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We present density functional theory calculations, with a correction for the long-range interactions, of the ad-
sorption of hydrazine (N,H4) on the Ni (110), (100), and (111) surfaces, both defect-free planes and surfaces
containing point defects in the form of adatoms and vacancies. Several low-energy adsorption structures for
hydrazine on the perfect and defective surfaces have been identified and compared. The hydrazine molecule is
shown to interact with the Ni surfaces mainly through the lone-pair of electrons located on the N atoms, forming
either monodentate or bidentate bonds with the surface. The strength of N,H, adsorption on the perfect surfaces
is found to be directly related to their stability, i.e. it adsorbs most strongly onto the least stable (110) surface via
both N atoms in a gauche-bridge configuration (E,qs = —1.43 eV), followed by adsorption on the (100) where it
also binds in gauche-bridge configurations (E,qs = —1.27 eV), and most weakly onto the most stable (111)
surface via one N-Ni bond in a trans-atop configuration (E,gs = —1.18 eV). The creation of defects in the form of
Ni adatoms and vacancies provides lower-coordinated Ni sites, allowing stronger hydrazine adsorption. Analysis
into the bonding nature of N,H, onto the Ni surfaces reveals that the adsorption is characterized by strong
hybridization between the surface Ni d-states and the N p-orbitals, which is corroborated by electron density
accumulation within the newly formed N-Ni bonding regions.

1. Introduction

The adsorption and reaction of hydrazine (N»>H4) on metal surfaces
has attracted significant attention due to its application in the direct
hydrazine fuel cell (DHFC) technology [1,2],. The DHFC technology is a
promising alternative for the hydrogen fuel cell, as hydrazine is much
easier and cheaper to produce and store than hydrogen. To facilitate the
reactions in a fuel cell and produce more electric power from a single
cell, stable solid catalysts made of inexpensive materials are necessary.
Currently, platinum is the most widely used catalyst in various fuel
cells, including for example the proton exchange membrane (PEM) fuel
cells [3], due to its stability in the alkaline environment and remarkable
catalytic performance, but the high cost and scarcity of platinum-based
catalysts severely limit their widespread application in renewable en-
ergy conversion systems. Alternative less expensive (transition) metals
are therefore urgently needed as electrode catalyst materials in order to
make the DHFC technology sustainable. Asazawa et al., have evaluated
and compared the fuel cell performances of alternative anode catalyst
materials to platinum and found that fuel cell performances in the case

of nickel and cobalt are higher than with platinum [4].

Hydrazine adsorption onto the catalyst surface precedes any reac-
tions that take place inside the DHFC, as such, understanding of the
strength and features of adsorption of hydrazine onto the metal surface
is essential for the successful development of direct hydrazine fuel cells
using nickel or other readily available metals as catalyst materials.
Detailed atomic-level information regarding the structures and me-
chanisms of hydrazine adsorption would provide chemical insight into
the reactivity of the catalyst, which could be used in the design of
improved catalysts. The adsorption energy is one of the important
physical quantities that affects the reaction of hydrazine; if the ad-
sorption is energetically favourable, it will lower the activation energy
and increase the reaction rate in the anode according to the Arrhenius
Eq. [5-7]. An improved reaction rate naturally leads to improvement in
the fuel cell power density.

Earlier experimental works have focused mainly on the decom-
position reaction of hydrazine into products such as NHz, NH, N,H,, N»,
H,, N and H [7,8], but the fundamental aspects of the initial adsorption
registries, adsorption energies, and structural parameters of hydrazine
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on Ni surfaces remain unclear. Such information cannot be obtained
directly from experiment and the underlying physical driving forces
that control the reactivity of hydrazine with the Ni surfaces are there-
fore still not fully understood. However, electronic structure calcula-
tions based on the density functional theory (DFT) [9] provide an al-
ternative way to gain fundamental insight into these processes, as they
are capable of accurately predicting lowest-energy adsorption geome-
tries and identifying charge transfer and other electronic effects
[10-12].

Previous DFT calculations of hydrazine adsorption on nickel have
focused on the perfect (111) [13,14] and (100) [9] surfaces, although
real surfaces are never perfect and chemical processes often occur at
defect sites. At the perfect (111) and (100) Ni surfaces, the hydrazine
molecule was found to adsorb on the surface through one of its nitrogen
atoms in its anti-conformation. When hydrazine is co-adsorbed with OH
on the (111) surface, the cis-conformer was shown to be more stable
due to electrostatic interactions between the OH and N,H,4 [14]. In the
present study, we have carried out a comprehensive study using dis-
persion-corrected DFT-D2 calculations to unravel the hydrazine ad-
sorption conformations and properties, not only at the perfect (100),
(110) and (111) nickel surfaces, but also at defective surfaces con-
taining vacancies and Ni adatoms. The fundamental aspects of the ad-
sorption process, including the hydrazine adsorption conformations,
adsorption energies, and structural parameters are presented. Insight
into the nature of the binding of hydrazine to the different surfaces was
determined via analysis of projected density of states and differential
charge density iso-surfaces.

2. Computational details

The electronic structure calculations were carried out within the
plane-wave self-consistent field (PWscf) [10] code in Quantum ESPR-
ESSO [16]. All calculations were spin-polarized and we have used the
generalized gradient approximation (GGA) with the revised Perdew-
Burke Ernzerhof (revPBE) [17-19] exchange-correlation functional to
calculate the total free energies. The core electrons, up to and including
the 3p levels of Ni and the 1s of O, were frozen and their interaction
with the valence electrons was described by the projector augmented
wave (PAW) method [18,19]. The Fermi surface effects were treated by
the smearing technique of Gaussian, with a smearing parameter of 0.01
Ry. An energy threshold defining self-consistency of the electron den-
sity was set to 10~ ®eV and a beta defining mixing factor for self-con-
sistency of 0.2. A kinetic-energy cut-off of 35 Ry and charge density cut-
off of 350 Ry were used for the smooth part of the electronic wave
functions and the augmented electron density, respectively. Brillouin
zone integration was achieved with 7 X 7 X 7 and 3 x 3 x 1 Mon-
khorst-Pack [20] k-point grids (centered at the I' point) for bulk and
surface slab models, respectively. Structural relaxation was carried out
to minimize the energy using the conjugate gradient method of the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [20,21], until
the magnitude of the residual Hellmann-Feynman force on each re-
laxed atom reached 0.01eVA~!. Long-range dispersion forces were
accounted for in our calculations using the Grimme DFT-D2 method
[22], with modification based on sound physical principles to the atom
pairwise semi-empirical dispersion correction, as reported by An-
dersson [23], which is demonstrated to provide an accurate description
of metallic systems. In the modified DFT-D2 scheme, a hard cut-off of
12 Bohr for the London dispersion was introduced to simulate the
screening of the valence electrons, and the Cg coefficient and dispersion
radii for any transition metal are replaced with that of noble gases in
the row above the relevant metal in the periodic table.

From a full geometry optimization, the equilibrium lattice para-
meter for Ni was predicted at 3.515 A, which compares well with the
experimental value of 3.522 A [24] and an earlier reported theoretical
value of 3.522 A [25]. The computed cohesive and bulk moduli of
4.67 eV and 190.0 GPa also agree well with experimental values of
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(a) Gauche (b) Trans

(b) Eclipsed

Fig. 1. Representation of the N,H, conformations, (a) gauche, (b) trans, and (c)
eclipsed.

4.45eV and 181.3 GPa, respectively. The different Ni surfaces were
modelled using a periodic slab model, with the surfaces created using
the METADISE code [26], which generates different atomic layer
stackings resulting in a zero dipole moment perpendicular to the sur-
face plane, as is required for reliable and realistic surface calculations.
The slabs were constructed with six (6) atomic layers and a vacuum
spacing of 20 A was introduced in the z-direction to avoid interactions
between periodic slabs. The relative stabilities of the nickel metal sur-
faces were determined according to their relaxed surface energy (y,),
calculated as:

relaxed
Eslab - 1'lEbulk

%= A

(€8]

where Eg,p, % is the energy of the relaxed slab, nEy,y is the energy of

an equal number (n) of bulk Ni atoms, A is the area of the slab surface
and the factor of 2 reflects the fact that there are two surfaces for each
slab, which have identical atomic ordering at the bottom and top layers
[19,27].

The three major conformations of N,H, in the gas phase, gauche,
trans and eclipse (Fig. 1), were optimized prior to adsorption in a cubic
box of size 10 A. The gauche conformation of the molecule was pre-
dicted to be the most stable, followed by the trans and eclipse con-
formations, which, respectively, were 0.12eV and 0.34 eV higher in
energy, as shown in Table 1. The gauche and trans conformations were
therefore chosen as hydrazine starting conformations for the combi-
natorial and systematic investigation of the adsorption of the molecule
at the perfect nickel (100), (110) and (111) surfaces, as well as the
defective surfaces containing vacancies and Ni adatoms. The hydrazine
adsorption calculations were carried out on surface slabs constructed
from (2 X 2) unit cells of the (100), (110) and (111) surfaces. These
simulation supercells are large enough to minimize the lateral inter-
actions between the hydrazine molecules in neighbouring image cells.
Structural optimizations of the Ni-hydrazine systems were carried out
without any symmetry constraint and, in particular, the hydrazine
molecule was free to move away laterally and vertically from the initial
binding site or reorient itself to find the minimum energy adsorption
structure. All atoms of the hydrazine molecule and the topmost five
atomic layers of the surface slabs were allowed to relax unconstrainedly
until residual forces on all atoms reached 0.01eVA~'. The bottom
three layers were kept fixed at their equilibrium bulk value. To char-
acterize the strength of NoH, adsorption and to determine whether or
not successful adsorption had occurred on each surface, we have cal-
culated the energies of adsorption (E.q4s) as follows:

(2)

Eys = slab+NaHy — (Eslab + Emol)

Table 1
Energetics and characteristics of hydrazine in three different conformations in
the gas phase.

Conformation Relative energy/eV N-N  N-H  Dihedral NHN NNH
A A 6,/ ¢ ¢
Gauche 0.00 1.448 1.026 88.9 107.1 111.7
Trans +0.118 1.498 1.026 171.1/82.3 1025 103.3
Eclipsed +0.336 1.498 1.026 2.0 103.8 109.6
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Defect
Perfect Adatom Defect Vacancy Defect
(al) (a2) 4fold hollow (a3)
(100)
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AP 4P . ¢
P -dP-4p-
(c2) fcc hollow
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Fig. 2. Side view of the structures of the perfect and defect (adatom and vacancy) surfaces of Ni (100), (110) and (111). Ni atoms shown as gold, Ni adatom shown in

teal, and Ni atoms around Ni vacancy shown in paler gold.

According to the above definition, a negative value indicates an
exothermic and favourable adsorption process, whereas a positive value
corresponds to an unfavourable endothermic process.

3. Results and discussions
3.1. Surface properties

The perfect low Miller index Ni (100), (110) and (111) surfaces, as
shown in Fig. 2, were created from the fully optimized bulk face-
centred cubic (FCC) Ni metal in order to eliminate the presence of
spurious forces during surface relaxation. The (111) surface was pre-
dicted to be the thermodynamically most stable facet with a relaxed
surface energy of 1.56 Jm™2, in agreement with earlier theoretical
predictions of Zhang et al. [28], Mittendorfer et al. [29], Vitos et al.
[30] and Hong et al. [31], who reported values of 1.95, 1.93, 2.01 and
2.02Jm™2, respectively. The (100) and (110) surfaces have predicted
surface energies of 2.41 and 2.42 Jm 2, respectively, both of which are
also in close agreement with earlier theoretical predictions. Mitten-
dorfer et al.'s calculations [29] using PW91 [17] gave values for the Ni
(100) and (110) surfaces of 2.19 and 2.25Jm 2, respectively, while a
full charge density LMTO calculation by Vitos et al. [30] obtained 2.43
and 2.37 Jm ™2, respectively. Despite small differences in our calculated
surface energies compared to those of earlier theoretical investigations,
the predicted stability order of y(111) < y(100) < y(110) is con-
sistent with Zhang et al.'s [28], Mittendorfer et al.'s [29] and Hong
et al.'s [31] GGA calculations.

Considering that experimental surfaces are not generally perfect, we
have also created two kinds of defects (adatoms and vacancies) on each
surface. Adatom point defects were investigated by adding one Ni atom
on one side of each slab at various surface sites, including top, bridge, 4-
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fold and 3-fold sites, whereas vacancy defects were created by re-
moving one Ni atom from one side of each slab at various surface sites
(see Fig. 2). To determine which point defect is energetically more fa-
vourable and most likely to be formed at the Ni surfaces, we have
calculated the adatom and vacancy formation energies as reported in
Table 2. It can be seen from the calculated formation energies that the
preferred adsorption location for the added Ni atoms on the (100) and
(110) surfaces is at the 4-fold hollow site, whereas on the (111) surface
it is at the 3-fold hollow site. The Ni adatom formation energies at the
(100), (110) and (111) surfaces were calculated at 0.71, 0.52 and
0.73 eV, respectively. Vacancy defect formation is found to be favoured
most on the Ni(110) surface with an energy of 0.39 eV, compared to the
Ni(100) and Ni(111) surfaces, which have vacancy formation energies

Table 2
Defect formation (Ef) and surface (y) energies of perfect Ni (100), (110) and
(111) surfaces.

Surface (site) Formation energy, E, eV Surface energy, y Jm~2)

(100) (110) (111) (100) (110) (111)
Perfect - - - 241 242 1.56
Adatom atop 1.91 2.59 1.38 3.03  3.02 2.64
Adatom bridge 1.37 1.82 (s- 0.85 2.85 2.84 (s- 2.46
bridge) bridge)
0.81 (I- 2.61 (I-
bridge) bridge)
Adatom hollow 0.71 0.52 0.73 2.64 254 2.42
(fce) (fcc)
0.73 2.42
(hep) (hep)
Vacancy 0.57 0.39 0.70 259 251 2.41
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(a) gauche-bridge (b) trans-atop (c) gaucheatop
1.47 A

21
E,us=-1.42eV

1.48

E,us=-1.10eV

Fig. 3. Lowest-energy NyH, adsorption configurations on perfect Ni(110) surface (Ni = gold, N = blue, H = white).

of 0.57 and 0.70 eV, respectively.

Considering the surface structures with the lowest adatom forma-
tion energies, the surface energies of the (100), (110) and (111) adatom
surfaces were calculated at 2.64, 2.54 and 2.42 Jm ™2, respectively. The
surface energies of the (100), (110) and (111) surfaces containing va-
cancy defects were calculated at 2.59, 2.51 and 2.41 Jm ™2 respec-
tively. It is worth noting that the surface energies of the defective
surfaces are higher than those of the perfect surfaces, which suggests
that the creation of adatoms and vacancy point defects on the (100),
(110) and (111) Ni surfaces have a destabilizing effect on the surfaces,
due the presence of a low-coordinated sites. However, the surface en-
ergies of the defective and perfect surfaces are close enough that we
may expect these surface defects to occur under experimental condi-
tions.

3.2. Adsorption of N,H, on the perfect and defective Ni (110) surfaces

A number of adsorbed hydrazine configurations were explored at
high symmetry sites on the perfect Ni (110) surface in order to de-
termine the lowest-energy adsorption structures. Shown in Fig. 3 are
the three lowest-energy adsorption configurations obtained on the
perfect Ni(110) with the structural and energetic details listed in
Table 3. The preferred adsorption configuration is calculated to be the
gauche-bridge complex (Fig. 3a) in which N,H4 binds through both
nitrogen atoms to the surface with Ni-N distances of 2.039 A and
2.042A. The adsorption energy of this structure is calculated at
—1.43 eV, with the N-N bond distance and dihedral angle calculated at
1.466 A and 69.8°, respectively, as shown in Table 3. The gauche-bridge
configuration is found to be 0.12 eV and 0.32 eV more stable, respec-
tively, than the trans-atop (Fig. 3b) and gauche-atop (Fig. 3c) config-
urations, where the N,H,4 binds through only one nitrogen atom to the
surface with Ni-N distances of 2.039 A and 2.042 A, respectively. The
N-N bond distance and the dihedral angle were calculated at 1.480 A
and 177.5° for the trans-atop configuration and 1.462 A and 101.4° for
the gauche-atop configuration.

On the Ni/Ni(110) surface, with a Ni adatom located at the pre-
ferred 4-fold hollow site, we have investigated the adsorption of NoHy

near the adatom site in a number of different starting configurations, as
on the perfect Ni(110) surface. Displayed in Fig. 3 are the lowest-energy
N,H, adsorption structures at the Ni/Ni(110) surface. The most stable
adsorption is calculated for the gauche-bridge-surf structure (Fig. 4a),
which released an adsorption energy of 1.40 eV/N,H,. In the lowest-
energy gauche-bridge-surf structure, N,H, binds through both nitrogen
atoms to surface Ni sites at Ni-N distances of 2.046 A and 2.040 A. The
N-N bond distance and torsion angle were calculated to be 1.463 A and
62.2°, respectively. The adsorption energies of the other stable nickel-
hydrazine structures are calculated at —1.34eV for the trans-atop-
adatom, —1.27eV for the gauche-bridge-adatom, —1.31eV for the
gauche-atop-adatom, and —1.00eV for the gauche-atop-surf config-
urations, respectively, as shown in Fig. 4 and Table 3.

The vacancy defect on the Ni(110) surface allows for three low-
energy nickel-hydrazine adsorption configurations, i.e. the gauche-
bridge, trans-atop and gauche-bridge, as shown in Fig. 5. The gauche-
bridge and the trans-atop configurations result in very similar adsorp-
tion energies calculated at —1.43eV and -1.42 eV, differing by only
0.01 eV. The gauche-bridge configuration is predicted to be 0.11 eV
more stable than the gauche-atop configuration, which binds via only
one nitrogen atom to a surface Ni near the vacancy site. The lowest-
energy gauche-bridge N,H, adsorption structure predicted at the (110)
surface with vacancy sites is almost equivalent to the one obtained at
the perfect (110) surface and the adsorption energies are nearly the
same. Based on the calculated adsorption energies, it can be concluded
that N,H, will preferentially adsorb in a bridging mode at the Ni(110)
surface irrespective of the nature of the surface, perfect or defective.

3.3. Adsorption of N,H, on the perfect and defective Ni(100) surfaces

As with the Ni(110) surface, we have explored different starting
configurations of NoHy4 at high symmetry sites on the Ni(100) surface in
order to determine lowest-energy adsorption configurations, as shown
in Fig. 6. The most stable NoH, adsorption configuration on the perfect
Ni(100) surface is calculated to be gauche-bridge configuration (Fig. 6a)
with an adsorption energy of —1.27 eV (Table 4). In this configuration,
the N,H, molecule adsorbs on the surface in a bridging mode through

Table 3
Adsorption energies and geometries of NoH,4 adsorbed on perfect, ad-atom and vacancy defect Ni (110) surface.
Surface Configuration E.q/eV Eoas PV N-N/(A) N1-Ni/(A) N2-Ni/(A) Ni-Have/(A) Dihedral, 6/° Inclination Ang/®
Perfect Gauche-bridge —1.43 —-0.49 1.466 2.039 2.042 1.030 69.8 102.8/102.0
Trans-atop —-1.29 —0.47 1.480 2.019 - 1.031 177.5/71.9 115.1
Gauche-atop -1.10 —0.43 1.462 - 2.019 1.030 101.4 116.3
Adatom Gauche-bridge-Surf -1.39 —0.54 1.463 2.046 2.040 1.031 62.2 101.7/101.4
Trans-atop-adatom —1.34 —0.23 1.492 - 1.960 1.028 176.9/70.1 116.2
Eclipse-ridge-adatom —-1.28 —0.45 1.506 2.019 2.020 1.029 12.7 106.7/101.6
Gauche-atop-adatom —-1.21 —-0.28 1.473 - 1.984 1.027 109.9 114.2
Gauche-atop-surf —-0.98 —-0.52 1.456 - 2.034 1.028 91.0 121.5
Vacancy Gauche-bridge —1.43 —0.466 1.469 2.045 2.032 1.031 59.6 102.7/102.60
Trans-atop —1.42 —0.459 1.480 - 2.007 1.030 165.0/88.5 117.7
Gauche-atop —-1.34 —0.42 1.459 - 2.037 1.032 84.2 116.6
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(a) gauche-bridge-surf

(b) trans-atop-adatom
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(c) eclipse-bridge-adatom

E,s =-1.40 eV

(d) gauche-atop-adatom

Eads =-1.34eV

Eads =-1.27eV

(e) gauche-atop-surf

E,s=-1.21€V

E,qs = -1.00eV

Fig. 4. Lowest-energy N,H, adsorption configurations on ad-atom Ni/Ni(110) surface (Ni = gold, Ni adatom = teal, N = blue, H = white).

both nitrogen atoms, interacting with surface Ni atoms at an average
Ni—N distance of 2.037 A. The N—N bond length and the dihedral angle
were calculated at 1.467 A and 104.2°, respectively. The trans-atop
N,oH, configuration released an adsorption energy of 1.24 eV, which is
0.03 eV less favourable than the most stable gauche-bridge configura-
tion. In the trans-atop configuration, the hydrazine molecule adsorbs
through one nitrogen atom at a Ni—N bond distance of 1.995 A and the
N—N bond distance and the dihedral angle were calculated at 1.476 A
and 178.1°, respectively. Compared to the most stable gauche-bridge
configuration calculated in the present work, Agusta et al. predicted an
anti-conformation [13-15]. The difference in the two results can be
attributed to the absence in the work by Agusta et al. to account for
dispersion forces, which inclusion has only been fairly recently added to
DFT capabilities. However, dispersion forces contribute to the overall
binding energy and thus play an important role in the accurate pre-
diction of the lowest-energy adsorption configurations of molecules on
surfaces and.

On the Ni(100) surface with the Ni adatom preferentially located at
the 4-fold hollow site, five low-energy N,H,4 adsorption configurations
were identified namely the trans-atop-surf, trans-atop-adatom, gauche-
bridge-adatom, gauche-atop-adatom and gauche-bridge-surf, as shown

(a) gauche-bridge-surf

(b) tans-atop-surf

in Fig. 7. Among these configurations, the trans-atop-surf (Fig. 7a) is
calculated as the thermodynamically most stable configuration with an
adsorption energy of —1.30eV. In this configuration, the NoH, binds
onto the surface through one N—Ni bond (2.000 10\) with the N—N bond
calculated at 1.472 A (Table 4). The other stable configurations released
similar adsorption energies, calculated at 1.17eV for trans-atop-
adatom, 1.14eV for gauche-bridge-adatom, 1.01 eV for gauche-atop-
adatom, and 1.00 eV for the gauche-bridge-surf configuration (Fig. 7).
In the trans-atop-adatom and gauche-atop-adatom configurations, the
N,H,4 molecule binds at the Ni adatom site via one N—Ni bond calcu-
lated at 1.960 A and 2.000 A, respectively. In the gauche-bridge-adatom
configuration (Fig. 7c), one of the N atoms interacts with the Ni adatom
(N-Niagatom = 2.053 A), whereas the other N atom interacts with a
surface Ni site (N-Nig,s = 2.055 A). In the gauche-bridge-surf config-
uration the N,H, adsorbs near the Ni adatom with both N atoms in-
teracting with the surface Ni sites (N-Ni = 2.129, 2.009 [D\).

The adsorption of NyH,4 on the Ni(100) surface with a Ni vacancy
defect results in three low-energy hydrazine-nickel configurations, i.e.
gauche-bridge-near-vac, trans-atop and gauche-bridge-surf, as shown in
Fig. 8. The gauche-bridging configuration (Fig. 8a) was calculated as
the preferred hydrazine-nickel configuration with an adsorption energy

(c) gauche-atop-surf

1.47

2.05

s |

Eads=-1.43eV

E,i=-1.42eV

1.48

E,i=-1.34eV

Fig. 5. Lowest-energy N,H, adsorption configurations on vacancy defect Ni(110) surface (Ni = gold, N = blue, H = white).
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(b) trans-atop

OX

a NN N\ Wi s

NB %

1.48

- . . . \v :
YXIDLDr ey
é\ééx e
E,. =-1.24eV

Fig. 6. Lowest-energy N,H, adsorption configurations on perfect Ni(100) surface (Ni = gold, N = blue, H = white).

of —1.66eV. Besides being the most stable configuration on the va-
cancy defect surface, it is also the thermodynamically preferred struc-
ture overall on the Ni(100) surface, considering both the perfect and
defective surfaces. In the lowest-energy gauche-bridging configuration,
the N,H4 molecule binds through both N atoms at Ni atoms near the
vacancy site, at Ni—N bond distances of 2.168 A and 2.088 A. The N—N
bond is calculated at 1.476 10\, whereas the dihedral and inclination
angles were 70.5°. The trans-atop (Fig. 8b) and gauche-surf-bridge
(Fig. 8c) configurations released adsorption energies of 1.34 and
1.17 eV, respectively. The structural parameters of the adsorbed N,H,
and interatomic bond distances are summarized in Table 4.

3.4. Adsorption of N,H, on the perfect and defective Ni(111) surfaces

The perfect Ni(111) surface is the thermodynamically most stable
surface among the low-Miller index facets of FCC nickel. Three stable
adsorption configurations of N,H, were calculated on the perfect Ni
(111): trans-atop, eclipse-bridge and gauche-atop, as shown in Fig. 9.
The trans-atop configuration (Fig. 9a) was the most stable configuration
with an adsorption energy of —1.18eV. The interacting Ni—N bond
distance was calculated at 2.022 A and the N—N bond converged at
1.475 A, with the dihedral and inclination angles predicted to be 180.0°
and 145.4°, respectively (Table 5). The eclipse-bridge and gauche-atop
configurations released very similar adsorption energies of —1.10 eV
and —1.09 eV, respectively. In the eclipse-bridge configuration, the
NoH, binds through both N atoms at N-Ni distances of 2.075 and
2.060 A, whereas it binds via just one N atom in the gauche-atop con-
figuration at a N-Ni distance of 2.049 A.

At the Ni/Ni(111) surface with a Ni adatom adsorbed at the hcp or
fcc site, six low-energy nickel-hydrazine configurations were de-
termined, as shown in Fig. 10. The gauche-bridge-adatom configuration
(Fig. 10a) was calculated to be the preferred adsorption configuration
releasing an adsorption energy of 1.56eV. In this configuration, the

Table 4

hydrazine molecule binds in a bridging mode with one of its nitrogen
atoms interacting with the Ni adatom (N-Niagatom = 2.035 A) and the
other with a surface Ni site (N-Nig, s = 2.075 .7\). The calculated N—N
bond is 1.475A, whereas the dihedral and inclination angles were
calculated at 71.2° and 112.9°, respectively. The other stable adsorption
configurations released adsorption energies of 1.44, 1.29, 1.27, 1.08,
and 0.98eV, respectively, for the gauche-atop-surf, gauche-atop-
adatom, trans-atop-adatom, trans-atop-surf and eclipse-bridge-surf
configurations, as shown in Fig. 10 and Table 5. On the Ni(111) surface
with one Ni vacancy site, three low-energy nickel-hydrazine structures
were found, i.e. the gauche-bridge, trans-atop and the gauche-atop
configurations (Fig. 11), which released adsorption energies of 1.06,
0.89, and 0.82 eV, respectively. In the most stable gauche-bridge con-
figuration, the N,H, molecule binds through both N atoms to Ni atoms
near the vacancy site with the Ni—N bond distances calculated at
2.066 A and 2.028 A. The N—N bond distance converged at 1.466 A,
whereas the dihedral and inclination angles were obtained at 56.3° and
99.6°. In the trans-atop and the gauche-atop configurations, NoH, binds
to Ni atoms through only one N atom at Ni—N bond distances of 2.014 A
and 2.034 A, respectively. The closest H-surface interatomic bond dis-
tances were calculated at 1.031 A for both gauche-bridge and trans-atop
configuration, and at 1.028 A for the gauche-atop configuration.

3.5. Electronic structure

To gain insight into the nature of the interaction and electronic
structure of the systems of adsorbed hydrazine on the Low-Miller index
Ni (100), (110) and (111) surfaces, the projected density of states
(PDOS) and the differential charge density (Ap) iso-surfaces of the most
stable NoHy4-surface configurations at the different surfaces were de-
termined (Figs. 12 —14). The PDOS plots reveal hybridization between
the surface Ni d-states and the N p-orbitals, which is consistent with the
observed chemisorptive character of N,H, on the different Ni surfaces

Adsorption energies and geometries of NoH,4 on perfect, ad-atom and vacancy defect Ni (100).

Surface Configuration E.a/eV Eaas ™" N-N/(A) N1-Ni/(A) N2-Ni/(A) Ni-Have/(A) dihedral/6 Inclination Ang/°
Perfect Gauche-bridge -1.27 -0.57 1.467 2.036 2.038 1.031 104.2/104.6 104.6/105.1
trans-atop —1.24 —0.52 1.476 - 1.995 1.030 178.1/75.4 118.8
Adatom Trans-atop-surf -1.32 —0.60 1.472 - 2.000 1.032 179.6/73.5 119.0
Trans-adatom-atop -1.17 -0.57 1.490 - 1.960 1.029 176.9/75.9 112.4
Gauche-bridge-adatom -1.14 —0.46 1.470 2.055 2.053 1.031 58.7 104.5/97.3
Gauche-atop-adatom -1.02 -0.16 1.473 - 2.00 1.026 111.2 115.8
Gauche-bridge-surf —1.00 —-0.64 1.461 2.129 2.009 1.032 49.8 102.7
Vacancy Gauche-bridge-vac —1.66 -0.73 1.476 2.168 2.088 70.5 108.9/118.5
trans-atop —-1.34 —0.52 1.475 - 2.007 1.031 171.2/63.2 120.3
Gauche-bridge-surf -1.17 —-0.48 1.470 2.041 2.037 1.030 48.4 106.5/104.3
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(a) trans-atop-surf (b) trans-atop-adatom ?)_gauche-bridge-adatom
. N

) 147

1.48

TS TS T

e " “— OO
Eq4s=-1.30eV Eags =117 eV E,g=-1.14 eV

(d) gauche-atop-adatom (e) gauche-bridge-surf
( 147 N ([

ZI\,

. . .
— o P\ 20 270\ 4

E,gs = -1.01 eV E,gs = -1.00 eV

Fig. 7. Lowest-energy N,H, adsorption configurations on ad-atom Ni/Ni(100) surface (Ni = gold, Ni adatom = teal, N = blue, H = white).

(a) gauche-bridge-near-Vac (b) trans-atop (c) gauche-bridge-surf

1.48

-/

PRDKDE

E,q = -1.66 eV Eos=-1.34eV E,s=-1.17eV

Fig. 8. Lowest-energy N,H, adsorption configurations on vacancy defect Ni(100) surface (Ni = gold, N = blue, H = white).

(a) trans-atop (b) eclipse-bridge (c) gauche-atop
" 4

.._/

E,s=-1.10eV E,s=-1.10eV

E = -1.18 eV

Fig. 9. Lowest-energy N,H, adsorption configurations on perfect Ni(111) surface (Ni = gold, N = blue, H = white).

perfect (110) and (100) surfaces are shown by the identical electronic
structure of the N p-orbitals. However, in the configurations in which
only one of the N atoms interacts with the surface, we observe a shift to
lower energies or a decrease in the DOS intensity for the nitrogen atom

studied. We also found that depending on the binding mode of N,H,4 on
the Ni surface, i.e. either through a single or both nitrogen atoms, the N
p-orbitals remain identical or become different upon adsorption. In
Figs. 12a and 13a, the symmetry of the bridging configurations on the
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Table 5

Adsorption energies and geometries of NoH, on perfect, ad-atom and vacancy defect Ni (111) surface.

Applied Surface Science 480 (2019) 1014-1024

Surface Configuration Eaa/eV Eaas™™W N-N/ (&) N1-Ni/ (A) N2-Ni/ (&) Ni-Have/ (A) dihedral/6 Inclination Ang/°
Perfect Trans-atop -1.18 -0.579 1.475 - 2.022 1.030 180.0/68.9 145.4
Eclipse-bridge -1.10 —0.590 1.476 2.060 2.075 1.029 35.2 103.6/104.5
Gauche-atop -1.09 —0.520 1.460 - 2.049 1.027 100.6 118.3
Adatom Gauche-bridge-adatom —1.56 —-0.58 1.475 2.035 2.075 1.031 71.2 112.9/108.3
Gauche-atop-surf —1.44 —0.53 1.448 - 2.052 1.024 76.5 115.6
Gauche-atop-adatom -1.29 -0.17 1.471 - 2.009 1.027 104.4 115.1
Trans-atop-adatom -1.27 -0.17 1.493 - 1.973 1.028 172.8/79.1 120.6
Trans-surf-atop —1.08 —-0.62 1.474 - 2.019 1.032 179.1/74.2 117.7
Eclipse-surf-bridge —-0.98 —-0.67 1.482 2.042 2.034 1.032 17.9 104.6/104.5
Vacancy Gauche-bridge —-1.06 —-0.529 1.466 2.066 2.028 1.031 56.3 99.6/104.0
Trans-atop -0.89 —0.560 1.476 - 2.014 1.031 175.1/78.1 118.5
Gauche-atop —-0.82 —0.546 1.463 - 2.034 1.028 106.5 116.6

(a) gauche-bridge-adatom (b) gauche-atop-surf

(c) gauche-atop-adatom

O 1.47

ads = =1.56 eV

(d) trans-atop-adatom

RS

E,q4 = -0.98 eV

Fig. 10. Lowest-energy N,H, adsorption configurations on ad-atom Ni/Ni(111) surface (Ni = gold, Ni adatom = teal, N = blue, H = white).

(a) gauche-bridge

(b) trans-atop (c) gauche-atop

E, =-0.89eV E, =-0.82eV

Eyqs = -1.06 eV

Fig. 11. Lowest-energy N,H, adsorption configurations on vacancy defect Ni(111) surface (Ni = gold, N = blue, H = white).

closer to the surface.

The differential charge densities were obtained by subtracting from
the charge density of the total NoH,-surface systems the sum of the
charge densities of the adsorbate N,H, molecule and the Ni surface,

with the atomic positions of the Ni surface and of the N,H, molecule
kept the same as those of the total N H,-surface systems. In this way,
the presentation highlights the local electron density rearrangement
and bond formation in the NyH,-surface systems. An analysis of the
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Fig. 12. Projected density of states (top) and corresponding iso-surface of differential charge density (below) of most stable N>H, adsorption configurations on Ni

Applied Surface Science 480 (2019) 1014-1024
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Table 6
Bader population analysis of adsorbed hydrazine on the different Ni surfaces.
The atomic charges of gas-phase hydrazine are also reported.

Surface State N1 N2 H1 H2 H3 H4 Total
Gas-phase —-0.81 -0.78 042 041 037 0.39 0.00
Ni(110)  Perfect -088 —-085 046 050 043 0.43 0.09
Adatom -0.88 —-0.82 0.47 0.40 047 045 0.09
Vacancy -0.86 —0.80 0.46 042 042 042 0.06
Ni(100) Perfect —-0.82 —-0.85 0.43 0.43 0.43 0.46 0.08
Adatom -085 —-0.84 0.48 0.43 043 042 0.07
Vacancy -0.84 —-0.83 045 042 040 045 0.05
Ni(111) Perfect —-0.86 —-0.75 0.43 0.46 0.39 0.41 0.08
Adatom -085 —-0.81 0.47 042 037 045 0.05
Vacancy -085 —-0.86 046 043 043 0.47 0.08

differential charge density isosurface contours (inserts in Figs. 12—14)
reveal electron density accumulation within the N-Ni bonding regions,
which is consistent with observed hybridization between the surface Ni
d-states and the N p-orbitals. We also see electron density accumulation
between the hydrogen and surface Ni atoms, indicative of hydrogen-
bonded interactions, which contribute to the stabilization of the N,H,
molecules. Charge transfer between the surface and the adsorbing hy-
drazine was characterized using the space partitioning scheme of the
Bader analysis (Table 6). From the calculated Bader charges, it is evi-
dent that N atoms gain charge from the interacting Ni ions resulting in
their increased negative charges. However, the increase in the positive
charges of the H atoms suggests that there is a back-donation of charges
from the hydrogen atom to the surfaces. The resulting net positive
charge calculated for the hydrazine molecule in all the Ni-hydrazine
adsorption systems, suggests that the adsorption process is character-
ized overall by a net charge transfer from the hydrazine to the Ni sur-
faces. However, we have not identified any trend between the amount
of charge transferred and the calculated adsorption energies of NoH, at
the different Ni surfaces, suggesting that the variation in strength of
N,H, binding may be an effect of the coordination of the interacting
surface Ni atoms, which also dictates the N—Ni bond distances.

4. Conclusion

We have employed first-principles DFT-based calculations with
long-range interaction corrections in a systematic study of the adsorp-
tion of NoH, on the perfect Ni (110), (100), and (111) surfaces, as well
as the same surfaces containing two types of point defects, i.e. Ni
adatoms and vacancies). The hydrazine molecule is shown to interact
with the Ni surfaces mainly through the lone-pair of electrons located
on the N atoms, forming either monodentate or bidentate bonds with
the surface. The strength of N,H, adsorption on the perfect surfaces is
found to be related to their stability with the energy released upon
adsorption decreasing in the order (110) > (100) > (111). Hydrazine
adsorbs most strongly onto the least stable (110) surface via both N
atoms in a gauche-bridge configurations and most weakly onto the most
stable (111) surface via one N-Ni bond. The creation of defects in the
form of Ni adatoms and vacancies provides lower-coordinated Ni sites,
allowing stronger hydrazine adsorption. The preferred adsorption
configuration of N»H4 on any of the perfect and defective surfaces is
obtained when the hydrazine molecule bridges two surface Ni atoms
through both N atoms, except on the perfect (110) and adatom (100)
surfaces, where a structure with only one N on a top site is preferred,
with the hydrazine in trans-atop conformations. Analysis into the
bonding nature of NyH, onto the Ni surfaces reveals that the adsorption
is characterized by strong hybridization between the surface Ni d-states
and the N p-orbitals, which is corroborated by electron density accu-
mulation within the newly formed N-Ni bonding regions.
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