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A B S T R A C T

Periodic density functional theory (DFT) calculations have been carried out to reveal the mechanism of NO
reduction by H2 on the Pd6/TiO2 catalyst. The favorable route for N2 formation is NO→HNO→NHOH→N→
N2, and the rate-determining step is the formation of intermediate HNO via NO hydrogenation with an energy
barrier of 103.0 kJ ⋅mol−1. The energy barriers of rate-determining steps for the formation of N2O and NH3 are
149.9 and 128.4 kJ ⋅mol−1, which are higher than that for N2 formation, indicating that N2 is the main product.
Comparing with the reduction of NO on the Pd(2 1 1) surface, the reaction energy barrier for generating N2 is
obviously reduced, while the energy barrier for generating NH3 has a little difference, which implies that Pd6/
TiO2 shows better selectivity to N2.

1. Introduction

Nitrogen oxides resulting from industrial and automotive exhausts
have become severe challenge to environment over the past several
decades, and many efforts have been made to reduce the NOx emissions
[1,2]. Currently, the selective catalytic reduction (SCR) of NO by hy-
drogen (SCR-H2) has attracted more attention than SCR-NH3 [3–5],
since it is an environment-friendly technology and no secondary pol-
lutants are produced [6]. In addition, H2 is usually recognized as the
efficient reducing agent at low temperature during the cold start en-
gine. However, it is still under the development stage.

The catalysts of H2-SCR are currently focused on the noble metal
catalysts, which include theoretical and experimental studies, such as Pt
[5], Au [7], Rh [8] and Pd [9]. Among them, Pd-based catalysts have
advantages since they have good thermal stability and low-temperature
activity. Zhang et al. [10] have investigated the reduction of NO on Pt-
based and Pd-based catalysts, and Pd/Al2O3 has better activity than Pt/
Al2O3 in the CO–H2 reducing condition. The adsorption, dissociation
and desorption of NO on Pd(1 1 1), (1 0 0) and (3 1 1) surfaces have
been studied, and the results imply that NO is more easily to dissocia-
tion on the stepped Pd(3 1 1) surface [11]. NO reduction over stepped
Pd(2 1 1) surface has also been investigated, the change of N2 emission
channel occurs at around 500 K, and the step edge is the activity site

[12]. Our recent study showed that Pd(2 1 1) surface exhibited higher
catalytic activity to the reduction of NO with H2 than that on the Pd
(1 1 1) surface, and Pd(2 1 1) surface also showed higher selectivity for
N2 than NH3 below about 500 K [13]. Additionally, NO adsorption and
dissociation on subnanometer Pdn clusters have been discussed, and the
results suggest that the dissociation barrier of NO on the octahedral Pd
cluster is lower than that on the icosahedral Pd cluster [14]. It can be
seen that Pd is a good catalyst for NO reduction or activation. However,
catalysts with different morphologies exhibit various properties.

Pd cluster catalysts are with high specific surface area [15] and high
activity, which can also decrease the materials cost, and are widely used
in hydrogenation [16], oxidation and reduction reaction [17,18]. TiO2

has been widely used as catalyst carrier because of its good chemical
and thermal stability [19], low cost and no toxicity. The supported Pd
catalyst on the TiO2 surface has been widely studied by experimental
and theoretical in SCR reaction [20], which also showed good catalytic
activity and selectivity for NO reduction [21,22]. Pd substituted TiO2

catalyst (Ti0.99Pd0.01O2−δ) has been synthesized and investigated for
the catalytic reduction of NO by H2, which showed the lowest N2O
formation and no NH3 formation in the reaction [23]. Low-temperature
NOx reduction with H2+CO under oxygen-rich conditions over Pd/
TiO2/Al2O3 was studied, and a high NOx conversion efficiency and good
N2 selectivity were obtained [24]. Further research showed that Pd/
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TiO2 catalyst displayed very high NOx conversions with good N2 se-
lectivity whereas Pd/Al2O3 delivered very low activity [25]. However,
catalytic properties of catalysts vary with the size of clusters.

The stability for clusters is firstly needed to investigate. The stability
of Pd clusters has been evaluated by the average binding energy, the
second difference in energy and the energy gaps between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) [26,27]. The average binding energy of Pdn clusters
showed that there was a little change and no longer increase with
n > 6. Two order differential energies of Pdn(n= 4–6) clusters were
positive value, which indicated that Pdn (n= 4–6) clusters were with
good stability. Besides, Pd6 cluster had the largest energy gap, which
also implied Pd6 cluster was relatively stable.

In this work, the model of Pd6 cluster supported on the TiO2 surface
is firstly built. Subsequently, the adsorption and dissociation of NO, as
well as correlated reactions are investigated. Further, the formation
pathways of all possible products, including N2, NH3, N2O and H2O, are
explored. Moreover, the activity and selectivity of Pd6/TiO2 catalyst
will be obtained.

2. Computational details

2.1. Computational method

All calculations were performed in the Vienna ab initio simulation
package (VASP) [28,29]. The exchange–correlation energies were de-
scribed by the generalized gradient approximation (GGA) with the
function of Perdew–Burke−Ernzerhof (PBE) [30] and the projector-
augmented wave (PAW) [31,32] method was implemented to deal with
electron–ion interactions. To expand the electron wave function, the
cutoff energies for the plane-wave basis sets with 400, 500 and 600 eV
were tested. The corresponding adsorption energies of NO on the Pd6/
TiO2 at bridge site are −212.6, −210.3 and 208.4 kJ · mol−1 with
different cutoff energies, which indicates that cutoff energy of 400 eV is
suitable and enough for our calculated systems. Additionally, it was
widely used in previous work. [33–35]. A Gaussian smearing parameter
of SIGMA=0.2 eV was used to improve convergence of states near the
Fermi level. The Brillouin zone sampling was carried out by using
Monkhorst–Pack k-points of 2×2×1 for supercell [36]. In addition,
the van der Waals (vdW) interaction has also been investigated. Ad-
sorption energies of NO on the Pd6/TiO2 at bridge site are −208.8 and
−212.6 kJ · mol−1 with and without vdW interaction. And there is very
little difference of 2.5 kJ · mol−1 for the adsorption of HNO with and
without vdW. They imply that the vdW interaction can be ignored,
therefore, which is not considered in this work. Except for the fixed
atoms, other atoms in the structure were fully relaxed until the elec-
tronic energy and force were smaller than 10−5 eV and 0.05 eV Å−1,

respectively. To correct the underestimation of the intra-band Coulomb
interactions, the GGA+U correction [37] was applied to treat the
outer d electrons of the transition element Ti, and the value of U
parameter was determined to be 4 eV for the Ti atom [38,39].The ac-
tivation barriers (Ea) are calculated as following equation:

= −E E Ea TS R (1)

The adsorption energy Eads, on the Pd6/TiO2 is defined by using the
following equation:

= + − −E E E Eads Pd /TiO adsorbate Pd /TiO adsorbate6 2 6 2 (2)

where −EPd /TiO adsorbate6 2 is the total energy of the perfect Pd6/TiO2 and
adsorbates system in its equilibrium state, EPd /TiO6 2 is the energy of Pd6/
TiO2, and Eadsorbate is the energy of the isolated adsorbates.

The O-vacancy formation energy (Eform) is calculated as following
equation:

= + −
−E E E Eform

O vac O
Pd /TiO Pd /TiO6 2 6 2 (3)

where −E O vac
Pd /TiO6 2 is the total energy of the oxygen-vacancy Pd6/TiO2, EO

is the energy of an O atom.
The nudged elastic band algorithm in combination with the

climbing-image (CI-NEB) methods [40,41] were used to locate the
transition states (TS) and map out the minimum energy pathways about
H2-SCR on the Pd6/TiO2 surface.

2.2. Surface models

There are four polymorphs of TiO2 crystals in nature, such as ana-
tase, rutile, brookite and TiO2(B) [42,43], in which anatase TiO2 has
better catalytic activity and is commonly used to be as a carrier. Al-
though the (1 0 1) facet is more dominantly present in all facets of
anatase TiO2, the (0 0 1) facet shows good catalytic activity in some
reactions [36] and it has been widely studied by experimental and
theoretical in SCR reaction [20,44].

The anatase TiO2(0 0 1) model with size (3× 2) and thickness of 4
layers is constructed and the most stable Pd6 cluster is loaded on the
TiO2(0 0 1) surface. The Pd6 cluster is loaded on TiO2(0 0 1) surface
with different initial models and the most stable configuration of Pd6/
TiO2 was obtained, as shown in Fig. 1. The binding energy is
338.2 kJ · mol−1 between Pd6 and TiO2(0 0 1) surface. The bottom two
layers were kept frozen, while the others are allowed to relax in the
calculation process. The isolated molecules were optimized in a large
cell of 10×10×10 Å. There are ten possible adsorption sites on the
Pd6/TiO2 catalyst, including five bridge sites (B1-B5), three threefold
hollow sites (F1-F3) and two top sites (T1-T2), are considered in the
adsorption process, as shown in Fig. 1. B represents the bridge site, F
represents the threefold hollow site and T represents the top site.

Side viewTop view

B1
B2 B5

F3

T1

T2
F1

F2
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B4O2c

O3c

Fig. 1. The top and side views of Pd6/TiO2 model.
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3. Results and discussion

3.1. The related elementary reactions during the NO reduction

3.1.1. NO dissociation and hydrogenation
The activation of NO is the first step for the NO reduction, the ad-

sorption and the direct dissociation of NO is firstly investigated. Two
stable adsorption structures are obtained due to the similar adsorption
energy. NO through the N atom connects to Pd atoms at B1 and F2 sites
with adsorption energies of 212.6 and 218.8 kJ · mol−1, which is similar
with the previous theoretical result of 217.1 kJ · mol−1 on pure Pd8
cluster [14]. In situ DRIFTS study also showed that the adsorption of
subsequent dissociation of NO occurred on metal sites in Pd/TiO2 cat-
alyst [25]. Dissociated N and O via NO were found to prefer adsorbing
at F2 and B2 sites with adsorption energies of 445.5 and
414.9 kJ · mol−1, respectively. NO adsorbed at the B1 site directly dis-
sociates into N and O via transition state TS-1 with a dissociation en-
ergy barrier of 255.8 kJ · mol−1 (Fig. 2), which is consistent with pre-
vious results of 242.2 and 248.0 kJ · mol−1 on pure cluster Pd13 and
Pd25 [14]. It is clear that the direct dissociation reaction of NO is dif-
ficult due to the high energy barrier on the Pd6/TiO2. The similar result
is obtained on the Pd(1 1 1) surface, in which the direct dissociation of
NO are not in favor [45]. Therefore, the reaction of hydrogen assisted
dissociation and hydrogenation are further investigated.

Firstly, two stable adsorption configurations of H atom at F1 and F2
site with adsorption energies of 271.7 and 270.9 kJ · mol−1 are ob-
tained. These results are in agreement with that on the Pd(2 1 1) surface
with an adsorption energy of 269.2 kJ · mol−1 [46]. Secondly, hydrogen
assisted dissociation of NO+H→N+OH has been considered. H
captures O from NO resulting in N at F2 site and OH at T1 site via TS-2,

and the activation energy barrier is 243.2 kJ · mol−1. Although it is little
lower than that of the direct dissociation, is still high with large energy
barrier.

There are two possible reactions for the hydrogenation of NO
leading to the formation of NOH and HNO. NO adsorbed at the F2 site
reacts with H at the F1 site to NOH via transition state TS-3, and the
activation energy barrier of the whole process is 152.8 kJ · mol−1. The
formation of HNO via NO hydrogenation is also studied. NO at the B1
site and H at the F2 site combine to HNO via the transition state TS-4,
and an energy barrier of 103.0 kJ · mol−1 is needed to be overcome.

It can be seen that the most favorable path of NO activation is NO
hydrogenation to produce HNO from the above potential energy dia-
gram, which has the lowest reaction activation energy barrier of
103.0 kJ · mol−1. It is consistent with that on the Pt(1 1 1) surface, in
which the optimal path of NO activation is the hydrogenation of NO to
generate HNO with the energy barrier of 97.4 kJ · mol−1 [47]. How-
ever, different results about the optimal path for NO activation are
obtained on Pd(1 1 1) and Pd(2 1 1) surfaces. On the Pd(1 1 1) surface,
H-assisted dissociation reaction is the most favorable path and the en-
ergy barrier is 152.4 kJ · mol−1 [45]. The favorable activation path of
NO is NO+H→NOH with the energy barrier of 131.7 kJ · mol−1 on
the Pd(2 1 1) surface [13]. It can also be seen that the optimal path
about NO activation on the Pd6/TiO2 has lower activation energy
barrier than that on Pd(1 1 1) and Pd(2 1 1) surfaces, implying that Pd6/
TiO2 is more active than Pd(1 1 1) and Pd(2 1 1) surface for the acti-
vation of NO. In the following section, the correlated reactions of HNO
will be carried out.

3.1.2. Correlated reactions of HNO
There are four possible elementary reactions of HNO, which are two
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Fig. 2. Potential energy diagram of the NO dissociation and hydrogenation including corresponding configurations of initial states, transition states and final states.
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different hydrogenation reactions, the direct dissociation, and the hy-
drogenation dissociation. These possible elementary reactions are also
considered in previous studies [8,45,47]. The hydrogenation reaction of
HNO has two possible elementary reactions, as shown in Fig. 3. One is
HNO+H→NH2O. The initial configuration is HNO adsorbed at the B1
site and H adsorbed at the F2 site, and the H atom attacks the N atom in
HNO via the transition state TS-5 and finally the NH2O is formed, which
is adsorbed at the B1 site. The energy barrier of generating NH2O via
HNO hydrogenation is 91.5 kJ · mol−1. The other one is HNO+H→
NHOH, namely, HNO hydrogenation to form NHOH. HNO at the B1 site
is attacked by the H atom, and the formed NHOH is adsorbed at the T2
position via the transition state TS-6 with an energy barrier of
71.8 kJ · mol−1. In addition to the possible hydrogenation reaction, the
reactions about HNO also have dissociation reactions, including direct
dissociation and hydrogen assisted dissociation. The direct dissociation
reaction is HNO dissociation to form NH and O via TS-7, and an acti-
vation energy of 43.5 kJ · mol−1 is needed. For the hydrogen assisted
dissociation reaction of HNO, the HNO at the B1 site reacts with H atom
at the F1 position by the transition state TS-8 leading to NH and OH,
and an energy barrier of 44.8 kJ · mol−1 is needed to be overcome.

It can be seen that the energy barrier of HNO hydrogenation to
generate NH2O is the highest in the related reactions of HNO, implying
that it is difficult to occur comparing with other three steps. The energy
barrier for the formation of NH from HNO via the direct dissociation
and the hydrogen assisted dissociation is low, and the formation of NH
is easy to happen. For the path of HNO hydrogenation generate NHOH,
the barrier is 71.8 kJ · mol−1, which is higher than the energy barrier of
NH generation, but lower than the formation of NH2O species. In ad-
dition, previous work have shown that NHOH is an important inter-
mediate during the reduction of NO by H2 [13,47,48], which will lead
to the formation of active N [47], so further studies on NHOH are
carried out.

3.1.3. Correlated reactions of NHOH
Four related reactions of NHOH are investigated, and the potential

energy diagram is shown in Fig. 4.1 NHOH hydrogenation will lead to
the formation of NH2OH. In this step, the initial configuration is H atom
adsorbed at the F1 site and the NHOH adsorbed at the T2 site. When the
atom H attacks N atom of NHOH, NH2OH is generated via transition
state TS-9 with an energy barrier of 148.6 kJ · mol−1. NHOH hydro-
genation will also lead to a dissociation to from NH and H2O, in which
H atom at the F2 site attacks the O atom of NHOH though transition
state TS-10. The energy barrier is 73.9 kJ · mol−1. The direct dissocia-
tion of NHOH will lead to NH and OH via a cleavage of N–O bond, and
the energy barrier is 61.8 kJ · mol−1. This process is similar to that on
the Pt(1 1 1) surface with an energy barrier of 67.5 kJ ⋅mol−1 at low
coverage [47]. Another dissociation reaction is that N–O bond is
cleaved followed by H transferring from N to O, and active N and H2O
are formed, which is a concerted step involving N–O and N–H bond
cleavage and O–H bond formation. An energy barrier of 29.4 kJ · mol−1

is needed to overcome.
It can be seen that the reaction of generating N and H2O is the most

favorable path in the NHOH reactions according to the potential energy
diagram, and the energy barrier is 29.4 kJ · mol−1. The same result is
obtained on the Pt(1 1 1) surface, in which the dissociation of NHOH
into N and H2O is the most optimal pathway for NHOH related reac-
tions at the low coverage [47]. The formation of NH2OH is too difficult
to happen due to a high energy barrier.

3.1.4. The favorable paths for forming active N and NH
As mentioned above, we can conclude that the most favorable path

of generating active N is NO→HNO→NHOH→N, and the most

favorable path for NH generation is NO→HNO→NH. Both rate-de-
termining steps for forming active N and NH are the hydrogenation of
NO to HNO with an activation energy of 103.0 kJ · mol−1. It is different
from that on Pd(1 1 1) and Rh(2 2 1) surfaces. The H atom abstracting
the O atom to form active N is the most favorable route on the Pd(1 1 1)
surface, namely, NO+H→N+OH. The energy barrier is
152.4 kJ · mol−1 [45]. The direct dissociation of NO to active N and O
(NO→N+O) is the feasible path on the Rh(2 2 1) surface with an
activation energy of 120.6 kJ · mol−1 [8]. It can also be seen that the
active N is easier to form over Pd6/TiO2 catalyst than that on Pd(1 1 1)
and Rh(2 2 1) surfaces. The active species N and NH will generate the
final products N2 and NH3 according to subsequent reactions. In addi-
tion, products N2O and H2O will also be investigated in the following
sections.

3.2. Products generation

3.2.1. The generation of N2

Active N is the important and major precursor for N2, which is
formed via the hydrogenation of NO to HNO, the second hydrogenation
to NHOH, and the dissociation of NHOH. Two active N can be directly
connected to each other to generate N2. Two N atoms at F1 and F2 sites
generate N2 by TS-13 and the generated N2 is adsorbed at the B1 site.
The energy barrier of this process is only 52.8 kJ ⋅mol−1. However,
energy barriers of the combination of two adsorbed active N to N2 were
177.5 and 142.5 kJ · mol−1 on Pd(1 1 1) [45] and Pd(2 1 1) [13] sur-
faces, respectively. And N+N→N2 was not the most favorable path to
generate N2 on these two surfaces. Compared with energy barriers of
N+N→N2 on the above three catalysts, it is clearly that Pd6/TiO2 is
easier to produce N2 from active N than that on Pd(1 1 1) and Pd(2 1 1)
surfaces [45,13].

The potential energy diagram for forming N2 from NO in the con-
dition of H2 is shown in Fig. 5. It is also the most favorable path to
generate N2, namely, NO→HNO→NHOH→N→N2. The first step for
the activation of NO via the hydrogenation is the rate-determining step
in the whole reaction path of NO reduction to generate N2, which is
represented by the red color in Fig. 5. The energy barrier of the rate-
determining step is 103.0 kJ ⋅mol−1. Certainly, the dimer path for the
formation of N2 during the NO reduction on the Pd6/TiO2 has also been
considered. Unfortunately, the stable structure of dimer N2O2 is not
obtained. Therefore, the dimer path is not shown in this work. Com-
pared with Pd(2 1 1) and Pd(1 1 1) surfaces, the favorable reaction path,
the rate-determining step and corresponding energy barrier of gen-
erating N2 have changed. The main path of producing N2 is the dimer
path and the rate-determining step is N2O2→N2O+O, and the cor-
responding energy barrier is 116.2 kJ ⋅mol−1 on the Pd(2 1 1) surface
[13]. But on the Pd(1 1 1) surface, the main path to generate N2 is the
NO hydrogenation dissociation into the active N, which finally generate
N2. The rate-determining step is NO+H→N+OH and the reaction
barrier is 152.4 kJ ⋅mol−1 [45]. These results show that Pd6/TiO2 not
only changes the main reaction path of H2 reduction of NO, but also
reduces reaction barrier of the rate-determining step, which indicates
Pd6/TiO2 has better catalytic activity for the reduction of NO to pro-
duce N2 than Pd(2 1 1) and Pd(1 1 1) surfaces.

3.2.2. The formation of N2O
In addition to the direct production of N2 via active N, the adsorbed

N can also reacts with the adsorbed NO leading to the formation of N2O.
It can be seen from the configuration diagram in Fig. 6 that NO ad-
sorbed at the B1 site reacts with the active N adsorbed at the F2 site via
TS-14 leading to the formation of N2O, and an energy barrier of
149.9 kJ ⋅mol−1 is needed. The favorable path to form N2O can be
generalized in Fig. 6, we can see that the path to generate N2O is NO→
HNO→NHOH→N→N2O. These steps to form active N are the same
as that to generate N2. However, the rate-determining step of the whole
reaction path is changed. NO+H→HNO is the rate-determining step

1 For interpretation of color in Figs. 5 and 7, the reader is referred to the web version of
this article.
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in the reaction path of generating N2, but in the process of generating
N2O, the rate-determining step is changed into N+NO→N2O. Energy
barriers of rate-determining step to generate N2 and N2O are 103.0 and
149.9 kJ ⋅mol−1, which shows that N2O is a possible byproduct but is
not easy to be generated since the energy barrier of producing N2O is
higher than that of producing N2 on the Pd6/TiO2. NO reduction by H2

on Ti0.99Pd0.01O2−δ was carried out in a temperature programmed re-
action system equipped with a quadrupole mass spectrometer and a gas
chromatograph, which shows the concentration of N2O is the lowest in
all products [23]. The decomposition of N2O to N2 is also calculated,
but the transition state cannot be obtained, which implies that the N2O
dissociation is infeasible and N2O is one of products during the NO
reduction process over Pd6/TiO2. The similar results are obtained on
the Pd(1 1 1), Pt(1 1 1), Rh(2 2 1) and Ni(1 1 1) surface [45,49,8,50].
However, it is proved that N2O is a key intermediate for N2 generation
on the Pd(2 1 1) surface through theoretical calculation [13] and ex-
perimental study [12].

3.2.3. The generation of NH3

NH3 is a possible product during the reaction of NO by H2. The
favorable NH species formation is the direct dissociation of HNO, which
is different that on Rh(2 2 1) [8], Pd(1 1 1) [45] and Pd(2 1 1) [13]
surfaces, the hydrogenation of N is the main step for NH. NH eventually
generates NH3 via two gradual hydrogenation reactions. It can be seen
from Fig. 7 that the most favorable path from NO to NH3 is NO→
HNO→NH→NH2→NH3. In the potential energy diagram, the ele-
mentary reaction NH2+H→NH3 is expressed by red color, which is
the rate-determining step of the whole NH3 formation path, and the
energy barrier is 128.4 kJ ⋅mol−1. The formation energy barrier of NH3

on the Pd6/TiO2 is slightly higher than that on Rh(2 2 1) [8] and Pd

(1 1 1) [45] surfaces, in which the formation energy barrier of NH3 are
112.9 (NH2+H→NH3) and 115.8 kJ ⋅mol−1 (N+H→NH), respec-
tively. Compared with the energy barrier of 103.0 kJ ⋅mol−1 for N2

generation, the energy barrier of NH3 formation is higher, which shows
that NH3 is not easy to generate on the Pd6/TiO2.

3.2.4. The generation of H2O
H2O generation path is also studied in the process of NO reduction

by H2. The maximum energy barrier of H2O formation is
86.7 kJ ⋅mol−1 on the Pd6/TiO2 (Fig. 8), while maximum energy bar-
riers for producing H2O on Pd(1 1 1) [45] and Pd(2 1 1) [13] surfaces
are 121.6 and 123.0 kJ ⋅mol−1, respectively. It implies that the for-
mation energy barrier of H2O on the Pd6/TiO2 is significantly reduced.
The formed H2O weakly adsorbs on the surfaces with an adsorption
energy of 47.2 kJ ⋅mol−1, which indicates that O and OH species are
more easily released from Pd6/TiO2 catalyst via forming H2O.

3.3. General discussion

Adsorption and reaction of all species occur on metal Pd except the
adsorption of NH, which shows metal Pd are active sites. In addition,
the formation energies of O-vacancy by removing surface O2C and O3C

on the Pd6/TiO2 are 646.3 and 708.7 kJ ⋅mol−1, which imply that
surface O are very stable and cannot participate in the NO reduction
reaction. The same result has been obtained that adsorption and sub-
sequent dissociation of NO on reduced (Pd0) metal sites on Pd/TiO2 by
an in situ DRIFTS [25].

The formation of active N goes through the favorable route is
NO+H→HNO+H→NHOH→N on the Pd6/TiO2, however, the
optimal path for the formation of active N on the Pd(1 1 1) surface is
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Fig. 3. Potential energy diagram of the HNO dissociation and hydrogenation including corresponding configurations of initial states, transition states and final states.
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NO+H→N+OH [45]. It can be seen that the optimal paths of N–O
bond cleavage leading to active N are different on two catalysts. In
addition, the rate-determining step and the corresponding energy bar-
riers are also different. On the Pd6/TiO2, the rate-determining step is
NO+H→HNO and energy barrier is 103.0 kJ ⋅mol−1, while the rate-

determining step is NO+H→N+OH and the barrier is
152.4 kJ ⋅mol−1 on the Pd(1 1 1) surface [45]. It implies that active N
can be formed more easily on the Pd6/TiO2 than that on the Pd(1 1 1)
surface.

There are three kinds of N-containing products, N2, N2O and NH3 in
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the reduction of NO by H2 on the Pd6/TiO2. The rate-determining step
of the N2 generation process is NO+H→HNO, which energy barrier is
103.0 kJ ⋅mol−1. However, the highest activation energies occur at the
dissociation of NO bond for the formation of N2 are 152.4 and
116.2 kJ ⋅mol−1 on Pd(1 1 1) [45] and Pd(2 1 1) [13] surfaces, re-
spectively. Compared with the Pd(1 1 1) and Pd(2 1 1) surface, the
barrier of rate-determining step has declined for the N2 emission on the
Pd6/TiO2, which implies that Pd6/TiO2 exhibits higher catalytic activity
to the reduction of NO by H2 than that on the Pd(1 1 1) and Pd(2 1 1)
surface. The rate-determining steps for producing N2O and NH3 are
N+NO→N2O and NH2+H→NH3, and the energy barriers are 149.9

and 128.4 kJ ⋅mol−1 respectively. It can be seen from the energy bar-
riers that the formation of N2 is more favorable and the generation of
by-product N2O and NH3 are difficult because of the high barrier on the
Pd6/TiO2.

In addition, the energy barrier of rate-determining for forming NH3

and N2 are 128.4 and 103.0 kJ ⋅mol−1 on the Pd6/TiO2 and the dif-
ference value is 25.4 kJ ⋅mol−1. Compared to the Pd(2 1 1) surface
[13], the energy barrier for forming NH3 has a little difference (128.4 vs
131.7 kJ ⋅mol−1), but a reduction of 13.2 kJ ⋅mol−1 for generating N2.
As a result, the productivity and selectivity of N2 can be well improved
on the Pd6/TiO2. Moreover, no NH3 formation was detected on
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Ti0.99Pd0.01O2−δ during the NO reduction by H2 by a quadrupole mass
spectrometer and a gas chromatograph [23]. And the high N2 se-
lectivity was attributed to the reaction of formed NHx intermediates
with NOx leading to N2 [25]. During the reaction of NO reduction by
H2, NH is formed by the direct dissociation of HNO with a little energy
barrier of 43.5 kJ ⋅mol−1, and the hydrogenation of NH to NH2 needs a
relative high energy barrier of 89.5 kJ ⋅mol−1. It shows that NH is the
main species of NHx. Therefore, the co-adsorption structure of NH and
NO is first optimized in order to study the reaction of NHx intermediates
with NOx. However, the stable co-adsorption structure is not obtained
on the Pd6/TiO2.

4. Conclusions

In this work, the reduction of NO by H2 on the Pd6/TiO2 has been
studied by using the periodic density functional theory method. NO
tends to hydrogenate leading to the formation of HNO, rather than the
direct dissociation. And then, NHOH is generated through the hydro-
genation of HNO. N is formed followed by the N–O bond cleavage of
NHOH on the Pd6/TiO2. The reaction energy barrier shows that the
Pd6/TiO2 can provide more active N than the Pd(1 1 1) surface.

In addition, the generation paths of N2, N2O and NH3 are also stu-
died and the result shows that N2 and N2O are produced via the active
N, and the NH3 is generated via two gradual hydrogenation reactions of
NH formed by the direct dissociation of HNO. It can be seen from en-
ergy barrier of the rate-determining step that the formation of N2 is
more favorable and the generation of by-product N2O and NH3 is dif-
ficult because of the high barrier on the Pd6/TiO2. It also indicates Pd6/
TiO2 shows a high selectivity to N2.
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