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ABSTRACT 

 

The investigation of N2H4 decomposition catalysts is a highly popular subject because of the demand for 

clean and renewable energy sources. Herein,  𝑁2𝐻4 adsorption energy and decomposition kinetics are 

analyzed to find a better 2D single-atom catalyst (SAC) using modified graphene by embedding light 3d-

transition metals.  Hydrogen selection of hydrazine decomposition over Sc,Ti and V atoms catalysts are 

studied on two pathways: the N-N bond scission ( 𝑁2𝐻4 →  𝑁𝐻2 +  𝑁𝐻2 ) and N-H bond split (𝑁2𝐻4 →
 𝑁2𝐻3 + 𝐻). On graphene embedded by Sc and Ti metal produces easily 2𝑁𝐻2 because their activation 

energy is almost close to 0 eV. The activation of energy of N-H cleavage on graphene embedded by 

vanadium atom is lower (0.99 eV) than that of N-N cleavage (1.36 eV). Therefore, H production from 

hydrazine on V metal surface is more favorable than 2𝑁𝐻2 production.  

 

Keywords: TM embedded graphene with single vacancy; hydrazine decomposition; hydrogen generation; 

single-atom catalysis. 

 

1. INTRODUCTION 

 

After industrial growth, enormous energy in the order of exajoules is needed because of the increment of 

the human population, and this demand is increasing more and more each day[1]. Conventional energy is 

produced by natural coal, gas, oil and nuclear energy, coal, oil, wood, and coal. However, they cause 

serious global warming and traditional fuels are not renewable. Nowadays, industrial countries endeavor 

to investigate completely carbon-free and sustainable economies within the next decades[1-3]. For 

reaching carbon-free energy sources, hydrazine (𝑁2𝐻4)  can be exploited through the high hydrogen 

continent of hydrazine (12.5 wt %) as a mobile hydrogen source[4-6].  𝑁2, 𝐻2, and 𝑁𝐻3with hydrogen (𝐻) 

can be generated through its decomposition without harmful carbon productions[7]. The application areas 

of hydrazine are fuel cells as a portable battery in space ships, automobiles, and laptops, agriculture for the 

preparation of pesticides, and the missile system for the military [8, 9].  Hydrazine can appear as gauche, 

cis and anti due to the internal rotation of 𝑁𝐻2 group around N-N bond [10-13]. The large dipole moment 
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of gauche conformation and the coplanar repulsions in the cis and anti-conformation cause that hydrazine 

tends to appear as gauge form in the gas phase [14, 15].   

 

There are many researches to understand catalysts effects on hydrazine such as, bare surface; Ni (111), 

Ir(111) [16], Pt(111) [11], Ni (111)[17], Fe(211) [18], Cu(111)[19], monometallic nanoparticle 

catalysts[5]. Due to increase catalytic effects, transition metal alloys are used as well. For instance, 

NixM8/Ni(111) (M is transition metal, x=8,14,15) materials are investigated for adsorption of hydrazine. 

The finding is that these surfaces are much more effective candidates than Ni(1 1 1) sheet for hydrazine 

adsorption [20].  

 

N-N bond can be broken more easily because N-N bond is weaker than N-H bond in gaseous. Therefore, 

an effective catalyst for dehydrogenation from hydrazine has not yet been found until now[21]. However, 

research on hydrogen production from hydrazine is crucial and still needed because of clean energy using 

hydrogen. The investigations on graphene embedded by transition metal are necessary for many reactions 

because they can be one of the effective, durable, and affordable catalysts[22, 23]. Transition-metal-

carbon materials can be inexpensive compared to metal-based catalysts. In this study, graphene is 

modified by embedding with some light 3d transition metal to change its magnetic properties and 

bandgap. Our goal is to achieve a better catalytic effect on hydrazine decomposition. For hydrogen 

generation, N-H bond cleavage will be worked compared with N-N bond cleavage on graphene embedded 

surfaces.  

 

2. COMPUTATIONAL DETAIL 

 

Using density functional theory (DFT), all analyses were calculated with Quantum Espresso software 

package[24, 25]. (PAW) potential (pbe-n-kjpaw) were chosen[26, 27].  The kinetic energy parameter for 

wavefunctions was 50 Ry for Sc and V metal, and 55 Ry for Ti metal.   This energy parameter for 

potential and charge density was 500 Ry for Ti metal and V metal, and 402 Ry for Sc. Three surfaces were 

modeled with 4x4x1 cells and 32 atoms. To contain van der Waals interactions corrections the term 

Grimme-D2 was implemented[28].  The lattice parameters are a=9.8 Å and c=20 Å and also  Monkhorst-

Pack k-point grid is 4x4x1.  

 

The central M transition metals (Sc, Ti, V) are embedded in the graphene sheet.  The surface models with 

different perspectives are seen in Figure 1.  
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Figure 1.  M (Sc, Ti and V) embedded into graphene surface a) Graphene sheet from side view b) 

Graphene sheet from the top view. The colors of C and transition metal are green and violet respectively. 

 

Table 1 represents the distance between the transition metal and C atom on the lowest level, bond 

distances, magnetic moments after optimization for the different surfaces.  In all sections, the result will be 

given in order such as Sc, Ti, and V metal, unless stated otherwise.  According to the previous research by 

G. Santos’s group[29], the heights are ~1.7 Å, ~1.5 Å, ~1.4 Å and the bond distances between metal and C 

atoms (𝒅𝑴−𝑪) are ~2.1 Å,  ~1.95 Å, ~1.85 Å.  Additionally, the magnetics are 0.0 𝜇𝐵, 0.0 𝜇𝐵, 1.0 𝜇𝐵. The 

finding between mentioned study and our findings in Table 1 are quite close to each other.    

 

Table 1. The bond distances, magnetic moments after optimization for the different surfaces. 

M Distance-h 

(Å) 

𝒅𝑴−𝑪𝟏
, 

𝒅𝑴−𝑪𝟐
, 

𝒅𝑴−𝑪𝟑
 

(Å) 

Magnetic 

Mom. (𝜇𝐵) 

Sc 1.7 2.06 0.0 

Ti 1.5 1.92 0.0 

V 1.4 1.88 1.0 

 

The adsorption energies (𝐸𝑎𝑑𝑠); 

 

𝐸𝑎𝑑𝑠 = 𝐸M− graphene+molecule-𝐸M− graphene-𝐸molecule                                                                                 (1) 

 

While the total energy of the adsorption system and the total energy of the surface are respectively 

𝐸M−graphene+molecule  and  𝐸M−N4 in graphene and, also 𝐸molecule is the energy of molecule in the gas phase. 

A negative 𝐸𝑎𝑑𝑠 value shows a release of energy during adsorption.  
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NEB  method (the nudged elastic band) determines the transition state (TS) for reactions [30, 31].  The 

activation (E𝑎𝑐𝑡) is 

 

E𝑎𝑐𝑡 = E𝑇𝑆 − E𝐼𝑆                                                                                                                                          (2)    

 

The reaction energy (𝐸𝑟) is,       

        

E𝑅 = E𝐹𝑆 − E𝐼𝑆                                                                                                                                             (3)                                                                                            

 

The process is exothermic if E𝑅is negative. Its positive sign is endothermic. 𝐸𝑇𝑆 is the energy of Transition 

State, and 𝐸𝐼𝑆/𝐹𝑆 is the energy of the initial state (IS) or the final state (FS). 

 

3. RESULT AND DISCUSSION 

 

3.1 Adsorption of 𝑵𝟐𝑯𝟒 and 𝑵𝑯𝟐 in graphene-embedded by M = Sc, Ti and V surface 

Gauche conformer of hydrazine was observed on the lowest energy structure on graphene embedded 

surfaces although it has three different formations known as gauche, trans, and eclipsed in nature. Figure 2 

illustrates the molecule on graphene embedded surfaces after optimization. After optimization, while 

almost all bond lengths of N-H increase, the bond lengths of  𝑁2 − 𝐻3  remain the same on Ti and V metal 

surfaces as seen in Table 2. There are increments on N-N bonds of adsorbed hydrazine, 1.455 �̇� for Sc, 

1.457 �̇� for Ti, 1.456 �̇� for V metal from 1.44 �̇�  on gas phase.  The bonds M-N are 2.47 �̇� for Sc metal, 

2.33 �̇� and 2.23�̇� for Ti and V metal.  

 

The highest adsorption energy belongs to V embedded surface, -1.49 eV, others are-1.31 eV for Ti metal 

and -1.22 eV for Sc metal. If the distance between the molecule and the surface is smaller, the adsorption 

energy is much higher because high interaction occurs between hydrazine and the surfaces. According to 

the bond lengths and the adsorption energies, the interaction on all surfaces is chemical.  These adsorption 

energy values are higher than that of Li-decorated graphene sheets worked by H. Zeng and colleagues (-

1.004 eV) [32].  

 

 

Figure 2. Hydrazine molecule on graphene surface embedded M (M=Sc, Ti, V) a) Side view b) Top view. 

C atom, M metal, N atom and H atom are illustrated by green, violet, blue and white colors respectively. 
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∆q is known as the electron transfer found by subtracting the charge in adsorbed hydrazine on the 

graphene embedded sheet from the charge in the gas phase using Bader charge analysis[33].  The meaning 

of the negative sign of ∆q is donating electron while the positive sign is gaining electron from the 

molecule. Hydrazine molecule gains the most electrons (0.038 𝑒−) on V metal surface which has the 

highest adsorption energy. If Table 2 is considered, the adsorption energy has a relationship with the 

charge transfer. Higher adsorption energy is higher than the charge transfer.   

 

Table 2. Related parameters for 𝑁2𝐻4 on M embedded graphene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  The adsorption of 𝑁𝐻2 on graphene embedded by M (M=Sc, Ti, V) a) Side view b) Top view. 

C atom, M metal, N atom, and H atom are illustrated by green, violet, blue and white colors respectively. 

 

N-N bond cleavage (𝑁2𝐻4 →  𝑁𝐻2 +  𝑁𝐻2 )  is the second reaction path on hydrazine as seen in Figure 3.  

The bond length of 𝑁1 − 𝐻1 and 𝑁1 − 𝐻3 squeeze on all surfaces except the 𝑁1 − 𝐻3 bond which does not 

change on the V metal surface as shown in Table 3 . The big differences in the bond lengths of 𝑁1 − 𝐻2 

and  𝑁1 − 𝐻4 after adsorption do not occur on the surfaces but ones of 𝑁1 − 𝐻2 on V metal embedded 

surface shrinks from 1.021�̇� to 1.017�̇�.  The adsorption energy of 𝑁𝐻2 on Sc, Ti, V embedded surface are 

 𝐸𝑎𝑑𝑠 

(eV

) 

𝑑𝑀–𝑁1

 (�̇�) 

𝑑𝑁1–𝑁2
 

(�̇�) 

𝑑𝑁1−𝐻1
 

(�̇�) 

𝑑𝑁1−𝐻2
 

(�̇�) 

𝑑𝑁2−𝐻3
 

(�̇�) 

𝑑𝑁2−𝐻4
 

(�̇�) 

∆𝑞(𝑁2𝐻4) 

(𝑒−) 

𝑁2𝐻4 

in gas 

phase 

   

1.44 

 

1.021 

 

1.025 

 

1.025 

 

1.021 

 

𝑆𝑐 -

1.22 

2.44 1.45

5 

1.023 1.032 1.026 1.028 0.015 

𝑇𝑖 -

1.31 

2.33 1.45

7 

1.023 1.031 1.025 1.027 0.032 

𝑉 -

1.49 

 

2.23 1.45

6 

1.024 1.031 1.25 1.028 0.038 
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-3.47 eV, -3.94 eV, and -4.49 eV. These adsorptions are quite stronger than that of analysis of 𝑁𝐻2 on 

pure graphene sheet (-0.778 eV) worked by Junkermeier, C.E. et al. [34]. Two 𝑁𝐻2 lose electrons as 1.22 

𝑒− for Sc metal, -1.01 𝑒− for Ti metal and 0.87 𝑒− for V metal. The chemical interactions between 𝑁𝐻2 

and graphene embedded surfaces with higher value exist compared to the adsorption on 𝑁2𝐻4.  

 

Table 3. Related parameters for 𝑁𝐻2 on M embedded in graphene.  

 𝐸𝑎𝑑𝑠 

(eV)  

𝑑𝑀–𝑁1
 

(�̇�) 

𝑑𝑀–𝑁2
 

(�̇�) 

𝑑𝑁1−𝐻1
 

(�̇�) 

𝑑𝑁1−𝐻2
 

(�̇�) 

𝑑𝑁2−𝐻3
 

(�̇�) 

𝑑𝑁2−𝐻4
 

(�̇�) 

∆𝑞(𝑁𝐻2) 

(𝑒−) 

𝑁𝐻2 
in the 

gas 

phase 

    

1.025 

 

1.021 

 

1.025 

 

1.021 

 

𝑆𝑐 -3.47 2.002 2.002 1.022 1.022 1.022 1.022 -1.22 

𝑇𝑖 -3.94 1.918 1.926 1.021 1.022 1.023 1.02 -1.01 

𝑉 -4.49 1.89 1.90 1.023 1.017 1.025 1.022 -0.87 

 

3.2 Hydrazine decomposition steps on graphene embedded surface 

According to our knowledge, a weaker N-N bond in gaseous causes more possible the N-N bond split 

[21].  The below hydrazine decomposition reaction paths are used to find more proper catalysis for 

hydrogen production. 

 

𝑁2𝐻4 →  𝑁2𝐻3 + 𝐻                                                      (6) 

𝑁2𝐻4 →  𝑁𝐻2 +  𝑁𝐻2                                       (7) 

 

The configurations of the first pathway on all surfaces are viewed in Figure 4 and the configurations of the 

second way for all surfaces are Figure 5. The first reaction and second reaction of hydrazine 

decomposition are seen in Figure 6. The activation barriers (𝐸𝑎) of N-H bond breakup are 1.97 eV, 1.59 

eV and 0.99 respectively on Sc, Ti and V metal embedded graphene surface, while N-N bond scissions are 

0.12 eV for Sc, 0.19 eV for Ti and 1.36 eV for V. The reaction energies of the N-H bond split are 1.73 eV 

for Sc, 0.55 eV for Ti and 0.63 eV for V, and also the reaction energy on the N-N bond scissions -1.02 eV, 

-1.04 eV and -1.5 for Sc, Ti and V embedded surface respectively.  

 

The exothermic reaction gives the negative result of reaction energy while its positive result shows an 

endothermic reaction.  An exothermic reaction occurs on the N-N bond split on all surfaces and the 

reactions on the N-H bond split are endothermic. Our previous finding on graphene embedded by Ni metal 

is that the activation barriers and the reaction energies on the N-H bond scission are respectively 0.85 eV 

and +0.71 eV as they are also 0.51 eV and -0.61 eV on the N-N bond scission[10].    
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Figure 4: 𝑁2𝐻4 →  𝑁2𝐻3 + 𝐻 pathway. The configurations of N-H  bond cleavage are shown for 

graphene sheet various transition metal embedded surfaces. The left figure on the surface is the initial state 

(IS), the middle one is the conformation of the transition state (TS) and, the right figure is the final state 

(FS). 
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Figure 5: 𝑁2𝐻4 →  𝑁𝐻2 +  𝑁𝐻2 decomposition. The configurations of N-N bond cleavage are shown for 

graphene sheet various transition metal embedded surfaces. The left figure on the surface is the initial state 

(IS), the middle one is the transition state (TS) and, the right figure is the final state (FS). 
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Figure 6: Hydrazine decomposition reaction energy diagram. Blue, red and green straight lines are for the 

N-H bond cleavages for Sc, Ti, and V respectively as their dashed lines are for the N-N bond separation. 

 

4. CONCLUSION 

 

In this analysis, the hydrazine decomposition reaction on Sc, Ti and V embedded graphene sheets have 

been investigated using hydrogen production and two 𝑁𝐻2 splits. The chemical interactions are observed 

on 𝑁2𝐻4 on the surfaces so the surfaces are quite sensitive for hydrazine sensor. 𝑁𝐻2 splits on the Sc and 

Ti embedded surface can exist almost spontaneously and the main production is 2𝑁𝐻2 on these two 

surfaces instead of H production because they have very low activation energies. According to our result,  

hydrazine molecule on these two surfaces loses highly charge more than 1 𝑒− when it becomes 2𝑁𝐻2 

compared to V metal surface, this case may cause a much weaker the N-N bond and the N-N bond splits 

easily. The activation energy of N-H cleavage on graphene embedded by V metal is 0.99 eV while that of 

N-N split is 1.36 eV. On V metal surface, H production and 2𝑁𝐻2 can be produced. 𝑁𝐻2 production on V 

metal surface does not occur immediately, first of all, the reaction must overcome an energy barrier of 

0.37 eV. Therefore, this makes it more advantageous to produce H over V metal graphene. In another 

word, H production is more favorite than 𝑁𝐻2.  Although previous theoretical studies found that the N-N 
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bond scission arises more likely than that of the N-H bond, the dehydrogenation on graphene surface 

embedded by V is quite promising and graphene embedded by V sheet can be efficient catalysts for 

hydrazine dehydrogenation.     
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