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Hydrazine (N2H4) is produced at industrial scale from the partial oxidation of ammonia or urea. 

The hydrogen content (12.5 wt%) and price of hydrazine make it a good source of hydrogen 

fuel, which is also easily transportable in the hydrate form, thus enabling the production of H2 in 

situ. N2H4 is currently used as a monopropellant thruster to control and adjust the orbits and 

altitudes of spacecrafts and satellites; with similar procedures applicable in new carbon-free 

technologies for power generators, e.g. proton-exchange membrane fuel cells. The N2H4 

decomposition is usually catalysed by the expensive Ir/Al2O3 material, but a more affordable 

catalyst is needed to scale-up the process whilst retaining reaction control. Using a 

complementary range of computational tools, including newly developed micro-kinetic 

simulations, we have derived and analysed the N2H4 decomposition mechanism on the Cu(111) 

surface, where the energetic terms of all states have been corrected by entropic terms. The 

simulated temperature-programmed reactions have shown how the pre-adsorbed N2H4 

coverage and heating rate affect the evolution of products, including NH3, N2 and H2. The 

batch reactor simulations have revealed that for the scenario of an ideal Cu terrace, a slow but 

constant production of H2 occurs, 5.4% at a temperature of 350 K, while the discharged NH3 

can be recycled into N2H4. These results show that Cu(111) is not suitable for hydrogen 

production from hydrazine. However, real catalysts are multi-faceted and present defects, where 

previous work has shown a more favourable N2H4 decomposition mechanism, and, perhaps, 

the decomposition of NH3 improves the production of hydrogen. As such, further investigation is 

needed to develop a general picture. 

 

1. Introduction 
 

Hydrazine (N2H4) decomposition by heterogeneous catalysis is employed in a proton-

exchange membrane fuel cell (PEMFC), due to its hydrogen content of 12.5 wt%. 

Moreover, since hydrazine hydrate is liquid under mild conditions and its 
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decomposition over catalysts at room temperature is exothermic without the need for 

added energy, it is ideal for portable applications such as space vehicles and satel-

lites.1–5 Hydrazine is also used in a monopropellant thruster to control and adjust the 

orbits and altitudes of spacecra s and satellites, based on the production of much larger 

volumes of nitrogen, hydrogen and ammonia gases from hydrazine.2 The most 

important catalyst used in the hydrazine decomposition reaction is Ir/Al2O3 with a very 

high loading of iridium (20–40%).2,6–8 However, owing to the high price and limited 

resources of iridium, considerable research has been focused on the devel-opment of 

active but cheaper and readily available alternative catalysts for hydrazine 

decomposition. Al-Haydari et al. showed that hydrazine molecules adsorb molecu-larly 

on a Cu lm at 243 K with 20% of the adsorption being reversible; further dissociative 

adsorption continues above 303 K, producing mainly NH3 with N2 and H2 gaseous by-

products.9 As for the production of hydrogen, we aim to investigate the catalytic activity 

of Cu towards hydrazine decomposition for the production of hydrogen, and hinder the 

use of hydrocarbon steam reforming at industrial scale.10 
 

Micro-kinetic simulations are convenient tools to approach a catalytic process from 

the atomic level to reactor conditions. In recent years, there has been increasing interest 

in the development of micro-kinetic models for various industrially relevant processes, 

such as ammonia synthesis,11–14 oxidation,15,16 and decomposition,14,17 methanol 

synthesis18 and decomposition,19–21 ethylene oxidation22, and the water gas shi 

reaction.23–25 To construct a reliable micro-kinetic model, it is necessary to investigate 

all the relevant processes involved, such as adsorption, desorption, and surface 

reactions. Density functional theory (DFT) is commonly used to determine the energy 

pro le along the reaction pathway that will be employed in the micro-kinetic 

modelling.26,27 

 
We have successfully investigated the dissociative adsorption of hydrazine (N2H4) 

on the planar and stepped Cu(111) surfaces by rst-principles calcula-tions,28 where the 

thermodynamic and kinetic potential energy surface (PES) showed that intermolecular 

dehydrogenation of hydrazine to produce NH3 and N2 is the favoured route among the 

explored reaction network.28 Based on the identi ed mechanism, we have established a 

micro-kinetic model to simulate a batch reactor where hydrazine is in contact with the 

planar Cu(111) surface, using 52 elementary reactions including adsorption, desorption, 

and reactions on the surface. We have evaluated the eff ects of temperature, initial N2H4 

coverage and heating rate on a temperature-programmed reaction (TPR), as well as the 

selectivity towards the formation of NH3, N2, and H2, resulting in an excellent 

agreement with the experimental results. 

 

 

2. Computational methods 
 
In the heterogeneous catalytic system, the constant rate of each surface elemen-tary step 

is commonly computed using the transition-state theory (TST) approx-imations of 

Eyring29 and Evans and Polanyi.30 Although TST is widely applicable and provides a 

useful description of the chemical reaction rates, it has limita-tions. For example, rather 

than surmount the reaction energy barrier, the reac-tants could quantum mechanically 

tunnel across the barrier, even though their energy is considerably less than the energy 

needed to go over the barrier. This could be important where the energy barrier is low, 

as the probability of tunnelling increases with a decreasing energy barrier.31 TST also 

fails in its 

 
 



 
 
 
 
 
 
 

 

 
 
description of reactions at high temperature, where the motion of molecules becomes 

more complex and collisions may lead to transition states far away from the lowest 

energy saddle point on the potential energy surface.32 TST assumes that each 

intermediate is long-lived in each elementary step to reach a Boltzmann distribution of 

energy, and it thus fails in situations where intermediates are very short-lived.33 TST 

also assumes that the transition states can evolve only to products, while in some cases 

they may return to the reactants. However, this theory still remains very useful in 

calculating the thermodynamic properties of the transition state and the reaction rates. 

More information about TST and rate constants is supplied in the ESI.† 

 
Based on the mechanisms investigated in our previous work on the decom-position 

of N2H4 on the Cu(111) surface, the micro-kinetic model constitutes the 52 reactions 

summarized in Table 1. Following the approach of a previous study,33 in this model, the 

lateral adsorbate–adsorbate interactions are negligible. Surface diffusion is also 

neglected, assuming that its energy barrier is much smaller than any reaction barrier in 

the decomposition process. Non-limiting mass transfer is also assumed. 

 
Upon de ning the rate equations, we used numerical methods to solve the set of 

diff erential equations, which describe the relationship between the species coverages 

and time.  
All of the thermodynamic and kinetic parameters were extracted from calcula-tions 

based on density functional theory (DFT)34–36 using the VASP code.37–40 The total 

energy calculations were performed using the Perdew–Burke–Ernzerhof (PBE)41 form 

of the generalized gradient approximation (GGA), whereas the projector augmented 

wave (PAW) method was used to consider the eff ect of the inner cores on the valence 

density.42,43 To improve the description of the long-range interactions, and following 

our previous work on the Cu–hydrazine system,27 we employed the DFT-D2 method of 

Grimme as implemented in VASP,44 which has been shown to improve accuracy on 

several systems.27,34,45 Plane wave basis sets were used with an energy cut-off  at 600 

eV, which gave bulk energies converged to within 0.001 eV per atom. This high value 

for the cut-off  energy ensured that no Pulay stresses occurred within the cell during 

relaxations. A 5 5 1 Monkhorst–Pack grid46 of K-points was used to sample the 

Brillouin zone for surfaces. The slabs were 
˚2 

and a vacuum modelled with a 2   2 supercell, p(4   4), with an area of 88.37 A 
˚ 

layer of 20 A between slabs. The adsorbate and the top three out of four layers of the  
slabs were allowed to relax during structural optimisation, in line with previous 

studies.47,48 Diff erent slab thicknesses were tested until convergence was achieved.  
A combination of two techniques were used to identify transition state (TS) 

structures: the climbing image nudged elastic band (NEB) method49,50 and the improved 

dimer method (IDM),51 which we veri ed by a single imaginary frequency associated 

with the reaction coordinate.  
We have calculated the adsorption (Eads) and desorption (Edes ¼ Eads) ener-gies for 

the species using eqn (1); 

 

Eads ¼ Emolecule
surf     (Esurf + Emolecule

gas) (1) 
 
where E

surf
molecule is the total energy of the species adsorbed on a relaxed Cu(111) 

surface, and E
surf

 and E
gas

molecule are the energies of the naked surface and isolated 

gas-phase molecules, respectively. Within this de nition, a negative Eads value 

 
 



 
 
 
 
 
 
 

 

 

 

 
 
Table 1 Calculated ZPE corrected reaction (EZPE

r) and barrier (EZPE
a) energies for the 

reaction pathways considered. The pre-exponential factors (A0) and reaction rate constants (k) 

at 300 and 650 K are also included. The EZPE
r of the adsorption and desorption  

processes are the corresponding EZPE
ads and EZPE

des, which for each species were 
calculated relative to the gas-phase species. Note that “*” and (X*) indicate a free site and 

the adsorbed species on the surface, respectively. The units of A0 and k for first order and 

second order reactions are s 1 and ML 1 s 1, respectively  

                ErZPE EaZPE     k 300 k 650 

 Reactions      (eV) (eV) A0 300 K A0 650 K K  K 

Adsorption–desorption  
0.94 

        
R0 N2H4 þ */N2H4*  — 1.04  7.06  1.21  4.91 

                  104  103  10 2   

                        10 4 

    */     *  0.94 — 2.31  1.75  5.33  2.71 

R1 N2H4      N2H4 þ     1011  1010  104  11 
                        10 

R2 NH3 

*/ 

NH3 þ 

*   0.78 — 4.98 

 

9.19 

 

2.01 

 

9.10 

          1011 1010 108 
11 

                        10 
 

NH3 þ 

*/  *   

0.78 

— 1.43 

 

9.69 

 

2.68  7.15 

R3      NH3     104 103    
                        10 2 

R4 N2 

*/ 

N2 þ 

*    0.11 — 6.72 

 

6.93 

 

8.26 

 

8.10 

         1010 109 1012 
13 

 

N2 þ */N2* 
   

0.11 
       10 

R5    — 1.11  7.55  6.10  8.83 

                  104  103  10 1   

                        10 2 

R6 H* + H* / H + 2*  0.45 1.08 5.81 

 

6.01 

 

1.04 

 

1.02 

            2      1012 1012 108 
14 

                        10 
R7 H  + 2* / H* + H*  0.45 0.65 4.16 

 

2.82 

 

9.83 

 

1.42 

 2                104 104 102 102 

N2Hx (x ¼ 1–4) dehydrogenation    
 

 
 

 
 

 
R8 N2H4*/N2H3* þ H*  0.16 1.30 8.33 2.14 1.30 2.54 

 
N2H3* þ H*/N2H4* 

 
0.16 

 1012  1013  10 9  103 

R9  1.14 3.12  1.06  6.13  9.15 

 
N2H3*/NNH2* þ H* 

  1013  1014  10 6  105 

R10 0.55 1.26 2.54  1.14  8.37  1.78 

                  1013  1014  10 8  105 

R11 NNH *    H*/N H * 0.55 0.71 1.45  6.00  1.23  2.84 

   2   þ     2   3    1013  1013  107  11 
 

N2H3*/NHNH* þ H* 
        10 

R12 0.64 1.35 1.47  4.26  7.84  4.75 

                  1013  1013  10 10 103 

R13 NHNH*  

þ 

H*/N H * 0.64 0.71 5.52 

 

9.61 

 

4.74  1.95 

            2   3    1012 1012   107 

R14 NNH2*/NNH* þ H* 0.45 1.12 9.77  2.12  2.46  7.04 

                  1012  1013  10 6  104 

R15 NNH*     H*/NNH * 0.45 0.67 1.81  6.00  8.64  2.35 

      þ      2    1013  1013  104  10 
                   

 

 

 3.3 
10 

R16 NHNH* / NNH* + H* 0.46 1.47 2.03 4.88 6.33 

                  1013  1013  10 5  105 

R17 NNH* + H* / NHNH* 0.46 1.01 1.75 

 

4.51 

 

8.12 

 

4.60 

                  1013 1013 103 109 

  



 
 
 
 
 
 
 

 

 

                  

               

Table 1  (Contd. )                
                   

           ErZPE EaZPE     k 300 k 650 

 Reactions        (eV) (eV) A0 300 K A0 650 K K  K 

R18 NNH*/N *   H*  1.62 0.17 1.54  4.16  4.64  5.81 

   2  þ       1013  1013  1010  12 
 

N2* þ H*/NNH* 
   

2.13 3.51 
  10 

R19  1.62 1.79 9.17  1.44 

             1012  1012  10 19  

                   10 2 

N2Hx (x ¼ 1–4) N–N decoupling          
R20 N H */NH * 

þ 

NH * 0.98 0.69 1.68 

 

5.74 

 

1.22 

 

1.11 

 2   4  2   2   1013 1013 102 109 

R21 NH2* þ NH2*/N2H4* 0.98 1.67 3.72 8.93 1.90  6.54 

R22 N2H3*/NH2* þ NH* 0.39 
 1013  1013  10 14 10 

0.90 1.10 3.54 9.1 7.86 

 
NH2* þ NH*/N2H3* 

  1013  1013  10 3  106 

R23 0.39 1.29 1.17 2.59 3.68  4.40 

 
NNH2*/NH2* þ N* 

  1013  1013  10 9  103 

R24 0.12 1.35 2.87 4.42 3.58  5.54 

R25 NH2* þ N*/NNH2* 0.12 
 1012  1012  10 11 10 

1.23 1.40 3.64 1.07  3.48 

           
0.38 

 1013  1013  10 7 

 
104 

R26 NHNH* / NH* + NH* 0.79 2.42 3.05 9.97 7.09 

             1012  1012  10 2 

 
105 

R27 NH* + NH* / NHNH* 0.38 1.17 8.86 1.43 6.14 1.86 

             1012  1013  10 7 

 
104 

R28 NNH* / NH* + N* 0.15 1.42 1.47 1.62 4.48 1.83 

           
0.15 

 1012  1012  10 13  
R29 NH* + N* / NNH* 1.27 7.53 1.28 4.08  1.69 

             1012  1013  10 9  103 

NHx (x ¼ 1–3) dehydrogenation   
3.26 9.05 

 
 

 
R30 NH3*/NH2* þ H*  0.60 1.41 3.27 6.85 

R31 NH2* þ H*/NH3* 
 

0.60 
 1012  1012  10 12 10 

 0.81 1.04 2.57 6.00  2.99 

 
NH2*/NH* þ H* 

   1013  1013  10 1  107 

R32  0.56 1.40 3.12 4.64 6.60  1.52 

 
NH* þ H*/NH2* 

 
0.56 

 1012  1012  10 6  104 

R33  0.84 1.08 2.99 2.14  2.43 

             1013  1013  10 1 

 
107 

R34 NH* / N* + H*   1.34 1.79 6.31 1.22 5.16 1.70 

             1012  1013  10 20  

                   10 2 

R35 N* + H* / NH*   1.34 0.45 6.89 

 

1.44 

 

2.62 

 

6.53 

             1012 1013 103 108 

Interaction of NH2 molecules          
R36 2NH */NH* 

þ 

NH * 0.00 0.45 1.54 

 

2.58 

 

1.08 

 

4.69 

  2      3   1013 1013 107 
10 

                   10 
R37 NH* 

þ 

NH */2NH * 0.00 0.45 1.19 

 

2.88 

 

6.20 

 

1.97 

  3      2   1013 1013 105 
10 

                   10 

 
 

 



 
 
 
 
 
 
 

 

 

                                   

                          

Table 1  (Contd. )                              
                                    

                            ErZPE EaZPE     k 300 k 650 

 Reactions                      (eV) (eV) A0 300 K A0 650 K K  K 

Interaction of NH2 with N2Hx (x ¼ 1–4)          

R38 N2H4 

* 

þ NH2 

*/ 

N2H3 

* 

þ NH3 

*   

0.36 0.42 

2.42 

 

2.73 

 

4.81 

 

2.38 

             1012 1012 104 108 

R39 N2H3* þ NH3*/N2H4* þ NH2*   0.36 0.78 2.72 4.52 3.17  8.22 

                              1012  1012  10 2  105 

R40 N2H3 

* 

þ NH2 

*/ 

NHNH 

* 

þ NH3 

* 

0.08 0.64 

5.64 

 

9.39 

 

1.10 

 

7.79 

         1012 1012 102 107 

    * 

þ NH3 

*/     * 

þ NH2 

* 

0.08 

 1.04 

 

8.98 

 

3.73 

 

2.06 

R41 NHNH   N2H3     0.56 1012 1011 10 106 

R42 N2H3 

* 

þ NH2 

*/ 

NNH2 

*  

þ NH3 

* 

0.13 0.53 

1.37 

 

3.14 

 

5.58 

 

2.35 

           1013 1013 103 109 

   * 

þ NH3 

*/    *  

þ NH2 

*   1.98 

 

2.46 

 

5.18  3.44 

R43 NNH2     N2H3       0.13 0.66 1012 1012   106 

    *      */    *        *   1.53  2.39  2.11  4.60 

R44 NHNH  þ NH2  NNH    þ NH3   0.23 0.25 1013  1013  109  11 
                                    10 
R45 NNH* 

þ 

NH */NHNH*  

þ 

NH * 

0.23 0.48 

4.44 

 

5.50 

 

2.41 

 

4.00 

     3              2   1012 1012 104 108 

R46 NNH * 

þ 

NH  */NNH*  

þ 

NH  *  

0.12 0.30 

2.55 

 

5.38 

 

1.05 

 

1.06 

 2    2          3     1013 1013 109 
12 

                                    10 
R47 NNH*     */    *        *    7.72  1.60  1.21  8.63 

    þ NH3    NNH2    þ NH2     0.12 0.18 1012  1013  1010  11 
                                    10 
R48 NNH* 

þ 

NH */N * 

þ 

 NH *      

2.09 0.08 

1.60 

 

3.11 

 

4.38 

 

2.54 

     2     2       3       1013 1013 1012 
13 

 

N2* þ NH3*/NNH* þ NH2* 
       

1.00 1.43 
  10 

R49      2.09 2.17 1.25  3.26 

                              1012  1012  10 25  

                                    10 6 

N2 dissociation                       
6.71 7.03 

 
 

 
R50 N2*/N* þ N*                  3.20 4.69 1.09 1.53 

                              1011  1011  10 68  

 
N* þ N*/N2* 

                 
3.20 

 
3.01 9.02 

  10 26 

R51                  1.49 1.08  1.51 

                              1013  1013  10 11 103 

 

means a release of energy during adsorption. The reaction energies (Er) were estimated 

by the diff erence in energy between the nal and initial states; hence, a negative Er 

indicates an exothermic process. The forward activation barrier (Ea) was de ned as the 

energy diff erence between the transition state (TS) and the initial state. We have also 

considered the eff ect of temperature on Eads, Er and Ea; see the ESI for details.† 

 

 

3. Results and discussion 
 
The 52 elementary steps for hydrazine decomposition summarised in Table 1 include 

the adsorption and desorption of reactants and products, N–N 

 
 



 
 
 
 
 
 
 

 

 
 
  

 
decoupling, dehydrogenation of N2Hx (x ¼ 1–4) and NHx (x ¼ 1–3), and inter-

molecular interactions on the surface. We have also included in Table 1 the reaction 

(E
ZPE

r) and barrier (E
ZPE

a) corrected with the zero-point energy, the pre-exponential 

factors (A0), and the reaction rate constants (k) of each elementary step at 300 and 650 

K. We have represented the reaction rate constants as a function of the temperature in 

Fig. S3 of the ESI.† Calculation of the reaction rate constants help us to determine the 

reaction rate as a function of the temperature, from which we can conclude which step is 

the rate-limiting reaction. The adsorption sticking coefficients (S0) of N2H4, NH3, N2, 

and H2 on the Cu(111) surface at 300 and 650 K are also provided in Table 2, where 

similar results have been reported for NH3 on Ru(0001),52 N2 on Fe(100) and 

Fe(111)53, and H2 on low-index Cu surfaces.54 We have calculated two diff erent micro-

kinetic models. In the rst part of our work, we have modelled a temperature-

programmed reaction (TPR) where, starting from pre-adsorbed N2H4, the temperature 

increased at diff erent rates from 100 to 500 K, while any gas was extracted to avoid the 

re-adsorption of gases (R0, R3, R5 and R7). In the second section, we have explored the 

catalytic activity of copper surfaces towards N2H4 dissociation in a batch reactor under 

varying conditions, starting from a situation where the naked Cu surface is in contact 

with a given pressure of N2H4. The rate equations of the elementary reactions and 

corresponding diff erential equations are listed in the ESI.† 
 
 

 

3.1. Temperature programmed reaction simulation 
 
Fig. 1 shows the simulated TPR spectra of N2H4, NH3, N2 and H2 gases from diff erent 

initial N2H4 coverages. The TPR plots show desorption of species from the surface as 

the temperature increases. The desorption peaks therefore show the temperature at 
which the molecules have the highest desorption rate. As Fig. 1 shows, diff erent initial 

N2H4 coverages do not change the temperature of the maximum desorption rate. Fig. 1 

in conjunction with Fig. 2 relates the pressures of desorbed gases and the coverages of 

the most abundant species on the surface, i.e. N2H4, N2H3 and NH, as a function of 

temperature. Fig. 1a indicates that N2H4 desorption takes place at around 213 K, 

similarly to the desorption peak on a Rh foil surface.55 As Fig. 2b shows, N2H4 

disappears completely from the surface at around 220 K by desorbing or converting to 

species such as N2H3 and NH3, which 

 

 

Table 2 Calculated sticking coefficients (S0) of N2H4, NH3, N2, and H2 adsorption on the 

Cu(111) surface at 300 and 650 K. Note that “*” and (X*) indicate a free site and the adsorbed 

species on the surface, respectively 

 
  S0 this work, S0 this work,  

 Reactions 300 K 650 K S0 other works 

R0 N2H4 þ */N2H4* 1.17   10 6 6.96   10 8 
— 

R3 NH3 þ */NH3* 1.88   10 4 7.38   10 6 #2   10 4, 300–500 K 
 

N2 þ */N2* 5.5   10 5 1.2   10 5 
(ref. 52) 

R5 1.0   10 6 to 1.0   10 7, 
  

2.36   10 2 5.03   10 3 
500 K (ref. 53) 

R7 H2 + * / 2H* 1.0   10 5 to 5.0   10 2, 

    190 K (ref. 54) 

 
 



 
 
 
 
 
 
 

 

   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Simulated TPR spectra for N2H4, NH3, N2, and H2 desorption from the Cu(111) surface, 

starting from adsorbed N2H4 at different initial coverages at a reaction time of 1 s with a 1 K 

min 1 heating rate. 

 

 

desorb quickly from the surface (k2 10
8
 s 

1
). NH3 starts to desorb at around 190 K 

which agrees well with the results of the thermal desorption spectroscopy (TDS) study 

of NH3 adsorption on Cu(100), where it desorbs at 185 10 K.56 The high amount of 

N2H3 on the surface between 200–300 K (Fig. 2b) and NH3 desorbed from the surface, 

i.e. the rst peak of the NH3 TPR at 211 K (Fig. 1b), indicate that an inter-molecular 

dehydrogenation mechanism is taking place. N2H4 produces NH2 from N–N decoupling 

(R38), which, at this low temperature, is feasible from kinetic and thermodynamic 

points of view. This reaction is the most favoured step in the temperature range of 200–

265 K, where the N2H3 coverage increases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 (a) The partial pressure of desorbed N2H4, NH3, N2 and H2 gases and (b) surface 

coverage of N2H4, N2H3 and NH as a function of temperature with an initial N2H4 full coverage 

in the TPR simulation at a reaction time of 1 s with a 1 K min 1 heating rate. 

 
 



 
 
 
 
 
 
 

 

   
  
 
However, at higher temperatures, the N2H3 coverage decreases by reacting with NH2 

intermediates, losing hydrogen atoms (R40, R42, R44, R46 and R48) and resulting in 

the formation of other species, i.e. the NH3 peak at 284 K (Fig. 1b).  
The N2 and H2 have three desorption peaks, two smaller peaks at around 219 and 

440 K and a maximum desorption peak at 284 K. The N2 and H2 desorption peaks at 

219 K are due to the recombination of H and N ad-atoms on the surface, produced by 

the decomposition of intermediates. The produced N2 and H2 desorb from the surface 

due to the small desorption energies of 0.11 and 0.45 eV, respectively, which are in 

agreement with measurements on single crystals and polycrystalline Cu, where the heat 

of adsorption of N2 on Cu(110) was determined to be 0.088 eV using helium 

scattering,57 while the adsorption energy of H2 lies between 0.39 and 0.48 eV on 

various forms of unsupported Cu.54,58–64 The maximum N2 and H2 desorption peaks at 

around 284 K, which appear at the same temperature as the second NH3 desorption 

peak, are due to reactions of inter-molecular dehydrogenation, resulting in the 

production of NNH. This leads to the reaction between NNH and NH2 (R48), as well as 

NNH decomposition (R18). The smaller peaks at higher temperatures correspond to the 

recombination of atomic H and N following the decomposition reactions of NH to N 

and H on the surface (R34). NH is stable on the surface until 450 K, as shown in Fig. 

2b, in line with other studies of hydrazine dissociation on Ni65 and Rh.66 

 
Fig. 3 shows the spectra of the gases produced during the TPR, at an initial condition 

of full coverage of N2H4, for a temperature range from 100 to 600 K and with three 

heating rates of 1, 5 and 8 K min 
1
. As the heating rate increases, so does the 

temperature at which the desorption rate is at its maximum (peak 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3 Simulated TPR curves for N2H4, NH3, N2 and H2 desorption from the Cu(111) surface, 

starting from an initial N2H4 coverage of 1 ML (full coverage) at a reaction time of 1 s for 
different heating rates. 

 



 
 
 
 
 
 
 

 

 
  

 
temperature), whereas the intensity of the peak increases as well, in agreement with an 

experimental TPR study of hydrazine decomposition on an Al2O3-sup-ported Ir 

catalyst.67 These changes in peak temperature and intensity are related to a sudden 

variation of the pressures and the derivative slope. The higher the heating rate, the more 

abrupt are the changes in pressure and the higher the slope  

of d
d

T
P

. Note that the abrupt desorption of N2H4  reduces the time for further 
 
reaction on the surface to produce NH3, N2 and H2, indicating that a slower heating rate 

helps to increase the yield of NH3, N2 and H2, Fig. 4.  
The composition of the exhaled gas resulting from the hydrazine interaction with the 

Cu(111) surface at diff erent temperatures is given in Table 3 and is in agreement with 

the experimental report by Al-Haydari et al.9 NH3 is the main gaseous product of 

hydrazine decomposition, whereas H2 is the least present. According to the experiment, 

the temperature at which hydrazine starts to decompose is 303 K when NH3, N2 and 

some H2 desorb from the Cu lm.9 In our simulation, as shown in Fig. 3, hydrazine starts 

to decompose at 190 K, when the rst NH3 can be observed, while N2 and H2 desorb at a 

higher temperature of 219 K. This discrepancy between the experiment and simulation 

may be due to the adsorption of gases into the liquid hydrazine, as well as the use of a 

Cu lm without a well-de ned Cu structure, which may include defects. Our previous 

works have shown that the introduction of defects on the surface provides more 

favourable sites for stronger hydrazine adsorption, resulting in higher tempera-tures for 

decomposition and desorption.34,35 Moreover, the heating rate and the reaction time of 

the experimental study were not reported. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 N2H4, NH3, N2 and H2 evolution from Cu(111) surface as a function of temperature for 

an initial N2H4 coverage of 1 ML (full coverage) in the TPR simulation at a reaction time of 1 s 
for different heating rates. 

 
 



 
 
 
 
 
 
 

 

  
 
 
 
Table 3 Percentage composition of gaseous products throughout hydrazine decom-position on 

the Cu(111) surface from the initial N2H4 full coverage in the TPR simulation at a reaction time 

of 1 s with a 1 K min 1 heating rate at different temperatures, in comparison with experimental 

reports9 

 
 NH3 (%)   N2 (%)   H2 (%)  

T (K) 

         

This work Ref. 9 This work Ref. 9 This work Ref. 9 
         

303 77.28 75.60  15.33 18.75  7.38 5.62 

333 77.28 72.63  15.34 22.93  7.39 4.58 

363 77.23 69.49  15.36 27.23  7.41 3.25 

393 75.25 69.56  16.37 27.34  8.38 3.10 
          

 

3.2. Batch reactor simulation 
 
The micro-kinetic simulation of a batch reactor, discussed in this section, considers all 

elementary steps in Table 1 and starts from a situation where the naked Cu surface is 

exposed to N2H4 gas. We have carried out the micro-kinetic simulations of hydrazine 

decomposition at a small initial N2H4 pressure of 6 Pa in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 N2H4, NH3, N2 and H2 evolution from the Cu(111) surface as a function of temperature 

and time for an initial N2H4 pressure of 6 Pa with a 1 K min 1 heating rate in the batch reactor 
simulation. 

 



 
 
 
 
 
 
 

 

 
 
  

 
the temperature range of 100–800 K. The corresponding diff erential equations are listed 

in the ESI.†  
We have represented the pressure of N2H4, NH3, N2 and H2 as a function of the 

temperature and the reaction time in 3D plots (Fig. 5). They show that at 100 K N2H4 

reaches full coverage of the exposed surface. The decomposition of the N2H4 molecules 

on the surface starts at around 200 K and the N2H4 molecules still in the gas phase can 

occupy the resulting empty sites on the surface. N2H4 pressure reaches an equilibrium 

state at around 300 K, when its pressure decreases below 0.1 Pa. The NH3 starts to 

desorb from the Cu(111) surface at around 200 K, while N2 and H2 appear in the gas 

phase at the higher temperature of 220 K. NH3 and N2 desorption reach equilibrium at 

around 300 K, with pressures of 7.5 and 2.1 Pa respectively, and any increase in the 

temperature does not further affect their desorption. The H2 pressure increases with 

increasing temperature up to 300 K (0.38 Pa), and then decreases to 0.33 Pa at 370 K, 

due to the adsorption and reaction with N ad-atoms producing NH3. 
 

To understand the N2H4 overall decomposition mechanisms, the coverage of some 

prominent intermediates is plotted in Fig. 6 showing how the coverages of N2H4, N2H3, 

NH3, H and NH change with temperature at 1 s a er the surface was covered fully with 

adsorbed N2H4. 

The observed trends for the coverages of N2H4, N2H3 and NH in the batch reactor 

simulation are the same as those in the TPR simulation, although the coverages of the 
species are diff erent owing to the adsorption of species on the surface. The hydrazine 

N–N decoupling (R20) is again the most preferred reaction mechanism among the ones 

studied due to a relatively low energy barrier. The produced NH2 intermediate subtracts 

one of the hydrogens of a co-adsorbed hydrazine molecule, resulting in the production 

of NH3 and N2H3 molecules on the Cu(111) surface (R38), which is an exothermic 

reaction (Er ¼ 0.36 eV) with a relatively low energy barrier of 0.42 eV. Fig. 6a shows 

that as soon as the coverage of N2H4 molecules on the surface starts to decrease, the 

coverage of the N2H3 intermediate increases until all N2H4 is converted to N2H3 and 

NH3 at 230 K, when almost the entire surface is covered with N2H3 and some NH3 

molecules. The coverage of NH3, Fig. 6b, decreases quickly when the temperature 

reaches 215 K due to a relatively small desorption energy of 0.78 eV, which compares 

well with the experimental desorption energy on Cu(001) of 0.72 0.07 eV.56 N2H3 is 

stable 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6 The surface coverage of (a) N2H4 and N2H3, (b) NH3, H and NH as a function of 

temperature with an initial N2H4 pressure of 6 Pa, in the batch reactor simulation at a reaction 

time of 1 s with a 1 K min 1 heating rate. 

 
 



 
 
 
 
 
 
 

 

 
 
  

 
on the surface in the temperature range of 190–265 K and NH3 has obtained enough 

energy to desorb from the surface. The NH2 present on the surface, ob-tained from the 

H2N–NH2 bond breaking, reacts with N2H3 (R40 and R42) in an intermolecular 

dehydrogenation mechanism, causing a decrease in the N2H3 coverage at around 230 K 

and also leading to other species on the surface.  
The existence of H atoms on the surface in the temperature range of 200–350 K (Fig. 

6b) indicates the dehydrogenation of adsorbed species with energy barriers higher than 

1.2 eV (R8, R10, R12, R14 and R16). The production of NH from the dehydrogenation 

of NH3 and NH2 on the surface (R30 and R32) takes place at temperatures higher than 

270 K, because of an even higher energy barrier of 1.40 eV, which results in the 

observed NH peak in Fig. 6b centred at 315 K. From here, the NH coverage starts to 

decrease via decomposition to N and H atoms on the surface (R34), with an energy 

barrier of 1.79 eV. The fact that NH is stable in the temperature range of 270–370 K is 

in line with the experimental work by Gland et al., where they showed that NH is stable 

during hydrazine decomposition until 365 K on Ni(111)65 as well as on Ru,68 Rh,66,69 

Ir,70 W,71 and Mo72 surfaces.  
The associative desorption of hydrogen, produced by dehydrogenation, results in the 

peak centred at 300 K, shown in Fig. 5. The highly endothermic reaction between N2 

and H on the surface (R19), with an energy barrier of 1.79 eV, could only occur at high 

temperatures, and leads to a decrease of H2 pressure at around 300 K, shown in Fig. 5, 

due to dissociative adsorption of H2 in order to provide enough H atoms on the surface. 

 

We have also examined the N2H4 conversion and NH3, N2 and H2 selectivities at a 

xed temperature of 350 K as a function of the initial N2H4 pressure, varied from 10 
6
 to 

100 Pa, shown in Fig. 7a. The system reaches the highest NH3 selectivity of 81.9% for 

an initial N2H4 pressure of 0.1 Pa, the N2 selectivity reaches its maximum (36.3%) at 

PN2H4 ¼ 100 Pa, and the maximum H2 selectivity (5.4%) occurs for an initial N2H4 

pressure of 0.001 Pa. N2H4 conversion is complete for 
P

N2H4  
#

 
10 Pa. 

 
Fig. 7b plots the N2H4 conversion and NH3, N2 and H2 selectivities with 

temperature. The N2H4 conversion reaches its maximum at 330 K (98.5%), while NH3, 

N2 and H2 selectivities converge to 64.5%, 35.1% and 2.6%, respectively, at 265 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 N2H4 conversion and NH3, N2 and H2 selectivities as a function of (a) initial N2H4 

pressure at 350 K, (b) temperature with an initial N2H4 pressure of 6 Pa in the batch reactor 

simulation at a reaction time of 1 s with a 1 K min 1 heating rate. 

 



 
 
 
 
 
 
 

 

 

 
  

 

4. Conclusions 
 
A micro-kinetic model based on results from density functional theory calcula-tions was 

established, taking into account adsorption, desorption and reaction processes of 

reactants, intermediates and products, involved in the N2H4 decomposition on the 

Cu(111) surface. Two simulation models have been considered; the rst model started 

from a situation of pre-adsorbed N2H4 and considered the constant removal of gases 

from the reactor, i.e. simulating TPR spectra. In the second model, we have considered 

the naked Cu(111) surface in contact with N2H4, where all the gaseous products from 

the N2H4 decomposition are allowed to adsorb and desorb freely until the system 

reaches equilibrium in the batch reactor. The simulated TPR shows gas desorption 

peaks depending on the heating rate and the initial N2H4 coverage. The simulations of 

the batch reactor show NH3 being the major gaseous product on the extended surfaces, 

in agreement with experiments. The representation of the coverages of the inter-

mediates with temperature shows that N2H3 and NH are the most stable inter-mediates 

on the surface during N2H4 decomposition in the 190–265 and 270–370 K temperature 

ranges, respectively. Temperature and initial N2H4 pressures aff ect the N2H4 

conversion and the NH3, N2 and H2 selectivities. The highest NH3, N2 and H2 

selectivities obtained in the simulation at 350 K are 81.9%, 36.3% and 5.4%, 

respectively, while an initial N2H4 pressure of 6 Pa gives a conversion of 98.5% at 330 

K with NH3, N2 and H2 selectivities of 64.5%, 35.1% and 2.6%, respectively. These 

results show that Cu(111) is not suitable for hydrogen production from hydrazine, as the 

dominant product is ammonia. It is known, however, that low coordinated metals are 

more active and may stabilise inter-mediates favouring the NH3 decomposition pathway 

and therefore increase the production of H2. Future studies of N2H4 decomposition 

processes on surfaces such as the (001) and (011), and on common defects, e.g. steps, 

will provide a general picture of the feasible production of H2 from a cheap compound 

such as N2H3 on an abundant Cu catalyst. This study, whose ndings are in line with 

available experiments, validates the proposed mechanisms and shows that micro-kinetic 

simulations are an eff ective tool to predict yields and selectivities from DFT results 

under a wide range of temperature and pressure conditions. This method can now be 

further rolled out to alternative systems, including metal and non-metal systems. 
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