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1. Introduction

Hydrazine (N,H,) is an extraordinary energy material that has

ABSTRACT

The mechanisms of hydrazine decompositions on Ir(11 1) have been investigated by using slab model
based on periodic density functional theory (DFT). In order to shed light on the elementary radical reaction
processes of hydrazine decomposition on Ir-based catalysts, three possible reaction pathways are consid-
ered. Through computational modeling we have investigated the adsorption characteristics, geometrical
structures, activation energies, and reaction mechanisms. The initial reactants, transition states, and final
products of each elementary step and various likely intermediates are discussed. We have found that the
main reaction channel with relatively low energy barriers is the following: the thermal decomposition of
hydrazine forms two NH; radicals, which attack an adjacent adsorbed hydrazine molecule or subsequent
N, Hy (x=1-3) species and capture the H atoms step by step, finally leading to the formation of N, and
NHj3 products. We show that the rate-determining step involves NH; interacting with a N,H species, with
an energy barrier of 0.63 eV (or 14.5 kcal/mol). The overall reaction channel releases a large amount of
thermal energies. The decomposition of hydrazine on Ir surfaces is therefore both thermodynamically
and kinetically favorable. The other reaction channels investigated have much higher activation barriers
with Ir catalysts.

© 2011 Elsevier B.V. All rights reserved.

ing compound for hydrogen storage and production. The whole
reaction of hydrazine decomposition can be formulated as [4,5]:

3NyHs — 4(1 —x)NH3 + (1 + 2x) Ny + 6xH, (R4)

been widely involved in nuclear industry and aerospace science.
The catalytic decomposition of NyH,4 has stimulated strong inter-
est in understanding the thermodynamics and kinetics because
of its important applications in space technology—controlling and
adjusting orbits and attitudes of satellites or spacecrafts. It is widely
believed that hydrazine is decomposed with two typical reaction
routes [1-3]:

N,H4 — Ny +2H, (R1)
3NyH4 — N +4NH3 (R2)

In principle the newly formed NH3; can decompose further at ele-
vated temperatures, leading to eventual formation of dinitrogen
and dihydrogen:

2NH3 — N, +3H, (R3)

Despite the latter reaction (R3) has rather high energy barriers in
its elementary steps, this mechanism makes hydrazine as a promis-
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Here, x denotes the selectivity of the catalyst toward H, production,
which is the percentage of hydrazine decomposition via reaction
(R1)or the percentage of the produced ammonia via decomposition
reaction (R3). The specific reaction pathways depend on the nature
of the catalysts and the reaction conditions, e.g., temperature and
pressure [6].

A number of experimental works have been done on hydrazine
decomposition. It turned out that the mechanisms of hydrazine
decomposition are quite complicated and the exact pathways are
not completely clear. Potential reaction pathways of hydrazine
decomposition on metal surfaces were speculated based on various
characterization techniques, including temperature programmed
desorption (TPD), high resolution electron energy loss spectroscopy
(HREELS), X-ray photoelectron spectroscopy (XPS), ultraviolet pho-
toelectron spectroscopy (UPS), etc. Even with these efforts, the
catalytic mechanisms of hydrazine decompositions are still con-
troversial. Several possible radical channels were proposed. The
decomposition of hydrazine was thought to take place mainly by
the following two possible paths: (a) NoH4 undergoes intramolec-
ular dehydrogenation by eliminating H atom one by one, finally
resulting in the formation of the N, and H;, products (R5), as have
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been deduced from catalytic decomposition of hydrazine on sur-
faces of Ni(100)[7]and Pt(1 1 1)[8]; (b) the N-N bond of hydrazine
cleaves firstly (R6), followed by further dehydrogenation of the
newly formed NH, fragments into atomic N and H, and the lat-
ter recombine to form N, and H, molecules (R7). The formation of
N, and H; is observed for catalytic decomposition on Fe(111) [6],
transition metals (Cr, Mn, Fe, W, Re and Os) [9,10], polycrystalline
aluminum [11], Ni(11 1) [12], polycrystalline iridium foil [13], and
Pd(100) [14].

With different temperature or coverage of surface species, the
specific reaction paths might be altered. For example, at low tem-
perature path (a) seems to take place easily, whereas at high
temperature path (b) seems favorable, as observed on Rh(111)
[15], Si(111) [16] and polycrystalline rhodium surfaces [17]. Both
decomposition paths is likely to proceed in parallel on Ru(001)
surface [18]. Additionally, following the reaction (R6) the direct
hydrogenation of NH; radical using the hydrogen produced from
decomposed hydrazine may yield NH3 molecules (R8) [6,9,15,19].
Beside these pathways, there are suggestions of other possible
mechanisms. For example, the intramolecular proton transfer of
hydrazine is thought to contribute to the formation of NH3 (R9) on
Rh(11 1) surface at low temperature [15]. The continuous hydro-
genation of hydrazine might produce NH3 (R10) on Pt(111) [8],
tungsten film [10], and polycrystalline aluminum [11]. Adsorbed
N,H, intermediates might react with hydrazine molecules in the
gas phase to give rise to N, and NH3 molecules (R11) [13], etc.

N2H4((1) — N2H3(a) + H(a) — Nsz(a) + 2H(a) — NzH(a)

+3H(a) — Ny(a) + 4H(a) (R5)
NyHy(a) — 2NHj(a) (R6)
NH,(a) — NH(a) + H(a) — N(a) + 2H(a) (R7)
NH;(a) + H(a) — NH3(a) (R8)
N,yHy(a) — NHs(a) + NH(a) (R9)

N2H4(a) + 2H(a) - N2H5(a) + H(a) — NzHe(a) — 2NH3((1)
(R10)

NyHz(a) + NaHg(g) — NgHg(a) — 2NH3(a) + Np(a) (R11)

Here (a) and (g) represent the adsorbed and gas-phase species,
respectively.

These experimental investigations have provided vital infor-
mation about the catalytic reactions for the production of the
three gaseous products (NHs3, N, and H,) [19] by decomposition
of hydrazine. Theoretical investigations are therefore needed to
provide detailed understanding of the decomposition mechanisms,
reaction dynamics, energy barriers, and the elementary steps.
So far theoretical investigation on the mechanism of hydrazine
decomposition on transition metal surfaces is rather scarce. No
comprehensive computational study is performed on the mech-
anism of hydrazine decomposition, except a kinetic analysis of
the catalytic decomposition of N,H4 by using the bond-order
conservation-Morse potential (BOC-MP) method [20] and a recent
density functional theory (DFT) calculation of hydrazine adsorption
onNi(100)surface[21]. We present here the first theoretical inves-
tigation for fundamental understanding of catalytic radical reaction
processes of hydrazine decomposition on metal catalysts.

Currently, Ir/Al,03 (20-40wt%) is the commercial catalysts
widely applied to the hydrazine decomposition in monopropellant
thrusters [1]. Because iridium is rare and expensive, great effort is
made to search for feasible high-performance substitutes for irid-
ium catalysts [4,5,22-30]. However, none of them show better total

performance than the conventional iridium catalyst. Understand-
ing of the detailed elementary steps is essential for uncovering new
catalysts with desired properties. Thus, we performed periodic DFT
calculations of hydrazine decomposition onIr substrate to elucidate
the electronic structures and elementary reaction steps. In our cal-
culations all the chemisorption and decomposition of hydrazine
and related intermediates take place on the most stable Ir(111)
plane. The adsorption geometries and energies, site preferences,
relative stabilities of various species and reaction barriers are sys-
tematically characterized for possible channels. These studies aim
at helping to design and develop new low-cost alternative materi-
als with high durability and catalytic activity for the precious noble
metal catalysts for hydrazine decompositions.

2. Computational methods

All the DFT calculations were performed by using DMol3 pro-
gram package (version 4.3) in the Materials Studio of Accelrys
Inc [31,32]. The generalized gradient approximation (GGA) was
employed with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [33]. We used localized double-numerical
basis sets with polarization functions (DNP). For iridium atoms,
the metal core electrons were replaced by the energy-consistent
Stuttgart quasi-relativistic pseudopotentials (PP) of Andrae et al.
[34], where the scalar-relativistic (mass-velocity and Darwin)
effects are included. A Fermi smearing of 0.1eV was used to
improve the convergence of the self-consistent field calculations.
We adopted a real-space cutoff of 4.2 A and the convergence criteria
of 4 x 1075 hartree, 4 x 10~4 hartree/A, and 5 x 10~3 A for energy,
energy gradient and geometry, respectively. All the calculations
were performed using the spin-polarized Kohn-Sham formalism.
The calculated lattice constant for bulk iridium is 3.91 A, which
is in good agreement with the experimental value of 3.84 A [35],
indicating that the selected approach is adequate. The 6 x 6 x 1 k-
points grid was used for the surface brillouin zone integration. The
Ir(11 1) surface was modeled by a four-layers periodic slab with a
4 x 4 unit-cell size and the images were separated by a vacuum-
layer of 1 nm. During the geometry optimizations only the two top
metal layers are relaxed to the lowest energy configurations. The
complete LST/QST (the linear synchronous transit and quadratic
synchronous transit) method was used to determine the transition
states. In order to verify the validity of the transition states, the
partial Hessian matrixes were calculated for all the intermediates
related in the reactions and the several neighboring iridium atoms
on the upmost surface. Previous theoretical results have shown that
the results of the partial Hessian analyses are nearly the same as
those of the full Hessian [36]. However, this approach obstructs
the evaluation of the zero point energy (ZPE) for the correction of
activation energies.

3. Results and discussion

3.1. Adsorption and structures of reaction intermediates on
I(111)

The chemisorption properties for a series of intermediates in
the reactions NyHy (x=0-4), NHy (x=0-3) and H on Ir(111) are
shown in Fig. 1 and Table 1, including geometrical parameters,
adsorption preferences and adsorption energies. While numerous
possible adsorption sites are explored, here only the stable adsorp-
tion sites are presented. We will present below the adsorption of
various intermediate species on Ir(1 1 1) surfaces. The reaction bar-
riers of the elementary steps will be discussed based on different
adsorption modes and reaction pathways.
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N,H,(top, 1.66)

N,H,(bridge, 2.13)

Na(hep, 0.15)
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Fig. 1. Geometrical parameters (in A) for adsorbed N;Hy (x=0-4), NH, (x=0-3) and H species on Ir(11 1) (top view). Adsorption sites and adsorption energies (eV) without
ZPE correction are both given in parentheses. The most favorable site for each adsorbates and the corresponding adsorption energies are indicated in bold.

For NyHy, the bridge site is most stable, with the two nitrogen
atoms bonded to the iridium surface. The corresponding adsorp-
tion energy is 1.91 eV, which is large enough to prevent desorption
of the reactants. The non-bonding “lone pair” electrons on nitro-
gen atoms donate to the empty d orbitals of Ir atoms, leading to
relative strong chemisorption. The NyH, adsorbate has a struc-
ture with C; symmetry and the optimized N-N bond length is
1.472 A and N-H bond lengths are 1.028 and 1.029 A, respectively.
In gas phase the gauche form with C; symmetry corresponds to

the equilibrium conformation of hydrazine molecule [37,38]. In
this structure the two NH, groups are rotated by approximately
90° with respect to each other to avoid repulsion of the lone-pairs.
However, when hydrazine molecule adsorbs on Ir(11 1), the N-N
bond iselongated and torsion of the NH, groups along the N-N bond
becomes obviously smaller, approximately 30°, making it closer
to the eclipsed conformation. The bonding between nitrogen and
iridium atoms greatly decreases the intramolecular repulsive inter-
action of unshared non-bonding electron pairs on the N atoms of
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Table 1

Adsorption energies (eV) for the different species on Ir(111).
Species Top Bridge Hollow Hcp
NyH4 1.66 1.91 - -
N,Hj3 - 2.50 2.92 2.85
N>H; - 213 1.91 1.87
N2H - 2.25 1.75
N, 0.69 0.07 0.15 0.15
NH; 1.50 - - -
NH, 2.55 3.13 - -
NH 2.58 - 4.63 448
N 3.88 - 5.18 5.21
H 2.88 - 2.85 2.80

hydrazine. When hydrazine adsorbs on the top site with N-N bond
tilting on the surface, the torsion of NH; groups along the N-N bond
is around 87° and the corresponding adsorption energy (1.66eV) is
lower than that of the bridge site. We have also investigated other
possible modes of adsorptions and found that N, H4 prefers molecu-
lar adsorption onIr(11 1), where a “side-on” adsorption mode with
both nitrogen atoms bonded to the iridium atoms is more favorable
than that of “end-on” adsorption mode with one nitrogen atom or
two hydrogen atoms bonded to the surface.

The N,Hs3 fragment mainly has two types of preferred adsorp-
tion sites: (a) NyHs lying on the bridge site with the N-N bond
nearly parallel to the surface, (b) NyHjs sitting on the hollow-hole
or hcp adsorption sites. For the later, the NH ends of Ny H3 are much
closer to the surface. When N, H3 fragment adsorbs on the hollow-
hole site, the adsorption energy (2.92 eV)is the largest among all the
possible adsorption modes, indicating that the hollow-site adsorp-
tion is energetically most favorable. Here N, H3 has a Cs-symmetry
with N-N bond length of 1.452 A, two N-H bonds of 1.028 A, and
the third N-H of 1.026 A.

Similar to the NyHj3 fragment, the diimide (N,H,) intermedi-
ate also has the identical site preferences. In the hollow-hole and
hcp sites, the geometries of NyH, are similar to each other, both
lying on the surface. It is noteworthy to point out that the bridge
site is most favorable for adsorption, with the largest adsorption
energy of 2.13eV. Here N,H, has nearly C;, symmetry with the
two H atoms far from the surface. The N-N bond length is 1.300 A
and two N-H bonds are 1.028 A.N,H, is an important intermedi-
ate during the hydrazine decomposition, which is observed as a
gas-phase product from the Ni(100) surface in the 200-450K [7].

For N,H, the bridge site is again preferred, with an adsorption
energy of 2.25eV. The N-N bond length is 1.251 A and N-H bond
is 1.032 A. For the hollow-hole site, N,H tilts toward the surface
with a smaller adsorption energy (1.75 eV). We have tried to locate
the NyH intermediate adsorbed on the hcp site, but it all leads to
adsorption to other sites.

In the case of N, the top site is clearly preferred with the
molecule axis perpendicular to the surface. The adsorption energy
of this configuration is 0.69 eV and the N-N bond length is 1.123 A
(experimental values 1.098 A [39]). For the bridge adsorption site,
the adsorption energy of N, molecule is the lowest (0.07 eV). The
N-N distance is 1.158 A, while the distance between N and adjacent
iridium atom is 2.196 A. Obviously, the very stable N, molecule is
easy to desorb from the surface. Rao et al. experimentally inves-
tigated the nature of the chemisorbed states of N, molecule on
various transition metal surfaces (e.g., Ni, Fe, Cr, Ru, Re, W, etc.)
and found that N, mainly has two chemisorbed states: “end-on”
and “side-on”. The former species has a bond order between 2.6
and 2.9, and the later between 1.4 and 2.0 [40]. This is consistent
with the calculated N-N bond lengths, where the N-N distance in
the top-adsorbed N, molecule is slightly shorter than that of the
bridge-adsorbed one in our calculations. The N, molecule is also
found to adsorb at the hollow-hole and hcp sites. The configuration

of the hcp adsorption is similar to that of the hollow-hole adsorp-
tion, with a N-N bond length of 1.108 A. Both have an adsorption
energy of 0.15 eV, which is smaller than that of the top site. The N,
adsorption at the hollow-hole and hcp locations were also found
by Krekelberg et al. on Ir(1 1 1) by using both GGA-PW91 and RPBE
functionals with DACAPO procedure [41].

The NH3 adsorbate with C3, symmetry is chemisorbed molecu-
larly on the surface via its N atom binding to a top site, due to the
non-bonding “lone pair” of NH3 strongly interacting with metal
atom of the substrate. The optimized N-H bond length of 1.024 A is
consistent with the experimental result (1.021 A)[39]. Here for NH;
only the top site adsorption is favored, similar to NH3 adsorption
onIr(100) [42].

Amide (NH,) prefers to adsorb on the bridge site. The adsorption
energy (3.13eV) is rather large due to available valence at nitro-
gen atom. NH; has a C3, symmetry with two equal N-H bonds of
1.023 A, comparable with the experimental value (1.024A) [39].
The NH, radical can also adsorb at top sites, but is energetically
less stable than that of the bridge site. The same preference for
NH, adsorption site was also found on Ir(1 00) [42].

The NH intermediate can adsorb on the top, hollow-hole and
hcp sites. The corresponding adsorption energies are 2.58, 4.63 and
4.48 eV, respectively. Obviously, the hollow-hole site is the most
stable site. The N-H bond lengths are 1.019 A for top site and 1.025 A
for hollow-hole and hcp sites, respectively.

For the adatom H, three adsorption sites (top, hcp and hollow-
hole) have the adsorption energies of 2.88, 2.85 and 2.80eV,
respectively, which are close to each other. The top-adsorbed H
seems to be energetically the most favorable configuration, which is
consistent with those found previously [41]. Interestingly, H is rela-
tively mobile on the Ir(1 1 1) surface because of the lower diffusion
barrier [41].

For the adsorbed N atom, the hcp adsorption site is preferred,
with a binding energy of 5.21 eV, which is close to that (5.18 eV)
of the hollow-hole-adsorbed configuration. We also find the top-
adsorbed N atoms, which is less stable than those located at the hcp
and hollow-hole sites.

It is interesting to compare the N-N bond lengths of NyHy
(x=0-4) adsorbates on the most favored binding sites. We find
that upon adsorption the N-N distances decrease in the order
of NyHy4 >NyHs >NyH, >NyH >N, indicating that the abstraction
of hydrogen atoms from N;H4 and subsequent dehydrogenated
species results in the strengthening of N-N bonds step by step.

3.2. Reaction pathways for NoH4 decomposition

3.2.1. Intramolecular dehydrogenation of NoHy

From experiments on the catalytic decomposition of N'°-
labeled hydrazine on alumina supported metals in the temperature
range 333-573K [2] and on the MgO-supported iron at low tem-
perature [43] it is concluded that N, molecule originates from
the same hydrazine molecule. Previous experiments [7,8,15-17]
seem to suggest that the gradual intramolecular dehydrogenation
of NyHy4 leads to the formation of N,. To a certain degree the exper-
imental finding of the existence of diimide (N,H,) intermediates
from thermal desorption spectra on the Ni(100) surface [7] seems
to support this pathway. Thus, we firstly investigate the stepwise
dehydrogenation process of hydrazineonIr(1 1 1) surface. The step-
wise dissociations of hydrazine to NyHy (x=3-0) and dissociative
hydrogen adatoms are considered, as shown in reaction (R5). Dur-
ing the calculations, we allow hydrogen atoms to diffuse far enough
from the nitrogen-containing species NoHy (x=1-3) to avoid the
reversed hydrogenation reactions. The transition states for the ele-
mentary steps are depicted in Fig. 2 and the reaction energies are
also shown in Fig. 3 to illustrate the relative stabilities of species
involved in the dehydrogenation of N;Hy.
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N:H(hollow)

TS4(0.46, -0.76)

Na(bridge)+H(top)

Fig. 2. The initial, transition and final states for dehydrogenation processes of adsorbed hydrazine (top view). Reaction barrier (Ere,) and energy change (AE) in eV are given
in brackets. TS denotes the transition state. The critical N-H bond lengths for reactants and transition states are given in A.

As shown in Fig. 2, for the first hydrogen abstraction pro-
cess, the NyH,4 adsorbed on a bridge site is taken as the initial
state. For the final state, NoHjs still lies at the bridge site while
hydrogen moves directly from its initial position on the hydrazine
molecule to the adjacent hollow-hole location. The energy bar-
rier is 1.10eV and the reaction is endothermic by 0.30 eV. For the
transition state, the N-H bond length is about 1.542A and the
imaginary frequency is 961i cm~!, corresponding to the N-H bond
stretching. As expected, the energy barrier of N-H bond cracking
of hydrazine is much higher than that of N-N bond on the irid-
ium catalyst (see Fig. 4), indicating that the dissociation of N-H
bond of hydrazine on Ir(111) is more difficult than of the N-N
bond. We also find that the N,H3 intermediate can easily diffuse
from the bridge site to the most stable hollow-hole site, with a
small energy barrier of 0.13 eV and a large exothermicity of 0.42 eV
(Table 2).

Subsequent intramolecular dehydrogenation reaction of NoH;
can lead to the formation of diimide (N,H,) and hydrogen adatom.
The reactant NyH3 prefers to adsorb on a hollow-hole site, while

Table 2
The diffusion barriers (Eqif), energy change (AE) and imaginary frequencies (v) of
the transition states for the diffusions of some N,Hy (x=0-3) species adsorbed on
If(111).

Adsorbates Egir (eV) AE (eV) v(cm1)
Ny H3 Bridge — hollow 0.13 —-0.42 183i
N, H, Hollow — bridge 0.08 -0.22 199i
N,H Hollow — bridge 0.19 -0.51 325i
N> Bridge — top 0.04 -0.76 150i

in the products NoH;, migrates to the bridge site and H atom dif-
fuses to the top position. For this path, the energy barrier is 1.22 eV
and the endothermic energy is 0.36 eV. The transition state indeed
possesses one large imaginary frequency (1222icm=1).

For the third step, the produced N,H, fragment diffuses firstly
from a bridge site to a slightly higher energy hollow site (Fig. 3),
which has a barrier of 0.30eV (Table 2). Therefore, in the subse-
quent reactions, NoHy is located near the hollow-hole site as the
initial state, which upon dehydrogenation generates N,H interme-
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Fig. 3. A schematic illustration of the energetics of the hydrazine dehydrogenation
pathway. The red bars represent transition states for diffusion of NoHy (x=1-3)
species (see Table 2). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

diate sitting at the bridge site with its molecular axis nearly parallel
to the surface and H adatoms moving to the nearest top position.
From our calculations, the energy barrier is 0.97 eV and the reac-
tion is exothermic by 0.18 eV. The transition state is identified by
an imaginary frequency of 1227icm~!, corresponding to the N-H
stretching vibration.
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In the fourth step, further dehydrogenation of the N H interme-
diate causes the complete scission of the N-H bonds, which forms
N, molecule and adsorbed atomic hydrogen atom. The initial state
is taken as a hollow-hole-adsorbed N, H radical, and the final state
is taken as bridge-adsorbed N, molecule and top-adsorbed H. The
reaction is exothermic by 0.76 eV and the energy barrier is 0.46 eV.
The imaginary frequency of the transition state is 140i cm~'. Before
the last dehydrogenation step, NyH fragment firstly diffuses in
reversed direction to a slightly high energy hollow-hole site with a
barrier of 0.19 eV (Table 2), which makes the subsequent reaction
to occur very easily (Fig. 3). Obviously, the stepwise intramolecular
dehydrogenation of hydrazine to form N, and H, is not a fast pro-
cess at low temperature due to the relatively high energy barriers.

3.2.2. Intramolecular dehydrogenation with N-N bond cleavage
Inasmuch as the N-N bond energy (~2.60eV) of hydrazine is
much lower than that of the N-H bond (3.60eV) [43], hydrazine
is expected to easily dissociate via N-N bond cleavage to form
adsorbed amide radicals (NH;) on Ir(111). This is supported by
our present theoretical investigation on various reaction pathways.
We take the most stable configuration of N;H4 adsorbed on the
bridge site as the initial state, and two NH; products both adsorbed
on the bridge site as the final state, as shown in Fig. 4. The reac-
tion energy barrier is only 0.52 eV for N-N cleavage of hydrazine
and the exothermic energy is about 0.93 eV, indicating that the
dissociation of the N-N bond is energetically feasible in low tem-
perature. This N-N bond cleavage channel of N,H4 decomposition
is reminiscent to the thermal decomposition of ammonia borane

NH(hollow)

TS3(1.42,0.55)

N(hollow)+H(hollow)

Fig. 4. The reactants, transition states (TS) and products for N-N bond cleavage of adsorbed hydrazine and the dehydrogenation of NH, radical (top view). Reaction barrier

(Erea) and energy change (AE) in eV are listed in parentheses. Selected N-N and N-H bond lengths of the reactants and TS states are listed in A.
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N,H(bridge )+NH,(bridge)

TS4 (0.63, -1.07)

N,(bridge)+NH;(top)

Fig. 5. Structures of the reactants, transition states, and products for the NH; abstracting the hydrogen atoms of N;Hy (x=4-1)onIr(11 1) (top view). TS denotes the transition
state. Reaction barrier (Erea) and energy change (AE) in eV are given in parentheses. Selected N-H bond distances for the reactants, TS states and products are shown in A.

(NH3BH3), in which the B-N bond cleavage plays a significant role
in the dehydrogenation and formation of oligomers [44].

The NH, species from the cleavage of hydrazine N-N bond
on Ir(111) can either attack another Ny;H4 molecule through an
intermolecular mechanism or further undergo an intramolecu-
lar dehydrogenation. The intramolecular dehydrogenation of NH,
seems to be rather difficult based on the calculated barriers for
ammonia decomposition. Theoretical investigation of the decom-
position of NH3 on the Ir(1 00) indicates that without ZPE correc-
tion the energy barriers for the reactions NH3(a) — NHy(a)+H(a),
NH;,(a) - NH(a)+H(a) and NH(a)— N(a)+H(a) are 1.14, 1.29
and 1.04eV, respectively, based on VASP calculations [42].
In our PBE calculations with DMol3, the energy barriers of
NH;(a)— NH(a)+H(a) and NH(a) — N(a)+H(a)onIr(111) are 1.56
and 1.42 eV, as depicted in Fig. 4. The calculated imaginary frequen-
cies are 1299i and 1219icm™1, respectively. Although the direct
decomposition of NH, to NH as well as adsorbed N and H atoms is
considered as a part of NH3 decomposition on iridium catalyst, the
high energy barriers of intramolecular NH, dehydrogenation show
that these two steps are difficult to proceed. Other pathways must

be responsible for the facile decomposition of hydrazine at room
temperature.

3.2.3. Intermolecular hydrogen abstraction via NH, attacking
N>Hy

From experiments the products of hydrazine decomposition
over 31.6 wt% Ir/Al,03 catalyst surface change with the temper-
ature. Blow 573K the main product includes N, and NHs, and
between 573 Kand 723 K a mixture of N, NH; and H; are observed,
while above 723K only N, and H; are detected [4]. Recently, it
has been shown that at room temperature the Rh nanoparticles
are highly active in catalyzing hydrous hydrazine decomposition
toward N, and H; [45] demonstrated above, at low temperature
the dehydrogenation of NH, to yield atomic N and its recombined
N, molecule is rather difficult. Other possible dissociation pathway
needs to be explored.

Experimentally catalytic decomposition of hydrazine occurs fast
and acutely with Ir catalysts, which forms the basis for using the
decomposition products as propellants for satellite rocket engines.
Indeed Sawin and Merrill observed the emission of nitrogen prod-
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Fig. 6. The reaction barriers and the energy change of the reactions (in parenthe-
ses) for the reactions of (a) N-N bond cleavage of adsorbed hydrazine and (b-e)
successive intermolecular reactions of NH; attacking NaH, (x=4-1) on Ir(111). All
energies are in eV.

uct at the temperature as low as 290K from the temperature
programmed decomposition (TPD) of hydrazine on Ir(111) [46].
The two catalytic paths discussed above for the heterogeneous
decomposition of N,Hy are thus not possible at low temperature
due to the high energy barriers of transition states. As we show ear-
lier, the N-N bond of hydrazine is easy to break to form NH; radicals
on the Ir(11 1) surface. It is therefore possible that the NH; radical
can react with another NyHy4 to abstract hydrogen atoms from the
latter step by step. We therefore propose the following multi-step
reaction mechanism for producing N, and NH3 on Ir(1 1 1) surface.

NaHa(a) ™2 N, Hs(a) + NHs(a) 2N, Ha(a) + 2NHs(a)

N, H(a) + 3NH3(a) 3 Ny (a) + 4NH3(a) (R12)

The initial, transition and final states involved in each ele-
mentary steps of this mechanism are shown in Fig. 5, where the
changes of reaction energies and the geometrical parameters are
also shown. The transition state energies and reaction energies
for the reactions of the N-N bond cleavage of adsorbed hydrazine
(a) and successive intermolecular reactions of NH, attacking N,Hy
(x=4-1)(b-e)onIr(111)are shown in Fig. 6. As the first hydrogen
atom is abstracted from the adsorbed hydrazine by NH, radical,
N, Hj3 intermediate ends up in a bridge site and the NH3 molecule
adsorbs on the neighboring top site. For the transition state, the
N-H bond length is of 1.93A and the imaginary frequency is
200i cm~!. The reaction barrier for this reaction step is only 0.23 eV,
and the corresponding exothermic energy is 0.24eV. After NH3
molecule desorbs from surface, the NyHs intermediate can easily
diffuse from the bridge site to the most stable hollow-hole site with
a small energy barrier of 0.13 eV and exothermic energy change of
0.42 eV (Table 2).

Table 3
The reaction barriers (Er., ), energy change (AE) and imaginary frequencies (v) of the
transition states for some intramolecular and intermolecular reactions on Ir(111).

Reactions Erea (€V) AE (eV) v(em)
N,Hs — NoHs +H 1.10 0.30 961i
NyH3 — NH, +H 1.22 0.36 1222i
NyH; - NH+H 0.97 -0.18 1227i
NoH— N, +H 0.46 -0.76 140i
N;H4 — NH; +NH; 0.52 -0.93 242i
NH; — NH+H 1.56 0.02 1299i
NH —- N+H 1.42 0.55 1219i
N,H4 +NH; — NyHs +NH;3 0.23 -0.24 200i
N,H3 +NH; — NyH; + NH;3 0.29 -0.30 136i
NyH; +NH; — NoH +NH3 0.46 -0.83 161i
NH+NH; — N3 + NH3 0.63 -1.07 445i

In the second step, the N,H3 intermediate can react with the
second NH; radical to yield NH3 and diimide (N,H5). The hollow-
hole and bridge sites are preferred for adsorption of NyH3 and NHj,
respectively, while N,H, prefers the hollow-hole and NH3 the top
sites. From the transition state search, the transition state has an
imaginary frequency of 136icm~! and the reaction barrier for this
reaction step is aslow as 0.29 eV, with a reaction exothermic energy
change of 0.30eV.

In the third step, the NH; radical adsorbed at a bridge site inter-
acts with the N,H, fragment adsorbed at the hollow-hole site,
leading to the formation of N,H species at a bridge site and NH3
at a top site. This process is exothermic by 0.83 eV. The transition
state has an energy barrier of 0.46 eV and an imaginary frequency
of 161icm~1.

In the final step, NoH and NH, radical will react to break the
last N-H bond, leading to formation of molecular dinitrogen and
ammonia. Here N, H and NH; can co-adsorb at the bridge sites, and
the reaction products N, and NH3 prefer adsorption at the bridge
and top sites, respectively. The transition state has an imaginary
frequency of 445icm~! and the reaction barrier is 0.63eV. This
final step is highly exothermic, with a calculated energy change
of 1.07 eV. The N, molecule produced can either desorb from the
catalyst surface due to the low adsorption energy (see Fig. 1) or dif-
fuse to the more stable top site with a low barrier of 0.04eV and a
large exothermic energy of 0.76 eV (see Table 2).

From our calculations, once amide radical (NH>) is formed all
the elementary reaction steps are fairly easy without dissociation
of the N-N bond in the whole process. This mechanism for the for-
mation of NH3z and N, is consistent with the experimental results
of Aika et al. [47], where NH, seemed to play an important role
in the decomposition of hydrazine. The necessity to have enough
NH,, radical to start the chain reactions explains the induction period
[48,49] observed in the kinetics of hydrazine decomposition.

3.3. Discussion of the reaction pathways

From Table 3, the energy barrier of the rate-determining step for
the intramolecular dehydrogenation of hydrazine (R5) is relatively
high, about 1.22eV for N,Hs(hollow)— NyH,(bridge)+H(top).
Both reactions (R5) and (R7) have high energy barrier. However,
for the amide radical mechanism (R12) the activation energy of
the rate-determining step (NoH+NH; — Nj +NH3) is only 0.63 eV.
One can conclude that this latter reaction pathway is most likely
the major mechanism for N,H4 decomposition in Ir(11 1) surface.
Indeed hydrazine decomposition can be explosive when NyHy is
exposed to a metal catalyst. The reaction pathway (R12) results in
the formation of N, without rupture of the N-N bond in NyHy4. All
the elementary steps are exothermic and have relatively low energy
barriers, making this process being feasible at low temperature. It
is almost a chain reaction upon formation of the NH, radical. This
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mechanism agrees well with the experimental observation that the
N-N bond remains intact during hydrazine decomposition [2,43].

It is known that the desorption and dissociation of NH3 on
Ir(100) is competitive [42-50]. At low temperature desorption of
NH3 is more notable, whereas with the elevation of temperature
the decomposition of NH3 becomes more plausible. From our cal-
culations with the Ir(111) surface, the produced NH3 molecules
mostly desorb at the low temperature. At higher temperature NH3
can further decompose to form atomic H and N, the recombination
of which can lead to the formation of N, and H, molecules.

In summary, at low temperature hydrazine decomposition on
Ir(11 1) first yields NH3 and N, while at higher temperature Hj is
also formed. For the whole process of hydrazine decomposition on
Ir(11 1), the most favorable mechanism is that NH, radicals firstly
interact with the hydrogen atoms of the adsorbed N,H4 molecule
and subsequent fragments N,Hy (x=1-3), leading to formation
of NH3 and N,. As temperature elevating, the produced NH3 will
further decompose to produce H,. When the temperature is high
enough, all NH3 is decomposed, leading to N, and H; as the only
products. At high temperature the intramolecular dehydrogenation
of NyH4 or the NH, product may also become possible, resulting in
the formation of N, and H,.

It is worth mentioning that while hydrazine decomposition
leads to NH3 + N, on Ir surfaces, N,H4 — N, + Hy pathway is more
favorable at Ni surface or Ni-M alloys. Experimentally it is found
that the H; selectivity can reach more than 90% at 30-40°C on
Ni/SiO catalyst for hydrazine decomposition [26]. Additionally, by
doping small amount of Ir or Pt, e.g. in bimetallic Niggslrggs and
Nig g3Pto.07 alloy nanocatalysts, H, selectivity can be enhanced to
100% at room temperature [29,51]. Theoretical investigations of the
mechanisms of hydrazine decomposition on Ni and NiM alloys are
ongoing in our laboratory.

4. Conclusions

In this paper, periodic DFT calculations have been performed to
investigate the reaction mechanism of hydrazine (N,Hy) decom-
position on Ir(11 1) surface. We have examined the processes of
intramolecular and intermolecular N;H4 dehydrogenation. The cal-
culated energetics show that on Ir(11 1) surfaces it is unlikely to
produce a large amount of N, through intramolecular dehydro-
genation at low temperature due to the relatively high activation
barriers. Instead, because the intramolecular N-N bond cleavage of
hydrazine is easier to take place than that of N-H bond, amide rad-
icals (NH;) can be formed on Ir(1 1 1). These radicals can abstract
the hydrogen atoms of NyH,4 or its products one by one, leading to
the formation of N, and NH3; molecules. The rate-determining step,
where NH; radical reacts with N, H fragment, has an energy barrier
of 0.63 eV. Our calculations indicate that the overall decomposition
reaction is highly exothermic and the intermolecular mechanism
is kinetically more favorable than any intramolecular mechanisms.
Our results provide theoretical insight for understanding the cat-
alytic decomposition mechanism of hydrazine onIr(11 1) and other
metal surfaces.
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