034 

 
Enhancement of CTR by boron doping. As for B doped graphene, we found a B-C 

bond length before hydrogenation is around 1.49 Å in consistent with previously 
calculation [20], while the nearest-neighbor of C-C bond length are slightly shortened of  
1.40 Å. After hydrogenation the B-C bond length weaker to be 1.52 Å, Boron move upward 
of 0.42 Å and hydrogenated carbon atom move upward of 0.52 Å with the nearest C-H bond 
length B doping is around 1.14 Å. 

If we compare the C-H bond length on N doped graphene, the C-H bond length on  
B doped graphene is strengthened. It is indicated that CTR increase. Also compared with 
N doped, B atom induces a bigger lattice distortion in graphene system because the size of 
boron atom is larger than carbon so the presence of boron modifies the structure of graphene, 
while the size of N atom is close to the carbon. 

As seen in Fig. 3 and Table 2, we found CTR is around 0.2133e for low H coverage 
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(represented by H/C = 0.125), when the more hydrogen are sequentially introduced into B-
graphene up to H/C = 0.25 (middle coverage), CTR decrease to be around 0.1870e, after 
continuously H adsorbs on the B-graphene up to H/C = 0.375 (high coverage), CTR decrease 
to be around 0.1703e. As a result, we could conclude that first, substitution of B doping 
modulates CTR from hydrogen to graphene, in this case, CTR per hydrogen increase is about 
by 0.02e/H for low coverage and by 0.01e/H for middle coverage and high coverage of 
adsorbed H. Secondly at the whole, in accordance with hydrogenation on pristine graphene, 
hydrogenated on B doped graphene also show CTR from hydrogen to B doped graphene 
decrease linearly with respect to increasing of hydrogen coverage. 

 
Fig. 3. The CTR of hydrogen on B- doped graphene. For comparison, CTR for hydrogenation 

on pristine graphene is shown. A solid blue circle and solid red circle denote CTR of 
hydrogen on pristine graphene and B- doped graphene, respectively 

 
Table 2. The averaged CTR value (av-CTR) of hydrogenation of B doped graphene in 
different coverage of H. The standard deviation of CTR (SD) coming from random 
arrangement is also shown 
Materials H/C Av-CTR [e] SD [e] 
Graphene (47C+6H+B) 0.125 0.2133 ±0.0016 0.0049 
Graphene+(47C+12H+B 0.25 0.1870 ±_0.0011 0.0032 
Graphene+(47C+18H+B) 0.375 0.1703 ±0.0012 0.0038 

 
The reduced and increased CTR by nitrogen and boron doping, which caused the 

different of electronic properties, would be important to meet the requirement of diverse 
engineering applications, such as in hydrogen storage application [22-24,33] and hydrogen 
molecule conversion system to NH3[34] effectively.  

 
4. Conclusion 
The CTR of H atoms on B and N doped graphene has been investigated and discussed based 
on the DFT calculations. We provided a feasible way on how to increase and decrease CTR 
from hydrogen to doped graphene by introducing dopant such as boron and nitrogen. B 
doping enhances CTR, while N doping reduces CTR. The presence of a single substitution 
boron atom increases the CTR from hydrogen to graphene by 0.02e/H for low coverage and 
by 0.01e/H for middle coverage and high coverage of adsorbed H. While the presence of a 
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single substitution nitrogen atom decreases the CTR from hydrogen to graphene by 0.01e for 
low and middle coverage and by 0.002 e/H for high coverage of adsorbed H. Those results 
indicated that the increment and reduction of CTR from hydrogen to graphene could be tuned 
by B and N substitutional dopant and its concentrations. 
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