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Density functional theory was used to study the NH3 behavior on Ni monolayer covered
Pt(111) and WC(001). The electronic structure of the surfaces, and the adsorption and
decomposition of NH3 were calculated and compared. Ni atoms in the monolayer behave
diﬀerent from that in Ni(111). More dz2 electrons of Ni in monolayer covered systems were
shifted to other regions compared to Ni(111), charge density depletion on this orbital is
crucial to NH3 adsorption. NH3 binds more stable on Ni/Pt(111) and Ni/WC(001) than
on Ni(111), the energy barriers of the ﬁrst N−H bond scission were evidently lower on
Ni/Pt(111) and Ni/WC(001) than on Ni(111), these are signiﬁcant to NH3 decomposition.
N recombination is the rate-limiting step, high reaction barrier implies that N2 is produced
only at high temperatures. Although WC has similar properties to Pt, diﬀerences of the
electronic structure and catalytic activities are observed for Ni/Pt(111) and Ni/WC(001), the
energy barrier for the rate-determined step increases on Ni/WC(001) instead of decreasing
on Ni/Pt(111) when compared to Ni(111). To design cheaper and better catalysts, reducing
the N recombination barrier by modifying Ni/WC(001) is a critical question to be solved.
Key words: Ni monolayer, Electronic structure, NH3 decomposition, Density functional
theory

Ni-based catalysts are regarded as the most attractive
candidates for NH3 decomposition [4]. Experimental
studies of NH3 decomposition have been performed on
Ni(110) [15, 16], Ni(111) [17], Ni ﬁlms [18], and various nono-sized Ni particles [10]. The results suggest
that NH3 decomposition over Ni-based catalysts is a
structure-sensitive reaction. Theoretical calculations
indicate that the ﬁrst dehydrogenation step is easy on
the stepped Ni(211) surface [19, 20], but the N recombination is rather diﬃcult thermodynamically owing to
the high energy barrier [20]. On Ni(110) surface, the
desorption is rather competitive with the decomposition of NH3 since the desorption energy is calculated to
be the same as the reaction barrier of ﬁrst N−H bond
scission in NH3 [21]. The close-packed Ni(111) surface
is less active than Ni(110), the energy barrier to cleave
the ﬁrst N−H bond is 0.23−0.26 eV higher than the
binding energy of NH3 , implying that the NH3 molecule
would rather desorb than dissociate on this surface, but
the N recombination barrier is evidently lower than on
Ni(211) surface [19, 22]. To increase the binding energy
of NH3 as well as to decrease the energy barriers for the
ﬁrst dehydrogenation step and N recombination reaction is the important question to be solved. Recently,
a series of monolayer bimetallic catalysts, consisting of
a monolayer of an admetal in the top layers of a host
metal, have been proposed and tested for NH3 decompositions [13], of which the Ni/Pt(111) and Fe/Pt(111),
a Ni or Fe monolayer on top of the Pt(111) surface, were

I. INTRODUCTION

NH3 is a compound of great importance.
Its
toxicity can cause environmental pollution, but the
high hydrogen storage capacity (17.7wt%) and energy density (3000 Wh/kg) make it to be used as
an excellent and COx -free hydrogen provider [1−3].
Due to the drive for better environmental protection and energy conversion eﬃciency, the catalytic
performance and surface behavior of NH3 have received considerable attention [4−6]. A fundamental
understanding of catalysts and decomposition mechanism of NH3 has become very important. Diﬀerent types of catalysts, including transition metals, alloys, compound of noble metals, oxide and carbon supported metals, have been tested for NH3 decomposition
[4−19]. The sequences of NH3 decomposition activities, Ru>Ni>Rh>Co>Ir>Fe>>Pt>Cr>Pd>Cu>>Te
and Ru>Ir>Rh>Ni>Fe, were reported in literature [4,
9]. In general, the Ru-based catalysts are believed to
be the most active for NH3 decomposition. However,
Ru is very expensive and has a limited availability,
which prohibits its wide applications in industry [14].
In the past two decades, great eﬀorts have been made
to develop some cheap alternative catalysts [13]. The
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predicted theoretically and veriﬁed experimentally to be
active for NH3 decomposition, but the Pt(111) tuning
eﬀect to the Ni or Fe monolayer and the decomposition
mechanism on these surface are not reported. In addition, a following studies of Fe/Pt(111) system revealed
that the inhibition of NH3 decomposition reaction due
to the strong bonding between Fe and N may still be a
challenge [23].
Since Ni is inexpensive and WC has similar properties
to Pt-group metals [24, 25], one can expect that adding
a monolayer of Ni on top of WC substrate may result in
a catalyst with activity similar to the Ni/Pt(111) surface. In addition, acting as a diﬀusion barrier for the Ni
adatoms, the WC substrate can prevent the thermallyinduced diﬀusion of Ni [26]. Moreover, an active monolayer Ni catalyst supported on WC instead of Pt or Ru
would lead to considerable cost savings. However, when
a Ni monolayer was supported on Pt and WC substrate,
how the electronic states are modiﬁed by the supporters and the adsorption and decomposition behavior of
NH3 on these surfaces remain to be uncovered. In this
work, we ﬁrst discuss the electronic structure of the Ni
monolayer on Pt(111) and WC(001) and then report
the adsorption and decomposition mechanism of NH3
on Ni monolayer covered surfaces.
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bimetallic surface Ni/Pt(111). For Ni/WC(001), calculations were performed using a W terminated (001)
surface (six layers of alternating W and C atoms) with
Ni atoms on the hcp sites which were tested to be the
most stable structure (the mean adsorption energies
of Ni on WC(001) were −1.82, −2.53, and −2.69 eV
on top, fcc, and hcp sites respectively, the bridge site
was unstable and transformed into the hcp structure
when optimized). All the calculations were performed
within a 2×2 supercell with the vacuum thickness of
15 Å. For the adsorption and decomposition of NH3 on
Ni/Pt(111) and Ni/WC(001), one molecule adsorbed on
one side, yielding a 1/4 ML coverage. The numerical
integration over the Brillouin zone was calculated using the Monkhorst-Pack method and a 5×5×1 k-point
mesh [34], which is tested to be accurate enough in
our calculations (see Table S1 in supplementary materials). Transition states were identiﬁed using the Lanczos
method [35]. Vibration frequency under the harmonic
approximation is calculated upon perturbing the atoms
by ±0.03 Å to verify the energy minimum or transition
states. Zero-point energy corrections are included in the
energy calculations. No spin polarization considered in
this work since its inﬂuence is very small for binding
and activation energies (see Table S2 in supplementary
materials).

II. MODELS AND COMPUTATIONAL METHODS
III. RESULTS AND DISCUSSION

Density functional theory (DFT) calculations in this
work are performed using the periodic supercell plane
wave basis method, as implemented in the VASP code
(ver. 4.6) [27, 28]. Atomic cores are described with the
projector augmented wave (PAW) method [29], the electron states are expanded in a plane wave basis set and
plane waves are included to an energy cutoﬀ of 400 eV.
Electronic energies are calculated with the PW91 implementation of the generalized gradient approximation
(GGA) [30]. A Gaussian smearing scheme with a smearing parameter of 0.15 eV is imposed at the Fermi level,
the energies are extrapolated to zero smearing. The
calculated lattice parameters of Ni and Pt are 3.52 and
3.98 Å, compared well to the experimental values of 3.52
and 3.92 Å respectively [31] and the calculated values of
3.53 [21] and 3.99 Å [32] respectively. For the hexagonal close packed structure of WC, the optimized lattice
constants are a=b=2.92 Å, c=2.85 Å, which are in good
agreement with the experiments a=b=2.91 Å, c=2.84 Å
[33]. To compare the tuning eﬀects of substrate to the
top Ni monolayer, three surface models, Ni/Ni(111),
Ni/Pt(111) and Ni/WC(001), were constructed. For
Ni/Ni(111) and Ni/Pt(111), six atomic layer surfaces
were truncated from the optimized structures of bulk
Ni and Pt respectively and then optimized with the
bottom two layers frozen, six Ni layer surface was used
to mimic Ni monolayer on a ﬁve layer Ni substrate,
i.e. Ni/Ni(111), the top atomic layer of the six layer
Pt(111) surface was replaced by Ni atoms to create the
DOI:10.1063/1674-0068/29/06/cjcp1604082

A. Geometry and Ni binding energy

The bulk of metal Ni and Pt has a face-centered cubic structure, the atoms are in closely packed in the
(111) surfaces. WC is known to crystallize in a hexagonal structure with the W and C layers alternatively
piled along [001]. When a monolayer Ni atoms bind
to Pt(111) and WC(001) surfaces, the distance between
Ni atoms in the monolayer is diﬀerent due to the lattice mismatch, this will result in the property variations of Ni atoms. In the Ni monolayer covered structures relaxed (see Fig.S1 in supplementary materials),
the Ni−Ni distances (dNi−Ni ) are 2.82 and 2.92 Å in
Ni/Pt(111) and Ni/WC(001), 0.38, and 0.43 Å longer
than that of Ni/Ni(111) respectively, which varies in
the same order of r3 moments (rcm) of Ni atoms in the
monolayer (the values are 77.17 and 78.43 Å3 respectively and for Ni/Ni(111) it is 75.24 Å3 ). This distance
variation alters the Ni−Ni interaction in the monolayer
and the binding of the monolayer to the substrate, more
importantly it will invoke the variation of the electronic
structure and thus the catalytic activity.
We calculated the binding energy using
Ebind1 =(ENi/S −ES −EnNi )/n, ENi/S , ES , and EnNi
are the energies of Ni monolayer covered system,
the substrate, and the Ni monolayer respectively,
n is the number of atoms in Ni monolayer. This
deﬁnition rules out the Ni−Ni interaction from the
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binding energy of the monolayer, the results are −1.31,
−1.69, and −2.69 eV for Ni/Ni(111), Ni/Pt(111),
and Ni/WC(111) respectively, indicating that the
replacement of substrate enhanced the binding of
the Ni atoms, especially in the case of Ni/WC(001)
the binding energy was doubled that of Ni/Ni(111).
These binding energy changes coincide inversely with
that of the distances between Ni monolayer and the
substrates which are calculated to be 2.03, 1.97, and
1.88 Å respectively. If we deﬁne the binding energy
by Ebind2 =(ENi/S −ES −nENi )/n, ENi is the energy
of a Ni atom. This deﬁnition will include the Ni−Ni
interactions in the binding energy, the calculated values
are −4.81, −4.97, and −5.72 eV accordingly, which are
in the same order of Ebind1 . The binding energy diﬀerence between the two deﬁnitions, ∆E=Ebind2 −Ebind1 ,
implies the mean energy of Ni interacting with other Ni
atoms in the monolayer, the values are −3.50, −3.28,
and −3.03 eV, signifying that the averaged interaction
of the Ni with other Ni atoms in monolayer decreased
in the order of Ni/Ni(111)>Ni/Pt(111)>Ni/WC(001),
which coincides reversely with the Ni−Ni distance
changes in the monolayer, the larger the distance
the weaker the interaction among the Ni atoms in
monolayer.
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FIG. 1 Charge density diﬀerences along z axis for
(a) Ni/Ni(111), (b) Ni/Pt(111), and (c) Ni/WC(001) surfaces, in which the position of the top Ni monolayer is set
as 0 distance as indicated by the red solid line while the top
layer of the substrate is at the location speciﬁed by the blue
solid line. Inset ﬁgures are the charge density diﬀerences,
the charge depletion region is enclosed by the cyan surface
and the charge increases in the yellow area, the value of the
isosurface is 4.6×10−3 e/Å2 .

B. The electronic structure

For Ni/Ni(111), Ni/Pt(111), and Ni/WC(001) systems, we calculate the total bond order (TBO) of Ni
atom in the top monolayer using the DDEC program
[36], the TBO values are 2.86, 2.45, and 2.66 respectively. Small TBO signiﬁes strong residual bonding
ability. In this respect, Ni/Pt(111) and Ni/WC(001)
are more able to bind adsorbate than Ni/Ni(111), which
is important for NH3 adsorption and decomposition on
these surfaces. The d-band center referenced to the
Fermi level has been calculated as the ﬁrst moment of
the projected d-band density of states (PDOS) corresponding to the Ni atoms in the monolayer. The results are −2.03, −1.56, and −1.56 eV for Ni/Ni(111),
Ni/Pt(111), and Ni/WC(001) respectively. We can ﬁnd
the similarity between the Ni atoms in the monolayers
of Ni/Pt(111) and Ni/WC(001) respectively since WC
has properties resemblance to Pt [24, 25].
To better understand the bonding eﬀects between
the Ni monolayer and the substrate, we characterize
the electron redistribution around the surface atoms by
∆ρs (z)=ρ(z)−ρmono (z)−ρsub (z), where ρ(z), ρmono (z)
and ρsub (z) correspond to the plane averaged electron density of the whole slab, the top monolayer,
and the substrate (the slab with the top monolayer
removed), respectively. Figure 1 shows the results
for Ni/Ni(111), Ni/Pt(111), and Ni/WC(001), the inset ﬁgures are charge density diﬀerences calculated
by ∆ρ=ρmono/sub −ρmono −ρsub , where ρmono/sub , ρmono ,
and ρsub are electron density of the whole slab, the top
DOI:10.1063/1674-0068/29/06/cjcp1604082

Ni monolayer and the substrate respectively. We can
see ∆ρs (z) in diﬀerent surfaces is signiﬁcantly diﬀerent.
For Ni/Ni(111), the negative peaks of ∆ρs (z) at 0.77,
0.00 Å and −1.64, −2.55 Å correspond to the charge
depletion on the dz2 orbitals of Ni atoms (this phenomena is also observed from the ELF, see Fig.S2 in
supplementary materials) in the top monolayer and the
subsurface (the top layer of the substrate) respectively,
the electrons are transformed mainly to three regions,
including the dxz and dyz orbitals of Ni in the top and
the subsurface layers as well as the regions between top
Ni monolayer and the substrate, as indicated by the arrow in Fig.1(a). If the substrate is replaced by Pt(111)
(Fig.1(b)), the evident diﬀerence is observed at 0.06 Å
where the electron accumulates obviously instead of the
depletion in Ni/Ni(111), and the shift-up of the peak
can be explained by the mixing between dxy /dx2 −y2
and dxz /dyz , which can be found in the projected density of states onto the Ni atom in monolyer (Fig.S3
in supplementary materials). When the Ni monolayer
was supported on WC(001), remarkable charge accumulations can be seen in the range from −1.12 Å to
0.39 Å, the peak at 0.15 Å arises in the same way as the
case of Ni/Pt(111), the charge accumulation between
the top Ni monolayer and the substrate surface reaches
maximum at −0.72 Å due to dxy /dx2 −y2 mixing with
dxz /dyz , and the charge perturbation is rapidly dropped
below the substrate surface. The accumulated electrons
at the regions between Ni monolayer and the substrate
surface are responsible for the binding of Ni atom, the
c
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peak of the charge accumulation in this area is more
and more close to the Ni monolayer from Ni/Ni(111) to
Ni/WC(001). The area of the peak can be used to measure the charge transferred, it can be seen that more and
more electrons are shifted away from the dz2 orbital of
Ni atom in the monolayer when the substrate changes
from Ni(111) to Pt(111) and to WC(001), this phenomena coincides with the changes of dz2 band center which
are −1.97, −1.55, and −1.50 eV for the Ni atoms in the
monolayer of Ni/Ni(111), Ni/Pt(111) and Ni/WC(001)
respectively. Charge depletion atop the Ni atom in the
monolayer is signiﬁcant to the adsorption of NH3 because NH3 is an electron donor adsorbate [12].

C. The adsorption and decomposition of NH3

The adsorption and decomposition of NH3 on Ni(111)
surface (which can be viewed as Ni/Ni(111)) has been
reported in Ref.[22], we focus our calculations on
the behavior of NH3 on Ni/Pt(111) and Ni/WC(001)
and compare the results with that of NH3 /Ni(111)
A
reported in Ref.[22]. The binding energy (Ebind
)
for an adsorbate (A) on the surface is deﬁned as
A
Ebind
=Eslab +EA −EA/slab , where EA/slab and Eslab are
the total energy of the slab with or without the adsorbate, EA is the energy of the adsorbate in the gas phase.
A
According to this deﬁnition, positive values of Ebind
means the stable adsorption. Calculations on diﬀerent
adsorption sites, including top, bridge, fcc and hcp positions, have been performed for the related species, the
binding energies at the most stable adsorption site are
presented in Table I.
NH3 and NH2 prefer the top and bridge sites on
Ni/Pt(111) and Ni/WC(001) respectively, the same as
that on Ni(111). The C3 of NH3 and C2 of NH2 axes
are perpendicular to the surface respectively. The binding energies of NH3 are 0.83 and 0.74 eV respectively,
0.18 and 0.09 eV larger than that on Ni(111) surface
[22], the NH3 binding energies on diﬀerent surfaces are
found to be correlate very well with the TBO of Ni
atoms: Ebind (NH3 )=1.89−0.43TBO (R2 =1.00), indicating that TBO can be used as an indicator to measure
the stability of NH3 on the surfaces. The binding energies of NH2 are 3.39 and 3.37 eV respectively which are
1.79 and 1.77 eV higher compared to that on Ni(111)
surface. NH favors the fcc position with the N−H bond
along the surface normal on all the surfaces and again it
binds more stable on Ni/Pt(111) and Ni/WC(001) than
on Ni(111). N absorbs at the fcc site both on Ni(111)
and Ni/Pt(111) but the hcp position on Ni/WC(001).
The most stable position for H is fcc site on Ni/Pt(111)
but the hcp site on Ni(111) and Ni/WC(001). In general, modiﬁcation to the surface by loading a Ni monolayer onto Pt(111) and WC(001) improved the surface
ability to bind NH3 and the related species.
To understand more clearly the reaction behavior of
NH3 , a stepwise dehydrogenation mechanism is considDOI:10.1063/1674-0068/29/06/cjcp1604082
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TABLE I The most stable sites and binding energies (Ebind
in eV).
Species
NH3
NH2
NH
N
H
N2

Ni(111) [20]
Site
Ebind
top
0.65
bridge
2.60
fcc
4.38
fcc
5.19
hcp
2.80

Ni/Pt(111)
Site
Ebind
top
0.83
bridge
3.39
fcc
5.79
fcc
6.44
fcc
3.03
hcp
0.94

Ni/WC(001)
Site
Ebind
top
0.74
bridge
3.37
fcc
5.37
hcp
6.58
hcp
2.90
hcp
0.65

ered [13], which includes four steps: NH3 →NH2 +H,
NH2 →NH+H, NH→N+H and N+N→N2 . For each of
dehydrogenation steps, we used the structures with the
most stable adsorption conﬁgurations of NHx (x=3, 2,
1) and the most stable co-adsorbed states of NHx +H
(x=2, 1, 0) as the initial and ﬁnal states respectively, and for the N−N recombination step the coadsorbed N+N (N atoms binding on the fcc positions on
Ni/Pt(111) and hcp sites on Ni(111) and Ni/WC(001))
is the initial state, N2 adsorbed on a hcp site with the
N−N bond nearly parallel to the surface used as the
ﬁnal state on Ni/WC(001), but a desorbed state of N2
on Ni/Pt(111) as the ﬁnal state since it is plausible for
N2 formation.
Reaction NH3 →NH2 +H begins with the most stable
conﬁguration of NH3 at the top site (Fig.2, aI ), followed
by one of the N−H bonds gradually becoming longer
and arrived the transition state with the N−H bond
length of 1.61 Å both on Ni/Pt(111) and Ni/WC(001)
respectively (Fig.2, aT ), and ﬁnally the NH2 and H
move to a bridge and hcp sites respectively. The energy barriers are 0.67 eV on Ni/Pt(111) and 0.49 eV on
Ni/WC(001), 0.44 and 0.62 eV lower than on Ni(111)
respectively [22]. The reaction barriers of this step on
diﬀerent surfaces are found to correlate well with the
rcm of Ni atom (r3 moments) in monolayer as well
as dNi−Ni respectively: Ea =15.97−0.20 rcm (R2 =0.97),
Ea =4.45−1.34dNi−Ni (R2 =0.94), suggesting that Ni r3
moments and the distance between Ni atoms in monolayer can be used as a descriptor to predict the reaction
barrier of the ﬁrst step of dehydrogenation reactions.
The reaction is exothermic by −0.87 eV on Ni/Pt(111)
and −0.54 eV on Ni/WC(001) respectively. In the second reaction step, NH2 →NH+H, NH2 adsorbed at a
bridge site in the initial state (Fig.2, bI ), the N−H
bond over the hcp position is lengthened with the NH2
plane tilted towards the hcp position, when the N−H
bond lengths reach 1.37 and 1.52 Å on Ni/Pt(111) and
Ni/WC(001) respectively, transition states are observed
(Fig.2, bT ), in the end both NH and H adsorbed at the
fcc sites respectively ((Fig.2, bF ). The energy barriers of this step are 0.31 and 0.73 eV on Ni/Pt(111)
and Ni/WC(001) respectively. This step is exothermic (−1.03 eV) evidently on Ni/Pt(111), but the rec
⃝2016
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FIG. 2 Initial, transition and ﬁnal states for NH3 decomposition on Ni/WC(001). For each step, (xI ), (xT ), and (xF ) are
the initial, transition and ﬁnal states respectively.

action heat is very small on Ni/WC(001). The third
step, NH→N+H, begins with the NH adsorbed at the
fcc site (Fig.2, cI ), the transition states occur when the
N−H bond lengths are 1.53 and 2.28 Å on Ni/Pt(111)
and Ni/WC(001) respectively (Fig.2, cT ), after that
N and H shifted gradually to a hcp and a fcc position. The reaction barriers are 1.09 and 1.21 eV on
Ni/Pt(111) and Ni/WC(001) respectively, very close to
the barrier of 1.11 eV on Ni(111) [22]. For the ﬁnal
reaction step, N+N→N2 , initially both of the N atoms
adsorbed at the nearest fcc positions on Ni/Pt(111) and
hcp sites on Ni/WC(001) (Fig.2, dI ), they approach
each other, and in the transition states, the distances
between the N atoms are 1.65 and 1.97 Å on Ni/Pt(111)
and Ni/WC(001) respectively (Fig.2, dT ), in the ﬁnal
states the N2 (N−N bond length is 1.11 Å ) desorbed
from Ni/Pt(111) but adsorbed on the hcp position on
Ni/WC(001) with the N−N bond nearly parallel to the
surface. This is a rate-limiting step for all the surfaces,
the reaction barrier is 1.73 eV on Ni/Pt(111), similar
to that on Ni(111) (1.86 eV) [22], but the barrier on
Ni/WC(001) is 0.91 eV higher than on Ni/Pt(111), signifying that the N2 is formed easily on Ni/Pt(111) and
hardly on Ni/WC(001) surface, more eﬀort should be
paid to improve the Ni/WC(001) surface in the future.
Recently, Guo et al. studied the NH3 decomposition on
Ni loaded Pt(111) surface, they showed that the edge
sites formed by the patched Ni atoms are active for the
nitrogen association [37]. This provides a possible way
to improve the Ni/WC(001) system.

DOI:10.1063/1674-0068/29/06/cjcp1604082

The reaction energy path is presented in Fig.3. For
each step, a NH3−x species (x=0, 1, 2) plus x adsorbed
H atoms without lateral interaction is taken as the initial state, co-adsorbed NH3−x−1 +H in their most stable
conﬁguration and x inﬁnitely separated and adsorbed H
atoms is considered as the ﬁnal state. It is evident that
the energy barriers of the ﬁrst N−H bond scission both
on Ni/Pt(111) and Ni/WC(001) are lower than their
binding energies, indicating that NH3 would decompose
to NH2 and H rather than desorb from the surfaces,
this is diﬀerent from the case of NH3 on Ni(111) where
the breaking of N−H bond is diﬃcult since the reaction energy barrier (1.11 eV) is higher than the binding
energy (0.65 eV) [22]. The second N−H bond is the
most feasible to be broken in all the reaction steps both
on Ni/Pt(111) and Ni/WC(001) surfaces, especially the
reaction barrier on Ni/Pt(111) is 0.31 eV, lower than
the 0.59 eV on Ni(111) surface. The energy barrier of
the third N−H bond scission is close to each other on
Ni/Pt(111) and Ni/WC(001) and comparable to that on
Ni(111). The N recombination is the hardest step, the
barrier on Ni/Pt(111) is 0.13 eV lower than on Ni(111),
but the barrier is 0.78 eV higher on Ni/WC(001) than
on Ni(111). However, the instability of Ni/Pt(111) surface is still a problem since it has been found that the Ni
monolayer begins to diﬀuse into the second layer at temperatures as low as 450 K and formed a Ni sandwiched
between a Pt top layer and Pt bulk (Pt/Ni/Pt(111))
at 600 K, resulting in the debasement of the catalytic
activity [38].
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TABLE II Activation and reaction energies (in eV).
Reaction

Ni(111) [22]
Ea
∆H
NH3 →NH2 +H 1.11 −0.28
NH2 →NH+H 0.59 −0.57
NH→N+H
1.11
0.06
N+N→N2
1.86
0.49

Ni/Pt(111)
Ea
∆H
0.67 −0.87
0.31 −1.03
1.09 −0.19
1.73
0.31

Ni/WC(001)
Ea
∆H
0.49 −0.54
0.73 −0.01
1.21 −0.62
2.64
1.17
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particularly the energy barrier for the rate-determined
step increases on Ni/WC(001) instead of decreasing on
Ni/Pt(111) when compared to Ni(111). To get cheap
and active catalyst, Ni/WC(001) should be improved
further, a Ni alloy monolayer supported on WC(001)
deserves to be tested in the future work.
Supplementary materials: Table S1 and S2 show
the k-point mesh and spin polarization tests, respectively. Figure S1 shows the Ni monolayer structures on
Ni(111), Pt(111), and WC(001), respectively. Figure
S2 shows the electronic localization function. Figure S3
shows the projected density of states on the Ni atom in
monolayer of Ni/Pt(111).
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FIG. 3 Reaction path for NH3 decomposition on Ni/Pt(111)
(solid lines) and Ni/WC(001) (dashed lines), respectively.
For the N recombination on Ni/Pt(111), the produced N2 is
desorbed from the surface.

IV. CONCLUSION

The geometry and electronic structures of Ni/Pt(111)
and Ni/WC(001) are computed based on the density
functional theory, detailed reaction steps of NH3 are
presented, discussed and compared with each other.
These results revealed that the Ni monolayer covered
surfaces are rather diﬀerent from the Ni(111) surface,
the substrate Pt(111) and WC(001) move more dz2 electrons of Ni atoms in the monolayer to other areas compared with Ni(111), the depletion of charge density on
this orbital is favorable to the adsorption of NH3 which
is veriﬁed to bind at top site through the long pair [12].
NH3 binds stronger on Ni/Pt(111) and Ni/WC(001)
than on Ni(111), the reaction barriers of the ﬁrst dehydrogenation step on Ni/Pt(111) and Ni/WC(001) are
evidently lowered as opposed to that on Ni(111). These
are signiﬁcantly important to the decomposition of NH3
since it favors to decompose to NH2 and H instead of
desorbing from the surface like that on Ni(111). The
substrate also changes catalytic activity for other dehydrogenation steps, but N recombination barrier is the
highest of all the reaction steps, indicating that it is
still the rate-limiting step for NH3 decomposition. In
addition, the relatively high reaction barrier for N2 generation suggests that N2 is produced only at high temperatures, this is in agreement with the experimental
reports [32]. WC is similar to Pt in properties, but
the diﬀerences in electronic structures and catalytic activities are identiﬁed for Ni/Pt(111) and Ni/WC(001),
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[29] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).

DOI:10.1063/1674-0068/29/06/cjcp1604082

Ai-ai Shen et al.

[30] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[31] C. Kittel, Introduction to Solid State Physics, 7th Edn.,
New York: John Willy and Sons, (2005).
[32] D. A. Hansgen, D. G. Vlachos, and J. G. Chen, Surf.
Sci. 605, 2055 (2011).
[33] L. E. Toth, Transition Metal Carbides and Nitrides,
New York: Academic press, (1971).
[34] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188
(1976).
[35] R. A. Olsen, G. J. Kroes, G. Henkelman, A. Arnaldsson,
and H. Jonsson, J. Chem. Phys. 121, 9776 (2004).
[36] T. A. Manz and N. G. Limas,DDEC6: A Method for
Computing Even-Tempered Net Atomic Charges in Periodic and Nonperiodic Materials, arXiv:1512.08270.
[37] W. Guo and D. G. Vlachos, Nat. Commun. 6, 8619
(2015).
[38] J. R. Kitchin, N. A. Khan, M. A. Barteau, J. G. Chen,
B. Yakshinksiy, and T. E. Madey, Surf. Sci. 544, 295
(2003).

c
⃝2016
Chinese Physical Society

