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1. Surface structure of Ir(111) and Hydrazine

We have created a perfect Ir(111) surface, which the most stable iridium surface exposing the
close-packed plane of the fcc structure (Fig. S1). Iridium atoms at the surface model are
arranged in a hexagonal lattice with a separation of 0.701 A between nearest neighbour atoms,

and there are four main adsorption position: top, fcc site, hcp site and bridge.

Fig. S1. The simulation perfect Ir(111) surface

Gauche is the most stable structure among the three dominant conformations of hydrazine
(gauche, trans and eclipsed). As shown in Fig. S2, the optimized bond length of N-N and N-H
in the hydrazine are 1.450 A and 1.020 A, respectively. The similar structure is used in many

pieces of research .!**
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Fig. S2. The optimized structure of hydrazine



2. Surface energies and adsorption structures on IrO,

The following data summarised the surface of the most common IrO, surfaces, Table S1, and
the adsorption energies of the main species along the N,H, decomposition, Fig S3.

Table S1. Surface energies of the most stable [rO, terminations and adsorption energies of
the main species on these surfaces

1rO,(101) [rO,(110) 1rO,(100) 1rO,(001) IrO,(111)
Ykt (J/m?) 1.46 1.82 2.34 2.74 2.83
N,H, -2.35 -3.24 -2.81 - -
NH; -2.02 -2.46 -2.69 - -
N -3.16 -3.65 -3.92 - -
H -3.13 -3.57 -3.46 - -

Fig. S3. Schematic representation of the most stable geometries of (from left to right)
N2H4, NH3, N and H.

3. Density of states (DOS) and projected density of state (PDOS) of hydrazine

The density of states (DOS) is defined by the equation:

DOS(E)dE = number of levels between E and E + dE

The band structure of the surface determines the DOS curve’s shape. Notably, the integral of
DOS up to the Fermi level is the total number of occupied molecule orbitals. When the system
is a close shell, this number times by two is the number of valence electrons. Hence, the DOS
patterns also plot the distribution of electrons as a function of energy.’

The decomposition of the gauche N,H, DOS is shown in Fig. S4, which can help us to trace

down the bonding in the chemisorbed N,H, system. It can be seen that 2p orbital of nitrogen



and 1s orbital of hydrogen form the bonding orbital xt; and ,, while the antibonding orbital 7"
was mainly contributed by the 2p orbital of nitrogen atoms. When the antibonding orbital
was been partly filled, the overlap of nitrogen 2p orbitals decreased, and © bond between the

nitrogen was weakened.
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Fig. S4. Projected density of states of the orbital of N and H in the hydrazine

4. Electron distribution of gas-phase and adsorbate hydrazine

The Bader charge analysis is employed to characterize the electron distribution of gas-phase
and adsorbate hydrazine. Table S2 shows the details of the total valence electron in gas and
adsorbed hydrazine. It suggests that 0.6 electrons transfer from hydrazine molecule to the

surface, which is mainly contributed by the hydrogen in the molecule.

Table S2. The number of electrons in the gas phase and adsorbate N,Hy

Atom | Gas-phase N,Hy Adsorbate N,H,
N1 5.81 5.76
N2 5.79 5.78
H1 0.59 0.47
H2 0.60 0.44
H3 0.59 0.47
H4 0.59 0.45
sum 13.97 13.37

5. Surface species on Ir(111)

Once N,H, is adsorbed, we explored the adsorption sites and geometry of the different

intermediates.
N,H;. The N,H; intermediate is a product of N,H, dehydrogenation. This species prefers
to sit on fcc hollow site with an adsorption energy of -2.97 eV. It lies with the NH part bridging



two surface atoms, i.e. n (2), with an Ir-N bond length of 2.104 A. The NH, part has an Ir-N
bond length of 2.125 A and N-N bond elongate to 1.448 A. These results are similar to those on

Rh(111) and Cu(111) surfaces.5’

N,H; has two isomers depending on the reaction pathway: HNNH and NNH,. The binding
of the HNNH structure on Ir(111) occurs through both nitrogen atoms positioned on hcp sites
almost parallel to the surface and releases 2.47 eV. The NNH, intermediate adsorbs
perpendicularly to the surface through a single N on an fcc hollow site (E,g = -2.79 eV). The
adsorption and molecular geometries are related to the N orbitals, which are also characterized by
the N-N bond lengths, 1.341 and 1.372 A for NNH, and HNNH respectively. These distances
compare very well with previous benchmarks, i.e. 1.345 and 1.359 A on Cu(111), and 1.429 and

1.367 A on Rh(111) surface.®’

N,H. Further dehydrogenation leads to N,H intermediate, which preferentially adsorbs on
a bridge site. This intermediate is firmly bound to the surface, E,4= -3.06 eV, and the distance
between the two nitrogen atoms is much shorter than in previous cases, 1.246 A, showing an
increment to the bond order although N—N is still longer than the same species in the gas phase

(1.150 A) 8

N,. The adsorption of molecular nitrogen was studied at different sites on the Ir(111)
surface. The most stable configuration is N, parallel to the surface on a bridge site at 2.134 A.
The adsorption process releases 1.14 eV relative to gas-phase N,. Moreover, the length of the
N-N bond increased to 1.171 A from 1.098 A in the gas phase, which compares well with a

reported experimental value of 1.098 A.?

N adatoms adsorb preferably on fcc hollow sites releasing the energy of 0.56 eV relative
to gas-phase N,. The average distance between the three Ir atoms and N is 2.005 A.

NH; prefers to adsorb on the top sites at 2.130 A from neighboring Ir atoms. Exothermic
adsorption of 1.95 eV (compared to isolated NH;) results from the interaction of the NH; lone
pair electrons with Ir 3d electrons.

NH,. The bridge site is the most stable adsorption mode for NH,, releasing 3.72 eV; this is
larger than the other intermediates containing two nitrogen atoms (e.g. NNH,, HNNH). The
average Ir—N bond length is 2.104 A. The N—H bond length (1.022 A) is close to the experimentally
reported distance in the gas-phase (1.024 A).10

NH. The most stable adsorption site of imide is the hollow fcc (n = 3) perpendicular to the
surface. This intermediate is largely stabilized by the surface (E.4=-4.31 eV) for which the Ir—
N bond length is of 2.020 A. It shows that the adsorption energy is negatively correlated with the
distance between N atom and Ir atoms in the surface.

H,. Hydrogen molecules prefer to be physisorbed perpendicularly to the surface, releasing
0.53 eV due to long-range interactions. The result is close to the former theoretical studies
(Eags= -0.46 eV).!! The distance to the surface Ir atoms is 2.578 A for the top site.

H adatoms prefer to adsorb on the fcc sites of the Ir(111) surface. H lies at a distance of
1.900 A to Ir with an adsorption energy of 0.86 €V in comparison to isolated H, molecule. This
results in a stronger adsorption compared with a previous study (E.,= -0.41 eV) as we
considered dispersion corrections. !



6. Vibration modes of transition states

We have obtained the vibrational modes of every imaginary frequency, i.e. along the reaction
direction, and summarised them in Table S3. Nearly all imaginary vibrations of
dehydrogenation are N-H stretching expect NNH*, which is due to N-H bending, and for the
N-N split pathway, which imaginary vibration is along N-N stretching.

Table S3. The imaginary frequency and vibrational mode of transition states in the
decomposition of N,H,

Reaction Imaginary frequency(cm!) Vibrational mode
NoH * N, Hy*+H* 956.9 N-H stretching
NoH;*NNH,*+H* 482.8 N-H stretching
N,H;*«HNNH*+H* 1126.8 N-H stretching
HNNH*< NNH* + H* 1115.8 N-H stretching
NNH,*<NNH* + H* 386.1 N-H stretching
NNH*« Ny* + H* 910.2 N-H bending
N,H *2NH,* 154.3 N-N stretching
N,H;*<NH,*+NH* 356.9 N -N stretching
NNH,*<NH,* + N* 398.7 N -N stretching
NHNH*< 2NH* 549.7 N -N stretching
NNH*«> NH* + N* 571.9 N -N stretching
NoH4* + NH,* <> NoHz* + N-H stretching
335.8
NH;*
N>H;* + NH,* «> HNNH* + N-H stretching
268.3
NH;*
HNNH* + NH,* <> NNH* + N-H stretching
322.9
NH;*
N,H3* + NH,* <> NNH,* 2505 N-H stretching
+NH;3* )
NNH,* + NH,* <> NNH* 654.9 N-H stretching
+NH;* )

NNH* + NH,* <> N,* + NH3* 1291.0 N-H stretching
NH;* < NH,* + H* 1229.5 N-H stretching
NH,* <> NH* + H* 1274.3 N-H stretching

NH* < N* + H* 1154.5 N-H stretching
2NH,* «» NH* + NH;* 124.1 N-H stretching
NH* + NH,* <> N* + NH3* 213.9 N-H stretching
2N* > Ny* 568.3 N-N stretching

2H* & H,* 271.1 H-H stretching




7. Vibration modes of ammonia and hydrazine
Fig. S5 and Fig. S6 show the twelve vibration modes of hydrazine and the six of ammonia.

Our calculation results are in line with experimental research.'3-17

Ity
X 3

809.1 em” 985.6em” 1079.5 em”

e

12548 cm’ 12957 em? 1585.6 em™ 1600.0 cm*

ITIXX

33791 e 33931 em’? 3479.1 em? 3488.1 em’!

Fig. SS Vibrational mode and frequency of the isolate hydrazine molecule
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Fig. S6 Vibrational mode and frequency of the isolate ammonia molecule
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