
owing to the high reaction barriers, see Table 2 and Fig. 14. The
rate-determining step for the N2H4 intramolecular dehydro-
genation mechanism is NHNH* - NNH* + H* on the flat
surface with an energy barrier of 1.68 eV, and N2H3* - NNH2* +
H* on the stepped surface with an activation barrier of 1.77 eV. It
is therefore unlikely that a large amount of N2 is produced via
this intramolecular dehydrogenation pathway. Overall, from the
investigation of N–H bond scission of all species on the surface,
NNH is the only fragment which is easily dehydrogenated to the

N2 molecule, with barriers of only 0.37 and 0.62 eV on the flat
and stepped surfaces, respectively, and a relatively exothermic
reaction (Er B 1.3 eV). These results also suggest that at moderate
temperatures the recombination of produced H atoms will lead
to the formation of H2; this reaction has activation energies of
B1.1 eV on the flat and stepped surfaces and the products
desorb easily from the surface.

From investigation of N–N bond scission in any inter-
mediate on the surface, we found that the N–N decoupling in

Fig. 14 Reaction profiles for dissociation of N2H4 via intramolecular dehydrogenation mechanism on the flat (---) and stepped (—) Cu(111) surfaces.
Energies are relative to the energy of the gas-phase hydrazine (in eV). Note that we have considered the diffusion of intermediates to their most stable
adsorption sites on the surface as a barrierless pathway.

Fig. 15 Reaction profiles for dissociation of N2H4 via N–N bond breaking and subsequent dehydrogenation pathways on the flat (---) and stepped (—)
Cu(111) surfaces. Energies are relative to the energy of the gas-phase hydrazine (in eV). Note that we have considered the diffusion of intermediates to
their most stable adsorption sites on the surface as a barrierless pathway.
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N2H4 (N2H4* - 2NH2*), see Table 2 and Fig. 15, is the
predominant mechanism, leading to amide intermediate pro-
duction in agreement with experiment.59 The exothermic
decomposition of N2H3 and NHNH fragments via N–N decou-
pling also has low activation energies compared to the other
intermediates on the flat and stepped surfaces.

The production of NH3 takes place from the exothermic
reaction of NH2 radicals on the flat surface by an activation
energy of only 0.55 eV. Further NH3 production from the
interaction of N2Hx (x = 1–4) and NH2 is also possible, resulting
in the production of N2; all these steps have barrier energies
below 1 eV on either the flat or stepped surfaces, see Table 2
and Fig. 16. The rate-determining step for the intermolecular
dehydrogenation via NH2 is the reaction N2H3* + NH2* -

NHNH* + NH3* which has an activation energy of 0.80 eV on the
flat surface, while on the stepped surfaces NHNH* + NH2* -

NNH* + NH3* has a barrier of 1.00 eV where it is the rate-
determining step. The N2 molecule produced from one single
hydrazine molecule via an intermolecular dehydrogenation mecha-
nism, Fig. 16, is in agreement with experimental reports where
N2H4 remains stable during the dissociation process.59,63

Thus we may conclude that the NH2 radical governs the N2H4

dissociation, which agrees well with experimental studies about the
role of NH2 in the hydrazine decomposition.64,65 The released
energies from the exothermic reactions provide enough energy for
the evolution of NH3, N2 and H2 gases from the surface. Experi-
mental studies also revealed that the decomposition of hydrazine on
copper films occurs above 300 K with gaseous products of NH3, N2

and some H2,10 which is consistent with the mechanism in Fig. 16.
Furthermore, the calculations showed the influence of low-

coordinated atoms on the different N2H4 decomposition path-
ways, i.e. at the step edges. These surface atoms stabilise some
intermediates more than others along the different pathways,

although there is no clear trend in the activation energies except
to increase the N–N decoupling barriers of the intermediates in
the presence of step edge atoms.

5. Conclusions

We have employed DFT level calculations with long-range inter-
action corrections to carry out a systematic study of the N2H4

decomposition mechanisms on the flat and stepped Cu(111)
surfaces. We have identified the most stable adsorption sites for
all intermediates along the different mechanisms of N–H and
N–N bond scission. We have found that N2H4 dehydrogenation
is kinetically an unlikely process on both flat and stepped
Cu(111) surfaces due to high barrier energies. However, N–N
decoupling is energetically feasible, leading to NH2 intermediates.
The intermolecular dehydrogenation reaction is the predominant
mechanism between either NH2 fragments on the flat surface, or
NH2 and N2Hx (x = 1–4) intermediates on the flat or stepped
surfaces, leading to the formation of N2 and NH3, as shown in
Fig. 16. This process is highly exothermic, releasing B2.50 eV per
hydrazine molecule, which agrees well with the use of N2H4 as a
rocket fuel. Meanwhile the amide and imide intermediates are
hydrogenated to NH3 in the presence of hydrogen, which
competes with the recombination of H atoms leading to H2

molecules. We also found that, while the introduction of low-
coordinated atoms, as on the step edge on the surface,
increases the barrier of N–N decoupling along the reaction, it
has different effects on the barriers of intra- and intermolecular
dehydrogenation mechanisms.

Future work will include microkinetic simulations to
develop our understanding of the competing catalytic processes
leading to N2H4 dissociation on the planar Cu(111) surfaces.

Fig. 16 Reaction profiles for dissociation of N2H4 via intermolecular dehydrogenation via NH2 on the flat (---) and stepped (—) Cu(111) surfaces.
Energies are relative to the energy of the gas-phase hydrazine (in eV). Note that we have considered the diffusion of intermediates to their most stable
adsorption sites on the surface as a barrierless pathway.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 0

7/
10

/2
01

5 
11

:2
9:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5cp03204k


O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 0

7/
10

/2
01

5 
11

:2
9:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5cp03204k


49 T. D. Daff, D. Costa, I. Lisiecki and N. H. de Leeuw, J. Phys.
Chem. C, 2009, 113, 15714–15722.

50 N. H. de Leeuw, S. C. Parker, C. R. A. Catlow and G. D. Price,
Am. Mineral., 2000, 85, 1143–1154.

51 N. H. de Leeuw and C. J. Nelson, J. Phys. Chem. B, 2003, 107,
3528–3534.

52 N. H. de Leeuw, C. J. Nelson, C. R. A. Catlow, P. Sautet and
W. Dong, Phys. Rev. B: Condens. Matter Mater. Phys., 2004,
69, 045419.

53 J. A. Pople and L. A. Curtiss, J. Chem. Phys., 1991, 95,
4385–4388.

54 K. P. Huber and G. Herzberg, Molecular Spectra and
Molecular Structure: IV. Constants of Diatomic Molecules,
Van Nostrand Reinhold Company, New York, 1979.

55 G. C. Wang, L. Jiang, X. Y. Pang and J. Nakamura, J. Phys.
Chem. B, 2005, 109, 17943–17950.

56 W. Biemolt, P. R. Davies, A. P. J. Jansen and R. A. Vansanten,
Catal. Today, 1992, 12, 427–432.

57 W. Biemolt, G. J. C. S. Vandekerkhof, P. R. Davies, A. P. J. Jansen
and R. A. Vansanten, Chem. Phys. Lett., 1992, 188, 477–486.

58 D. R. Lide, CRC Handbook of Cemistry and Physics, CRC
Press, New York, 1996.

59 J. Block and G. Schulzek, J. Catal., 1973, 30, 327–329.
60 J. Gomez-Diaz and N. Lopez, J. Phys. Chem. C, 2011, 115,

5667–5674.
61 A. Logadottir and J. K. Norskov, J. Catal., 2003, 220, 273–279.
62 K. Honkala, A. Hellman, I. N. Remediakis, A. Logadottir,

A. Carlsson, S. Dahl, C. H. Christensen and J. K. Norskov,
Science, 2005, 307, 555–558.

63 R. Maurel and J. C. Menezo, J. Catal., 1978, 51, 293–295.
64 K. I. Aika, T. Ohhata and A. Ozaki, J. Catal., 1970, 19, 140.
65 A. A. Konnov and J. De Ruyck, Combust. Flame, 2001, 124, 106–126.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 0

7/
10

/2
01

5 
11

:2
9:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5cp03204k



