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owing to the high reaction barriers, see Table 2 and Fig. 14. The
rate-determining step for the N,H, intramolecular dehydro-
genation mechanism is NHNH* — NNH* + H* on the flat
surface with an energy barrier of 1.68 eV, and N,H;* — NNH,* +
H* on the stepped surface with an activation barrier of 1.77 eV. It
is therefore unlikely that a large amount of N, 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
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N, molecule, with barriers of only 0.37 and 0.62 eV on the flat
and stepped surfaces, respectively, and a relatively exothermic
reaction (E, ~ 1.3 eV). These results also suggest that at moderate
temperatures the recombination of produced H atoms will lead
to the formation of H,; this reaction has activation energies of
~1.1 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

4.00

3.00

1.00

0.00

Flat ---
Step —

046

Energy(eV)

-1.00

-2.00

-0.03 -0.19|

058 -0.50

-1.72

<4
" %,
%,

"6‘-
x 4,


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

Open Access Article. Published on 17 July 2015. Downloaded on 07/10/2015 11:29:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

N,H, (N,H.* — 2NH,*), see Table 2 and Fig. 15, is the
predominant mechanism, leading to amide intermediate pro-
duction in agreement with experiment.”® The exothermic
decomposition of N,H; 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 NH; takes place from the exothermic
reaction of NH, radicals on the flat surface by an activation
energy of only 0.55 eV. Further NH; production from the
interaction of N,Hy (X = 1-4) and NH, is also possible, resulting
in the production of N,; 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 NH, is the reaction N,Hz* + NH,* —
NHNH* + NH;* which has an activation energy of 0.80 eV on the
flat surface, while on the stepped surfaces NHNH* + NH,* —
NNH* + NH3* has a barrier of 1.00 eV where it is the rate-
determining step. The N, molecule produced from one single
hydrazine molecule via an intermolecular dehydrogenation mecha-
nism, Fig. 16, is in agreement with experimental reports where
N,H, remains stable during the dissociation process.’>**

Thus we may conclude that the NH, radical governs the N,H,
dissociation, which agrees well with experimental studies about the
role of NH, in the hydrazine decomposition.”®® The released
energies from the exothermic reactions provide enough energy for
the evolution of NH3, N, and H, 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 NH;, N,
and some H,,"* which is consistent with the mechanism in Fig. 16.

Furthermore, the calculations showed the influence of low-
coordinated atoms on the different N,H, decomposition path-
ways, i.e. at the step edges. These surface atoms stabilise some
intermediates more than others along the different pathways,
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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 N,H,
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 N,H, 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 NH, intermediates.
The intermolecular dehydrogenation reaction is the predominant
mechanism between either NH, fragments on the flat surface, or
NH, and N,Hy (X = 1-4) intermediates on the flat or stepped
surfaces, leading to the formation of N, and NHj;, as shown in
Fig. 16. This process is highly exothermic, releasing ~2.50 eV per
hydrazine molecule, which agrees well with the use of N,H, as a
rocket fuel. Meanwhile the amide and imide intermediates are
hydrogenated to NH; in the presence of hydrogen, which
competes with the recombination of H atoms leading to H,
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 N,H, dissociation on the planar Cu(111) surfaces.
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