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Abstract of Thesis

Hydrazine (N2H4) is an inorganic chemical, which is important in various applications. It is mainly used as
fuel (monopropellant) for rocket engines and satellites. Recently, hydrazine has been investigated for hydrogen
generation and precious-metal-free direct hydrazine fuel cell. Catalytic decomposition of hydrazine on solid
surfaces, usually metal catalysts, is an important process in these applications. In practical applications, the
decomposition reaction should be controlled. In order to control these reactions, atomistic level understanding of
hydrazine-metal surface reactions is important. Significant to this is the information about the adsorption
process and decomposition reaction pathways, which can be provided, at least partially, by theoretical studies
based on computational methods.

In this dissertation, first-principles computational method based on density functional theory (DFT) is used to
study several aspects of hydrazine-metal surface reactions. These aspects include hydrazine adsorption
configurations on metal surfaces, N—N and N—H bond cleaving, and its dehydrogenation reaction pathways.

In the first chapter, background information about hydrazine applications and its decomposition reactions,
along with the objectives and the scope of this work, are presented. In the second chapter, the basic theory and
computational methods wused in this work are described.

In the third chapter, the adsorption configurations of hydrazine on various close-packed metal surfaces of 3d,
4d, and 5d metals are discussed. Two kinds of adsorption configurations are considered: the top and bridging
configurations. It is found that for most metal surfaces, the bridging configurations are preferred over the top
configurations. Going from metals at the left to the right side of the periodic table, the preference for the
bridging configurations over the top configurations becomes weaker. Electronic structure of the adsorbed
hydrazine is also analyzed and it is found that the interaction with the surface is dominated by HOMO-derived
and HOMO-1-derived orbitals of hydrazine. The results presented in this chapter provide comprehensive
information about the relative stability of hydrazine adsorption conformations on close-packed metal surfaces,
which are not yet available in the literature. These information are expected to be useful for future experimental
works of hydrazine adsorption configurations on metal surfaces.

In the fourth chapter, the N—N bond cleaving of hydrazine is discussed, focusing on several 3d metal surfaces:
Fe(110), Co(0001), Ni(111), Cu(111), and Zn(0001). It is found that the activation energy for N—N bond cleaving
increases from Fe(110) to Zn(0001). By analyzing the electronic structure of the transition states, it is found
that the increasing activation energy in N—N bond cleaving process is related to the occupation of LUMO-derived
molecular orbitals of hydrazine at the transition state. We extend our study to other metal surfaces and
establish a linear relationship between activation energy and reaction energy (difference between energy of
products with reactants), which is also known as the Bronsted-Evans-Polanyi (BEP) relationship. To the best of
our knowledge, this relationship for the N—N bond cleaving of hydrazine has not been reported before. We show
that this relationship can be extended to include other energetic parameters, such as adsorption energies,
suggesting the applicability of the recently proposed extended BEP relationship. This BEP relationship is
expected to be useful in estimating activation energy of N—N bond cleaving for other systems, such as alloy
surfaces, utilizing only the adsorption energy as the input.

In the fifth chapter, the first N—H bond cleaving of hydrazine is discussed with the focus on late 3d metal
surfaces and compared with the N—N bond cleaving. It is found that the activation energy for N—H bond
cleaving increases from Fe(110) to Zn(0001). This trend is similar to the trend for N—N bond cleaving. For all
surfaces, the N—H bond cleaving is found to have a higher activation energy as compared to that for the N—N
bond cleaving. From electronic structure analysis, we also found that the occupation of LUMO-derived molecular
orbitals of hydrazine at the transition state is responsible for the increasing trend in activation energy. The BEP
relationship and the extended BEP relationship for the N—H bond cleaving of hydrazine are also investigated for
several metal surfaces. Taking into account the results of the previous chapter, it is found that the N—N bond
cleaving is more preferable than the N—H bond cleaving. This N—N bond cleaving 1is suggested to be
responsible for the presence of adsorbed NHz, which is reported in many experimental studies.

In the sixth chapter, the reaction pathways of hydrazine dehydrogenation on Ni(111) surface, which is of
special interest, is presented. Two dehydrogenation pathways are considered: direct and NH2-assisted
dehydrogenation. In direct dehydrogenation, the N—H bonds of hydrazine are cleaved directly, which results in H
atom adsorption on the surface. Meanwhile, in NHz-assisted dehydrogenation, the N—H bonds of hydrazine are
cleaved by H transfer from hydrazine to the adsorbed NHz2 fragments, which results in ammonia formation. NHs-
assisted dehydrogenation 1is found to have significantly lower activation energy as compared to the direct
dehydrogenation. This result suggests that NHs formation is favorable on Ni(111). The results in this chapter
are similar to the results of previous computational studies of hydrazine dehydrogenation on Ir(111) and




Rh(111).

In conclusion, we have provided new information regarding hydrazine adsorption, a comparison between N—N
and first N—H bond cleaving of hydrazine, and the dehydrogenation reaction pathways of hydrazine on Ni(111)
surface. This information can be used as a guide to control the decomposition reaction of hydrazine and as a
foundation for further studies of hydrazine-metal surface reactions in more complicated environments. As an
example of the application of the results presented in this work, we consider the direct hydrazine fuel cell. In this
type of fuel cell, the decomposition of hydrazine should be minimized because it does not produce electricity and
will lead to lower utilization of hydrazine. Ammonia production is regarded as a sign of this inefficiency. We
propose NiZn alloy as a catalyst which has low ammonia production and thus can be used for a more efficient
direct hydrazine fuel cell.
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