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ABSTRACT: A periodic density functional theory (DFT) calculation has been used to study the NO reduction by H, on the
stepped Pd(211) surface. The main route of N, generation changes with temperature increasing. The dimer path is main for the
formation of N, at low temperature, in which two NO react and generate N,O,, and then N,O, decompose to produce N,.
However, the active N path becomes main to generate N, via NO hydrogenate and dissociate to produce active N at high
temperature. The formation of NHj is via the successive hydrogenation of N or NH. Additionally, energy barriers showed that
the Pd(211) surface exhibited higher catalytic activity to the reduction of NO by H, than that on the Pd(111) surface, and the
kinetics showed that the selectivity of N, is higher than that of NH; on the stepped Pd(211) surface below about S00 K.

1. INTRODUCTION

Atmospheric NO has attracted attention over the past decades
due to environmental problems including toxic smog and
acid rain,' > which are mainly produced from industrial and
automotive exhausts. Currently, NO in flue gas is mainly
controlled by high-temperature selective catalytic reduction
(SCR) with ammonia (NH;), which is commercialized to
remove NO from coal-fired power plants for many years.*”
Nevertheless, many problems exist in the NH;—SCR reac-
tion, such as Vanadium catalyst emissions, unreacted ammonia
slipping, equipment fouling that caused by “white powder” and
high running costs.'”"' Compared with the NH;—SCR, the
selective catalytic reduction with hydrogen (H,—SCR) is highly
promising but still under the development process. Hydrogen
has been reported to be active reducing agent for the NO/H,
reaction and has the potential application to reduce NO emis-
sions from stationary sources. ">

Different catalysts are explored with regard to the decom-
position and reduction of NO, including Cu-ZSM3,'*'?
Pd—H-ZSMS,'® Fe-ZSM5'” and noble metals'®™° in which,
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noble metals attract more attention due to their activity or
selectivity for the reduction of NO."” The decomposition and
reduction of NO on different noble metal surfaces were
researched, and the results indicate that the barrier for the
dissociation of NO decreases in the order of Pt(111) > Rh(111)
> Ru(001) > Re(001) and the barrier for N, formation increases
in the reverse order of Pt < Rh < Ru < Re.”' Huai et al.”” studied
the NO reduction mechanism by H, on the Pt(100) surface and
subsurface modified with oxygen atoms, N, was the main product
via the reaction of N+N — N,, the selectivity of which is
larger than 90%. However, N,O was the main product via the
intermediate of NHOH at low temperatures on the Pt(111)
surface by the density functional theory (DFT) study.”
The reduction of NO by H, on Pt/Al,O; by theoretical and
experimental methods has also been studied, and the results
showed that NO prefers to react with H to form NHOH prior to
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N-O bond activation in the presence of H,, and N, O is formed
via the dimer reaction in the absence of H,.* The dimer reaction
pathway during NO reduction has also been investigated on the
Au(111) surface, and leads to the formation of N,O.”> The same
reaction was investigated on Rh(111) and Rh(221) surfaces, and
high N, selectivity is obtained.” It can be seen that the products
are different for the same reduction process on different catalysts,
even on the different surfaces of the same catalyst. Pd-based
catalysts have received much more attention due to high
low-temperature activity and relative low price. The kinetic
measurement by steady-state experiment shows that Pd is
significantly highly active for the NO/H, reaction but much less
selective, while the opposite trend characterizes for Rh.”” NO
could be completely reduced over Pd/Al,O; and Pt/Al,O; in the
range of 423—623 K when H, was used as the reducing agent, and
Pd/Al,O; presented higher NO reduction activity in the CO—H,
reducing condition than that of Pt/A1203.28 In addition, lower
formation of NH; on Pd/LaCoOQ; than that on Pt/LaCoOj is
attributed to competitive adsorption more in favor of H on
Pt/LaCo0;.”’ The reduction of NO by H, on the Pd(111) has
also been studied by the DFT method, and the microkinetic
analysis showed that N,O is a major product at low temperature
while N, becomes dominant with the temperature increasing.*’

The catalytic activity and product selectivity are greatly
dependent on the surface structure. The reduction of NO by H,
on Rh(111) and Rh(221) surfaces showed that the reduction of
NO on the stepped Rh(221) surface was easier than that on the
flat Rh(111) surface, and energy barriers of decomposition of
NO on the Rh(221) surface with and without H were same.
For the selectivity of products, N,O is the dominant product at
low temperature on the Rh(221) surface, and N, becomes the
main product above 480 K, while NH; is the main product
on the Rh(111) surface under near practical condition.*®
The adsorption, dissociation, and desorption of NO on
Pd(111), (100), and (311) surfaces indicated that the stepped
Pd(311) surface was active for the thermal dissociation of
NO due to the formation of N, and N,O, while NO molecule
desorbed from Pd(111) and Pd(100) surfaces.”’ In addition,
N,O easily dissociated on the Pd(211) surface leading to the
emission of N, in a steady-state NO+CO+D, reaction,”” while
N,O is as the product desorbing from the Pd(111) surface.*
The experiment shows that the catalytic activity of Pd(211) for
the reaction of NO-H, depends on the ratio of the area between
the (100) steps and the (111) terraces’* and the stepped Pd(211)
surface is more active for NO decomposition than the Pd(111)
surface.”>* The DFT results also demonstrate that the dissociation

of NO on Pd(211) is facilitated compared to that on Pd(111).*”
However, the catalytic activity of Pd(211) for the reduction of
NO by H, is unclear.

In this work, adsorptions of all possible species during the
reduction of NO by H, on the stepped Pd(211) surface have
been studied. Then, the dissociation of NO and correlated
reactions are investigated to obtain the favorable path for the
formation of active N and NH. Further, the formation path-
ways of all possible products, including N,, NH; and H,0, are
explored. Moreover, the results are expected to obtain the
selectivity of main N-containing products and the favorable
reaction path on the Pd(211) surface. In addition, the effect of
the stepped Pd(211) surface on the reduction of NO will be
obtained compared with the flat Pd(111) surface.

2. COMPUTATIONAL DETAILS

2.1. Surface Models. The stepped Pd(211) surface has been
investigated by XRD spectra when Pd was loaded on C, SnO,/C
and SnO,/multiwalled carbon nanotubes (MWCNTs),***’
which was also built as a catalytic surface to study the adsorption
and reaction of gases in theory.*”*" Therefore, the Pd(211)
surface is modeled using a p(1 X 3) surface unit cell** with four
layers in the z-direction, and a vacuum thickness of 12 A is
employed to avoid interactions between slabs. It is a common
method to deal with the interaction and reactions between gases
and solid modeling by the slab, which is widely used in the
different gases adsorption and reactions on the Pd(211)
surface,"”** as well as the activation of NO and reduction by
H,.*** The bottom two layers are kept frozen to their opti-
mized bulk positions, while the others were allowed to relax.
The isolated molecules and atoms are optimized in a large cell of
10 X 10 X 10 A. Five types of sites on the step Pd(211) surface,
involving top (T), bridge (B), 4-fold hollow site (H,), 3-fold
hollow fcc (F), and hcp (H) sites, are examined. They are 14
different adsorption sites, in which T1 and B1 are at the step
edge; T2 and B4 are at the lower edge; T3, B2, B3, B6, H1, H2,
F1, and F2 are on the (111) terrace; BS and H, are on the (100)
step, as shown in Figure 1a,b.

2.2. Calculation Methods. We used the Vienna ab initio
simulation package (VASP)* for all calculations. To deal with
the exchange—correlation energies, the generalized gradient
approximation (GGA) with the function of Perdew—Burke—
Ernzerhof (PBE)"” was carried out. The projector-augmented
wave (PAW)**** method was implemented to describe the
interaction between ionic cores and valence electrons. A plane-
wave basis set with an energy cutoff of 400 eV was chosen to

Step edge

Figure 1. Optimized slab model of Pd(211): (a) side view; (b) top view.
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expand the one-electron wave function,”””" and the integration

of the Brillouim zone was conducted using (4 X 3 X 1)
Monkhorst—Pack grids for surface. In addition, optimization
was carried out by calculating partial occupancies of the wave
function using Methfessel-Paxton method with a width of 0.1 eV.
The criterion for convergence of the electronic energy and force
were less than 5 X 107 eV and 0.01 eV-A™", respectively.

The climbing-image nudged elastic band (CI-NEB) method
combining with the dimer method was employed to determine
the transition state of each elementary reaction step.””>* CI-NEB
was used to locate the possible structural images between
reactant and product with the coarser convergence criterion
(electronic energy: 1 X 107* eV; force: 0.3 €V-A™"). Further-
more, the image close to the transition structure was then
optimized using the dimer method to electronic energy of
1 X 1077 €V and force of 0.05 eV-A™". This combination method
was widely used in other studies due to its high calculation
efficiency.”* ¢

Four intermediate images were interpolated between reactant
and product states for each elementary step in this study. In order
to test the accuracy, eight intermediate images using CI-NEB
together with the dimer method was employed to search the
transition state for the reaction: NOH+H — NH+OH. Tran-
sition states and the corresponding energy barriers with differ-
ent image numbers are shown in Table 1. It can be seen that
transition states and activation energies are nearly same with
different intermediate images. It can be concluded that four
images is sufficient for the search of transition states, which was
also used in other work.”’ =’

Additionally, a smearing value of 0.2 eV was used to accelerate
the convergence. The transition state for the dissociation of trans-
N,O, into N,O and O was also searched using the same
parameters as the optimization (electronic energy: 5 X 107 eV;
force: 0.01 eV-A™'; smearing: 0.1 eV), and the energy difference
is only 1.0 kJ-mol™" by using those two parameters.

The activation barrier E, is defined as the total energy
difference between the transition state and the corresponding
initial stable structure, as Equation 1:

E, = Eqs — Eg + AEpg (1)

The adsorption energy, E,4,, on the Pd(211) surface is defined
by using eq 2:

Eads = (2)
where Eg agsomate 18 the total energy of the Pd(211) slab and
adsorbates system in its equilibrium state; E,, is the energy of

Eslab—adsorbate - (Eslab + Eadsorbate)

the Pd(211) surface, and E o IS the energy of the isolated
adsorbates.

The stepwise NO adsorption energies (AE,;,’) have been
defined to determine the adsorption saturation of NO on the
Pd(211) surface, according to eq 3:

3)

AEadsl = ENOn+1/slab - (ENOn/sIab + ENO)

where AE;/ refers to the energy change between the adsorbed
(n+1)NO systems and the adsorbed nNO systems plus the
gaseous NO molecule. A positive AE for n+l adsorbed
NO molecules indicates the adsorption saturation with nNO
molecules.

3. RESULTS AND DISCUSSION

3.1. Adsorptions of Surface Species. Adsorptions of
reactants, possible intermediates and products on the stepped
Pd(211) surface are investigated, and 14 adsorption sites are
considered. Most adsorption configurations, the corresponding
adsorption energies, and some important geometric parameters
are shown in Figure 2 and Table 2.

3.1.1. Adsorption OfNXOy (x, y = 0—2). N atom is more likely
to adsorb at H1 site on the (111) terrace and the adsorption
energy is —464.9 kJ-mol~'. However, both F1 and H1 are the
most stable adsorption sites for the adsorption of O atom with
adsorption energies of —451.6 and —447.0 kJ-mol ™.

For the adsorption of NO, it prefers to adsorb at H1 site on the
(111) terrace and bridge site (B1) at the step edge, which are
consistent with previous work that NO is more easily adsorbed
on the (111) terrace of the stepped Pd(112) surface.”’
The adsorbed NO molecule is binding with nitrogen end down
to the surface and N—O bond lengths are 1.212 and 1.197 A.
The result is consistent with the previous work, in which the
N-O bond length is 1.180 A.* Two adsorption energies are
similar to —222.1 and —218.4 kJ-mol ™", which are consistent with
previous work (—225.8 kJ-mol ™).

N, parallelly adsorbs at the step edge bridge site with an
adsorption energy of —47.2 kJ-mol .

There are two stable adsorption sites for N,O. One is that N,O
molecule binds with the Pd atom at the step edge top site through
its terminal N (N,Or, ), which is a nearly linear geometry with an
adsorption energy of —32.0 kJ-mol™". The length of N—N and
N—O are 1.152 and 1.201 A, respectively. Other one is that N,O
molecule is connected to the surface via two N, and the O—N—N
is with an angle of 137.70° in the N,Op, configuration. An energy
released from the adsorption process is —25.4 kJ-mol™" and the
distance of N—N and N—O are 1.228 and 1.242 A.

Table 1. Transition State Structures and the Corresponding Activation Energies of NOH+H — NH+OH with Different Image

Numbers

Image Energy barrier
Method . NOH+H(a) TS NH+OH
numbers (kJ-mol™)
CI-NEB +
4 87.3
dimer
CI-NEB+
) 8 90.0
dimer
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Figure 2. Stable adsorption configurations of possible species involved in the reduction of NO by H, on the stepped Pd(211) surface. Bond lengths are

in angstroms.

Table 2. Adsorption Energies of Reaction Species on the

Stepped Pd(211) Surface
E,g; (KJ-mol™")

adsorption species adsorption species  E,q, (IJ-mol™")

Nin —464.9 NH, -3705
Oz Om —451.6; —447.0 NH,j, —270.0
NOy,; NOg, —222.1; —2184 NH;p, —797
Nagt —47.2 Hory —38.4
N;Or; N;Op, —32.0; —25.4 H,g; —9.4
cis-N,Opp; —1323 Hyp, —2684
trans-N, O, —143.3 OHp, ~300.1
HNOy, —177.9 H,0 —37.9
NOHy,;; NOHg, —265.5; —263.7

NHOHj, -219.7

NH,OHr, —102.9

Both cis-N,0,°” and trans-N,O, exit on Pd(111),** as well
as Au(111),” Ag(lll),64 Cu(100) and (111),° silicon
(Si)-doped graphene,67 and BaO (100) surface®® via two
N atoms connecting to each other. The cis-N,O, adsorbs at
the step edge bridge site via two O atoms, while one N atom and
one O atom bind to surface Pd atoms at the B1 site for the
adsorption of trans-N,O,. In the adsorption configuration of
¢is-N,O,, the bond length of N—N is 1.231 A with an adsorption
energy of —132.3 kJ-mol™". For the adsorbed trans-N,0,, the
bond length of N—N (2.096 A) is slightly longer than that in
the gas phase with 1.943 A,** which shows that it is activated.
The adsorption energy is —143.3 kJ-mol ™.

3.1.2. Adsorption of HNO, NOH, NHOH, and NH,OH. In the
reduction process of NO by H,, HNO, NOH, NHOH, and
NH,OH are possible intermediates.”” The stable adsorption
configurations are obtained, as shown in Figure 2. HNO prefers

to adsorb at hcp site on the (111) terrace, which is the same as
that on the Rh(221) surface through N and O adsorbing at the
hep site.”® The bond length of N—O in HNO is 1.323 A, the
angle of H-N—O is 101.19° and the adsorption energy is
—177.9 kJ-mol™!. NOH is found to adsorb at the 3-fold-
coordinated hollow sites via N atom binding to three Pd atoms.
The similar adsorption energies of —265.5 and —263.7 kJ-mol ™
are gotten for adsorptions at H1 and F1 sites on the (111)
terrace. NHOH is located at the step edge bridge site via N atom
binding to Pd—Pd bond, shown as NHOHjp, with an adsorption
energy of —219.7 kJ-mol™". As for the adsorption of NH,OH, its
most stable adsorption position is at the T1 site, where N atom
connects to Pd atom at the step edge. The distance of N—O of
NH,OH is 1.444 A and the adsorption energy is —102.9 kJ-mol .

3.1.3. Adsorption of N,H, (x=0-1,y=1-3), OH and H,0.
During the reduction of NO by H,, the dissociated N may
combine with the surface Hleading to the formation of NH, NH,
and NHj species. The most stable adsorption sites for NH, NH,,
and NH; are F1, B1, and T1, respectively. Comparing with the
strong chemical adsorption of NH and NH, with adsorption
energies of —370.5 and —270.0 kJ-mol™’, the adsorption of
NH; is a weak chemical adsorption with an adsorption energy of
—79.7 kJ-mol~". It can be seen that adsorbed NH and NH, are
two stable intermediates, which are also investigated in the
reduction of NO on the Pd(111) surface® and Pt(111) surface.”

H, adsorbs on the surface with molecule and dissociated
modes, the molecular one is at the top site and parallel to the
surface (H,r,), and the adsorption energy is only —38.4 kJ-mol .
When it is placed at F2 on the (111) terrace, H, is dis-
sociated without an energy barrier. The adsorption energy of
—92.4 kJ-mol ™" shows that H is easily formed. The same process
was observed on the Rh(221) surface.’® H prefers to adsorb
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at H2, H1, F1, F2, and B1 site with similar adsorption energies,
which are —268.4, —268.0, —267.0, —266.6, and —265.4 kJ-mol ™,
respectively. Only the configuration of H on the (111) terrace
is shown as Hy, in Figure 2. These results are in agreement
with the previous work, in which the adsorption energy of H is
~269.2 kJ-mol~1.%

OH tends to adsorb at the BI site through O atom with an
adsorption energy of —300.1 kJ-mol™". The adsorption of H,O
is very weak with a little adsorption energy of —37.9 kJ-mol ™,
which is in favor of the desorption.

3.2. Decomposition of NO and Correlated Further
Reactions. For the decomposition of NO, the coverage of NO
on the stepped Pd(211) surface is first investigated. On one
hand, the stable (111) terrace and bridge sites at the step edge
are first considered as the adsorption sites. Additionally,
the stepwise NO adsorption energies and the corresponding
structures on the Pd(211) surface are shown in Table 3.
It can be seen that it is unfavorable for the adsorption of the
eighth NO molecule, and two NO molecules are repelled to
leave the surface when eight NO molecules are on the stable
sites on the Pd(211) surface. In agreement with the adsorption
of CO on the Ni(100) surface, the adsorption mode changes
with the adsorbed CO increasing, and the saturated coverage is
9/12 ML.”

Moreover, the concentration of NO is very low, and just
500 ppm of NO (on a volume basis) in the gas stream was inlet
into the reactor in a small laboratory.”'~"* So the active site on
the catalyst surface cannot be fully covered by NO.

Thus the reduction of NO by H, proceeds at the low
coverage.

3.2.1. NO Dissociation and Hydrogenation Reaction.
The dissociation of NO is the first step in the reduction of NO
by H,.”* In addition, hydrogenation of NO can also occur and
some intermediates are investigated. Therefore, four possible

reactions about the dissociation and hydrogenation of NO are
considered on the Pd(211) surface, including:

Stepl NO >N+ O
Step2 NO +H —> N + OH
Step3 NO + H — HNO
Step4 NO + H - NOH

NO direct dissociation starts from the most stable HI1
adsorption site on the (111) terrace, and formed N and O are
at H1 sites. An energy barrier of 288.4 kJ-mol ™" is needed for this
step via TS1, indicating that the direct dissociation of NO on the
Pd(211) surface is hard. On the Pd(111) surface, an energy
barrier of 227.7 kJ-mol™" is needed for the direct step starting
from NO},CP”‘,30 showing that both Pd(111) and Pd(211)
surfaces are not in favor of the direct dissociation of NO.
However, the stepped Rh(221) surface is likely more favorable
than that of Rh(111) surface for NO direct decomposition.26
H-assisted dissociation elementary step for NO is also con-
sidered due to high energy barrier for the NO direct dissociation.
NO is at the stable H1 site, H is on the adjacent (111) terrace
with NO in NO+H(a). Relatively high energy barrier of
269.2 kJ-mol ™" for NO+H—N+OH is obtained, indicating that
this is not likely to occur on the Pd(211) surface. It was certified
that this step is an elementary reaction via interpolating eight
intermediate images between reactant and product states, and
the transition state and the corresponding energy barrier are
shown as TS2" in Figure 3. This elementary reaction step was
also investigated on the Rh(111) and Rh(221) surfaces with
lower energy barriers than that on the Pd(211) surface.”
H-assisted dissociation was also investigated for the cleavage of
C—O0 bond in CO molecule, the reaction rates for elementary
step (CO+H—C+OH) at different temperatures on the Ni(211)

Table 3. Stepwise NO Adsorption Energies and the Corresponding Structures on the Pd(211) Surface

Molecular AE, ;' Adsorption Molecular AE. ;' Adsorption
number (kJ'mol'l) configurations | number (kJ~mol'1) configurations

» f :
- & o &
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Figure 3. Potential energy diagram of the NO dissociation and hydrogenation including ZPE correction, and corresponding configurations of initial

states, transition states, and final states. Bond lengths are in angstroms.

surface were obtained.”> They are two elementary steps for
hydrogenation of NO via H attracting to N and O in NO starting
from NO+H(b), in which H is at F1 site on the same (111)
terrace with NO, HNO and NOH intermediates are formed
via TS3 and TS4 by overcoming energy barriers of 158.6 and
131.7 kJ-mol™". Comparing with energies barriers for all four
elementary steps for the reaction of NO, NO hydrogenation
forming NOH intermediate is more favorable than other three
steps. However, H-assisted dissociation reactions are main on
the Pd/ALO;’® and Pd(111) surface,”® and NO direct dis-
sociation steps are more likely to occur on Rh(111) and Rh(221)
surfaces”® leading to the formation of active N. Therefore,
the correlated further reactions of NOH are discussed in the
following sections.

3.2.2. Correlated Reactions of NOH. There are four possible
further reactions for NOH, the direct dissociation step (NOH—
N+OH), H-assisted dissociation steps (NOH+H—NH+OH
and NOH+H—N+H,0), as well as the hydrogenation step
(NOH+H—NHOH) are investigated, as shown in Steps 5—8.
The potential energy diagram for the reaction of NOH, and the
corresponding configurations are shown in Figure 4.

The direct dissociation of NOH leads to the formation of
N and OH is first considered. The N—O bond is cleaved via TSS,
and an energy barrier of 71.1 kJ-mol ™" is needed to be overcome.
For the H-assisted dissociation reaction of HNO, two elementary
steps are investigated. When H and NOH coadsorb on the same
(111) terrace [NOH+H(a)], it needs to overcome an energy
barrier of 87.3 kJ-mol™" in the process of H atom attacking to
N of NOH to form NH and OH, and the elementary reaction is
exothermic by —103.8 kJ-mol™". This step is also verified to be
an elementary step via interpolating eight intermediate images
between reactant and product states, the transition state and
energy barriers can be seen in Table 1. The same elementary step

16404
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Figure 4. Potential energy diagram of correlated reactions of NOH
including ZPE correction together with corresponding configurations
of initial states, transition states, and final states. Bond lengths are in
angstroms.
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was also investigated on the Pd(111) surface with an energy
barrier of 119.6 kJ-mol™,** which is higher that on the stepped
Pd(211) surface. For the process of H attacking to O of NOH
leading to the formation of H,O and N starting from H and
NOH on the adjacent (111) terrace, the activation barrier is
70.3 kJ-mol™". A little activation barrier of 32.7 kJ-mol™
needed for the hydrogenation reaction, in which NOH+H(a) is
the initial structure, and H fuses with NOH through N producing
NHOH. It can be seen that the directed reaction and H-assisted
dissociation reactions of NOH are difficult to occur due to
high energy barrlers, the same results are also obtained on the
Pd(111) surface.” In addition, the elementary step (NOH+H—
NHOH) is more favorable than other three elementary steps,
and NHOH is an important intermediate. This intermediate is
also investigated on the Pt(111) surface and as the main source
of N by the further dissociation.”***

StepS NOH — N + OH

Step6 NOH + H — NH + OH
Step7 NOH+ H - N + H,0
Step 8 NOH + H - NHOH

3.2.3. Correlated Reactions of NHOH. We discuss four
possible related reactions for NHOH, which are shown as
below:

Step9 NHOH — NH + OH
Step 10 NHOH + H — N + H,0

Step 11 NHOH + H — NH + H,0

Step 12 NHOH + H — NH,OH

The cleavage of N—O bond in NHOH leads to the formation
of NH and OH, which are located at H1 site and B1 sites,
respectively. The activation energy is 109.0 kJ-mol™", and the
reaction is exothermic with a reaction energy of —79.2 kJ-mol ™.
This process is similar to that on the Pt(111) surface with an
energy barrier of 67.5 kJ- mol ' and an reaction energy of
—80.1 kJ-mol ™" at low coverage.”® The other direct dissociation
reaction is that H of NHOH transfers from N to O, and H,0O
is formed accompanying with the cleavage of N—H. This elementary
step is exothermic with a reaction energy of —87.0 kJ-mol ™" and
the activation energy barrier is 105.8 kJ-mol™". There are two
H-assisted steps: NHOH+H—NH+H,0 and NHOH+H-
NH,OH. The former one is a concerted step, in which surface
H transfers to O leading to the formation of H,O; meanwhile,
N—O bond is broken. The energy barrier and the reaction heat
are 98.1 and —91.7 kJ-mol ™", respectively. Unlike the N—O bond
being broken in the H-assisted dissociation process, the N—O
bond is slightly stretched from 1.408 to 1.444 A in the process
of hydrogenation NHOH to NH,OH. The step is endothermic
with a reaction energy of 30.1 kJ-mol ™, and an activation energy
barrier of 116.6 kJ-mol™" is needed, as shown in Figure S. It can
be seen that steps 11 and 12 are favorable with little advantage
from the kinetics.

3.2.4. Brief Summary about Active N and NH Formation.
A feasible reaction path for the formation of active N and NH can
be obtained from the above analysis, as shown in Path 1.

+H +H N+H0
Pathl NO —» NOH—>» NHOH—I;:
NEH+H,0
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Figure 6. Potential energy diagram of the favorable routes for the
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NO is liable to hydrogenate leading to the formation of NOH,
as shown in Figure 6. And then, NHOH is generated as an
important active intermediate via further hydrogenation of
NOH. Furthermore, the N—O bond is broken leading to the
formation of N or NH with a little energy barrier difference.
The similar results were obtained by experiment methods, in
which the dissociation of NO assisted by chemisorbed H atoms
likely occurs on Pd/AL,O;.”° However, it is different from that
on the Pd(111) surface,”® and the most favorable routes for
the cleavage of N—O bond are NO+H—N+OH and NO+H—
NH+O. N and NH intermediates are formed via different
reaction steps, which are precursors for products N, and NH,.

3.3. Formation of Products N,, NH;, and H,0. 3.3.7. N,
Formation from Active N. Active N is the precursor of N,. The
formation of N, starting from active N intermediate and NO
will be studied, and there are four different paths, as shown in
Paths 2—35.
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Path2 N+ N = N,

Path3 N +NO — N,0 - N, + O
H

Path4 N + NO — N,0 - N, + OH

Paths N+NO - N, + O

Two adsorbed active N atoms directly combine with each other
and generate N,; the activation energy barrier is 142.5 kJ-mol ™",
and the reaction heat is —181.6 kJ-mol™ (see Figure 7).
When active N reacts with adsorbed NO, three possible paths are
discussed. One is that N,O is formed by overcoming an energy
barrier of 139.9 kJ-mol ™", which is with similar energy barrier to
the direct combining path. Then, the dissociation of N,O to N,
and O is investigated with a little energy barrier of 59.6 kJ-mol ™"
(Path 3). Certainly, N,O may be dissociated with H assistance,
leading to the formation of N, and OH (Path 4). However, a
higher energy barrier of 79.5 kJ-mol ™ is needed for this step than
that of direct N,O dissociation. It is indicated that N,O is an
intermediate, leading to the formation of N,; the same situation
was investigated on the Rh(110) and Pd(110) surface.”””®
In addition, N, emission via the decomposition of N,O inter-
mediate in a steady-state NO+CO+D, reaction on the stepped
Pd(211) surface was investigated by Angle-resolved desorp-
tion,”” whereas N,O is a product desorbing from Pt(111),
Rh(111), and Ni(111) surfaces without dissociation.®’”**
Comparing with the activation energies of N,O dissociation
with and without H assistance, the direct decomposition of N,O
is dominant for N, formation due to lower energy barrier, and the

16406

H-assisted path is less competitive. Path S is the adsorbed active
N attacking the N of NO, leading to the formation of N, followed
by N—O bond cleaving; meanwhile, O will be deposited on the
surface. A large activation energy of 260.7 kJ-mol ™" is needed for
the synergetic path. It can be seen that the favorable paths for the
formation of N, via the active N path are N+N—N, and NO
+N—-N,0—-N,+0.

3.3.2. N, Formation from N,O, Dimer. N,0, is an important
adsorbed species on the metal surface in the process of NO
reduction; both cis-N,O, and trans-N,O, are found on some
metal surfaces.””**%® When two NO molecules are adsorbed on
two neighboring top sites on the Pd(211) surface though O, they
spontaneously form the cis-N,O, species without energy barrier.
This trapezoid dimer is also found be a necessary intermediate
for the formation of N,O during NO reduction on the Au(111)
surface.”> We do not exhibit the formation process of cis-N,O,
in Figure 8 because it is a spontaneous elementary step and
barrierless; an energy barrier of only 10.6 kJ-mol™" is needed for
this step on the Au(111) surface,”” and an activation energy
of —8.7 kJ-mol™! is needed on the Pd(111) surface.’® It is
regretful that the formation of trans-N,O, starting from two NO
molecules has not been observed. However, it was investigated
on the Au(111) and Pd(111) surfaces.”>*° For the further reac-
tion of cis-N,O,, the direct dissociation is first considered and
studied. We try our best to find the transition state of this step but
failed. A new reaction path for the N,O, is provided where
cis-N,O, transforms into trans-N,O, in the first step, and then the
decomposition of trans-N,O, occurs leading to the formation of
N,O. There are two energy barriers of 81.9 and 116.2 kJ-mol ™"
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for these two steps. According to the above calculation results, we
can conclude that the route of the cis-N,0,—trans-N,0,—N,O
+0 is a possible path for the dissociation process of NO through
(NO), species. This result is different from that on Pd(111)*°
and Au(111) surfaces,” in which the most favorable path is that
cis-N,O, directly dissociates into N,O and O. Then N,O is
directly decomposed into N, via the same step in Path 3 with a
little energy barrier of 59.6 kJ-mol™", which is much lower than
that of trans-N, 0, dissociation to generate N,O (116.2 kJ-mol™").
Additionally, the dissociation of trans-N,O, is an exothermic
process with 72.1 kJ-mol™". Both of them lead to the cleavage
of N—O bond in N,O easily to N, in this reaction system.
Similarly, the activation barrier for N, production remained
lower than that calculated for N,O on Pt(111) and Pd(111)
surfaces, also indicating that N, would be formed preferentially at
the expense of N,O.” In addition, the experiment shows that
N,O is an active and important intermediate for the formation
of N,,”>* and the production of N,O and N, involved the same
intermediates, trans-N,0,.*> N,O is also decomposed to N, on
Rh(110) and Rh(100) surfaces.””* The dimer path is feasible and
N, emission from the decomposition of N,O takes place below
500 K** on the Pd(211) surface.

Path6 NO + NO — cis-N,0, — trans-N,0,
- N,O+ O —> N, +20

3.3.3. NH; Formation. The NH; formation involves two
paths: the successive hydrogenation reactions of N atom and
the successive hydrogenation of NH via the decomposition of
NHOH. Certainly, the second path is included into the first one
(see Path 7).

+H +H +H
Path7 N -— NH — NH, — NH,

16407

It can be seen from Figure 9 that the hydrogenation reactions of
NH, (x =0-2) (N+H—~NH, NH+H—NH, and NH,+H—NH,)
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Figure 9. Potential energy diagram of the formation of NHj; including
ZPE correction together with corresponding configurations of initial
states, transition states, and final states.

need to overcome energy barriers of 99.9, 115.8, and 98.0 kJ-mol ™,
respectively. Compared to energy barriers of forming NH,
(87.8kJ-mol ™) and NH, (77.2 kJ-mol ) on the Pd(111) surface,*
it is not conducive to the formation of NH; on the Pd(211) surface.

3.3.4. H,0 Formation. In the process of the reduction of
NO by H,, the O atom is mainly from the dissociation of N,O
and N,O, as discussed above, OH is mainly from the decom-
position of NHOH intermediate, and H,O is the final presence
form of O atom and OH. Two possible reactions are con-
sidered in this study for the formation of H,O, as shown in
Paths 8 and 9.

+H +H
Path8 O — OH — H,O

+H +OH
Path9 O — OH—H,0+ O

The energy barrier for the hydrogenation of O atom is
123.0 kJ-mol ", which is an exothermic reaction with the energy
of —54.3 kJ-mol ', as shown in Figure 10. Then both OH+H and
OH+OH will lead to the formation of H,O, and they need
to overcome energy barriers of 91.7 and 135.5 kJ-mol™". It is
obvious that the OH further hydrogenation reaction is more
favorable.

3.4. General Discussion. 3.4.1. Main Paths for the
Formation of N, and NH;. As discussed above, there are two
possible pathways to the generation of N, on the Pd(211)
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surface. As shown in Figure 11, one of pathways is the active
N path, and the active N is first formed via the favorable route:
NO+H—-NOH+H—NHOH—N, and then the following reac-
tion (N+N—N, or NO+N—N,0—N,+0) will occurr. The
highest energy barriers are 142.5 kJ-mol ™" for the combination of
two active N, and 139.9 kJ-mol™" for the formation of inter-
mediate of N,O. A similar activation method for NO is also
investigated on the Pt(111) surface; the cleavage of N—O is via
HNOH intermediate, and H addition weakens the multiple
bonds in NO.** The other one is the dimer path, namely, 2NO—
cis-N,O,—trans-N,0,—N,0—N,+0, in which the decomposi-
tion of trans-N,O, into N,O and O is the rate-determining step
with an energy barrier of 116.2 kJ-mol™". N,O, dimer can also
exist on Ag(111) surface. Then the dissociation of N,O into
N, needs to overcome an energy barrier of 100.3 kJ-mol ™" on the
Ag(111) surface.”* The intermediate N,O played an important
role for N, emission during the reduction of NO on the Pd(211)
surface.”” The similar results show that N,O is easily formed on
Au(111) and A§(111) surfaces with energy barriers of 32.8 and
26.0 kJ-mol™%,>>** respectively. It is worth noting that there
are two different opinions for the formation of N,O, NO dis-
sociation, and the subsequent NO+N—N,O mainly proceeding
in other work.”” However, a decomposition path of N,O,
(N,0,—»N,0+0) is the main source for N,O by our study on
the Pd(211) surface, which is consistent with the formation
of N,O via a bimolecular reaction between two adjacent
chemisorbed NO molecules.” In any case, N,O will be decom-
posed, leading to the emission of N,. It can also be concluded that
there are two competitive paths for N, emission during NO
reduction on the Pd(211) surface, in which the highest activation

energies of 142.5 and 139.9 kJ-mol™" are for the active N path,
and 1162 kJ-mol™ is for the dimer path. Comparing with
the highest activation energy (152.4 kJ-mol™") occurring at the
dissociation of NO bond for the formation of N, on the Pd(111)
surface,’® the barrier of the rate-determining step has declined
for the N, emission, implying that the Pd(211) surface exhibits
higher catalytic activity to the reduction of NO with H, than that
on the Pd(111) surface.

For the formation of NHj, the successive hydrogenation of
N or NH is the feasible path, which are from the direct dis-
sociation and H-assisted dissociation process of NHOH.
No matter which path leads to NH;, the rate-determining
step is the hydrogenation of NO to NOH, and the energy barrier
is 131.7 kJ-mol™".

3.4.2. Relative Selectivity of N, and NH; Microkinetic
modeling was used to predict the relative product selec-
tivity; meanwhile, surface coverage and reaction rates were also
obtained.*>®” All possible reaction steps for the formation of
N, and NH; (as shown in Figure 11) are listed in Table 4, and the
main formation steps for H,O are also shown. Rate constants
for all elementary steps are calculated based on the harmonic
transition state theory (TST)* in eq 4:

k= (__Ea)
~ P\ R (4)

where v; is the pre-exponential factor, E, is the ZPE-corrected
energy barrier, and T is the temperature. The pre-exponential
factor v; of each reaction pathway was calculated by eq 5:*

w |, s
kT -, O Tt

where f° are the vibrational frequencies at the initial state, and f;**
are the vibrational frequencies at the transition state (excluding
the imaginary one).

The related reactions and the rate constants at the temperature
range of 300—700 K are shown in Table S. The site balance of the
intermediate species involved in the reaction and free site (*) can
be written as follows:

On + Ono + Opans-nyo0, T Giseny0, T Onon + Onmon + On + O
+ O, + 0o + Oop + Oy 0 + 0%

The coverages of surface NO, H, and cis-N,O, are obtained by
eqs 7—9:

Ono = PuoKno8* (7)
Oy = PHzKHz o ®)
ecis—NZOz =P NOZKcis—Nzoze* ©)

The adsorption processes of the NO, H,, and cis-N,O, were
also assumed to be in equilibrium, and the equilibrium constant
K., was estimated according to eq 10:

K, = exp[—(AE,4 — TAS)/RT] (10)

where AE, g is the adsorption energy of NO, H,, and cis-N,O,,
respectively.
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Table 4. Related Reactions and the Representation of the Corresponding Rate Constant

reaction rate constant
NO* + H* - NOH* + * k,
NOH* + H* - NHOH* + * ks
NHOH* + * - NH* + OH* kg
NHOH* + * — N* + H,0 + * ky
NHOH* + H* - NH* + H,0 + * kg
N* + N* - N, + 2* ko
N* + NO* — N,O* + * ko
N,O* + ¥ - N, + O* 4+ * ki,

reaction rate constant
N* + H* — NH* + * ki,
NH* + H* — NH,* + * ki3
NH,* + H* — NH;* + * ki
cis-N,O,* + * — trans-N,O,* + * kys
trans-N,O,* + * — N,0* + O* ki
O* + H* — OH* + * ky;
OH* + H* —» H,0 + 2* kig

AS is the entropy change of NO, H, and cis-N,0, induced by
adsorption, respectively. It can be obtained by the eq 11:

AS=S§ -

adsorbate 'gas ( 1 1)
3N
W
Sadsorbate = ; -R ln[l - exp[_kB_,})]
;
Nihf, %P ( ~kl )
T hﬁ )

1— -
exP( T (12)
where S, 4oobate 1S the entropy of NO, H,, and cis-N,O, adsorbing

on the Pd(211) surface, which can be obtained according to the
eq 12, and f; are the vibrational frequencies of adsorbates. S,,, is
the gas phase entropy. The gas phase entropies of NO and H,
were obtained from the NIST Chemistry WebBook.”” For
cis-N,O,, the gas phase entropy was represented by that of two
NO molecules, since two NO molecules adsorbing on two
neighboring top sites can spontaneously form the cis-N,O,
species on the Pd(211) surface.

In this study, microkinetic modeling pressures were at Pyq =
100 Pa and Pyy,= 500 Pa.*® The coverage of other surface species
can be described according to the steady-state approximation,

where the rates for the production and the consumption of each
species were assumed to be equals:
datmnst O
at‘mns-NZOZ: T“ = klsgcis-NZOze>x< - klﬁetnms—NzOZe>k =0
(13)
do,

Onon TR = kyOnobu — ksbnoudu = 0 (14)
Ogpront SN0 _ g6 frnon® — knfymond
NHOH! a Unonn T Kelxmon 7UNHOH

— kgOnpoudu = 0 (18)
dfy . )
O: “a = ksOnnon®™ — ke — kiofnOno — k10O = 0
(16)
dOyy N
Onm: Fr keOnron®™ + ksnpontu + k1080
= ky3Onuby = 0 (17)
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Table S. Reaction Equilibrium Constants and Rate Constants in the Different Reaction Paths (300 K < T < 700 K)

rate constants/equilibrium constants

300 K 350 K 400 K 450 K 500 K 550 K 600 K 650 K 700 K
K, 2.419 X 10% 1.195 X 10% 1.298 x 10" 1.103 X 10" 3.941 x 10" 3.995 x 10" 8.838 x 10° 3.558 x 10° 2291 X 107
K, 3.009 x 10° 2.183 x 10! 5925 %1070 3819X 107 4468 x 107  8011x10™* 1969 x10™*  6150x 10~  2.312x107°
K, 5.470 X 10° 3.011 x 10° 6.289 x 10* 3212 X 10° 3.069 x 10> 4.624 X 10 9.784 2.684 9.017 X 107"
k, 5061 x 107" 1.071x 1077 3379 X 107° 2993 x 107  1.087 X 107! 2.065 2408 X 10 1.929 X 10* 1.150 X 10°
ks 4.570 x 10° 3231 x 107 1.409 x 10° 4.445 x 10 1.117 x 10° 2.375 x 10° 4.459 X 10° 7.603 x 10° 1.202 x 10
ke 1.025x 107 6215x 107 7.737 x 1072 3.344 6.878 X 10 8232 x 10” 6.557 x 10° 3.813 x 10* 1731 x 10°
k, 2.321 X 107° 1146 X 107> 1224 x 107" 4.701 8.800 X 10 9.755 x 10* 7.290 X 10° 4.019 x 10* 1.743 X 10°
kg 1190 x 107*  3.939 X 107 3.121 9.510 X 10 1.480 x 10° 1412 x 10* 9.311 x 10* 4.618 X 10° 1.830 x 10°
ko 1315x 1072 5466 x 107° 2859 x 107 3747 x 107*  1.860 X 107>  4.552 x 107! 6.552 6267 X 10 4.346 X 10*
ko 5426Xx 1072 1941 x107° 9049 x 107  1.083 X 107> 4.993 x 107* 1.150 1.573 X 10 1.441 X 10* 9.622 X 10*
ki 3.112 X 10° 1.105 x 10* 1.633 x 10° 1.340 x 10° 7.271 x 10° 2.916 x 107 9.312 X 107 2.494 x 10° 5.814 x 10°
ki» 3.308 X 107° 1.246 x 1072 1.088 3.567 X 10 5.880 X 107 5.864 x 10° 4.006 x 10* 2.044 x 10° 8.290 x 10°
k;  3907x107°  3495x 107  5.834Xx 107  3.170 X 107 7.830 1.088 x 10* 9.817 X 10* 6.343 X 10° 3.150 x 10*
ki 1081 X 107*  3.534 x 1072 2.741 8.129 X 10 1.228 X 10° 1.136 x 10* 7.262 x 10* 3.495 x 10° 1.345 x 10°
kis 1.497 x 1072 1.781 6.443 X 10 1.052 x 10° 9.849 x 10° 6.144 x 10* 2.827 X 10° 1.029 x 10° 3.115 x 10°
kg  5210x 107 3908 X 107® 5598 X 10™*  2.664 x 1072 5.869 x 107! 7.385 6.106 X 10 3.656 x 10 1.698 x 10°
ki, 3275% 107 4480 x 107  1.023x 107> 7.062 X 1072 2.106 3.408 X 10 3.483 X 107 2497 X 10° 1.355 x 10*
kg 2218x107° 5670 x 107 3.724 X 10 9.829 X 10? 1.365 x 10* 1.185 X 10° 7.225 X 10° 3.351 x 10° 1253 x 107
p dQNH2 Bl ‘0o o Therefore, the relative selectivity of N, and NH; can be
NH, de BUNHVH T CMYNEH T (18) obtained by eqs 25—28:
"N, activeN
. Y% g 0% + Ky 0n 00 — k000 = 0 SNyactiveN = -
. - = - - - 2
© dt 167 trans-N,0 HIN0 17707 rNH3 + eractiveN + erdimer (25)
(19)
deo]—[ Sxd _ rNZdimer
: = k1,00 + kb, 0% — k fopfy = 0 imer ™
OH dt 1770"H 6 NHOH 18¥OH"H (20) ’ rNH3 + rNZactiveN + erdimer (26)
dby o r
2 NH.
Ony0! Y k16Ohrans-2,0,9% + k108x0n0 — k11On,00™ = 0 SNH, = :
(21) ‘ rNH3 + eractiveN + erdimer (27)
From eqs 6—21, the coverage of all reactive species can be SN, = SnyactiveN + SN dimer (28)

obtained, as shown in Table 6.

The formation paths for N, and NHj are also obtained from
the analysis of rate constants. Both the active N path and the
dimer path contribute to the formation of N,, and the favorable
approach of producing NHj is that the stepwise hydrogenation
of active N or NH leads to the formation of NH;. Comparing
with the rate constant of each elementary step in these paths,
N+N — N, and NO+N — N,O are the rate-limiting steps for
the formation of N, via the active N path, and trans-N,0, —
N,O+O is the rate-limiting step via the dimer path. The rate-
limiting step for NH; formation is NO+H — NOH. This is
in agreement with the result of analysis by activation energy
barrier.

The formation rate of one product is proportional to the
concentration of reactants and the reaction rate constant.”'
In addition, different rate-limiting steps control the relative distri-
bution of products in the formation of N, and NHj, respectively.
Therefore, the formation rates of N, and NHj are expressed as
eqs 22—24:

1 1
"NyactiveN = EkQHNOHH + EklooNOQH

(22)
N, dimer = kléecis—NZOZ (23)
e, = kyOnofu (24)
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The relative selectivity of N, and NHj at the temperature
range of 300—700 K is shown in Figure 12. The selectivity of
N, is higher than that of NH; under the low temperature; how-
ever, it decreases with the increasing of temperature. NHj is the
main product when the temperature is above about 500 K. This is
in agreement with the dissociation of N,O to N, predominantly
formed during the cold start engine, and surface N and H coverage
increase with the temperature increasing, which favors the produc-
tion of NH; on Rh/ALO,.** Similar results are also obtained on
the Rh/SiO, catalyst, in which N,O is easily formed under low
temperature and NHj is the main product at high temperature.””

Moreover, the formation of N, is mainly via the dimer path
below about 525 K. With increasing temperature, N, formation
via the dimer path decreases quickly, whereas the formation of
N, via the active N path increases, indicating that high tempera-
ture is advantageous to the formation of active N. It can be seen
that the dissociation of N,0, to N,O, and then N, formation
followed by the decomposition of N,O prevails below about
525 K, which is in agreement with the experiment that
N, emission is from the intermediate N,O decomposition
below ~500 K on the stepped Pd(211) surface,”” and the N,O
decomposition channel is prevalent at low temperature.” It is
also obtained that the concentration of the active N increases
with the temperature increasing, and the active N is the impor-
tant intermediate for the N, generation under high temperature,
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Figure 12. Relative selectivity for the formation of N, and NH; on
different temperatures (300 < T < 700 K).

which is in agreement with the experiment where the formation
of N, is via the path of N+N — N, above ~500 K.”’

4. CONCLUSIONS

In this work, the reduction of NO by H, on the stepped Pd(211)
surface has been studied by using the periodic density func-
tional theory method. NO tends to hydrogenate, leading to the
formation of NOH, rather than direct dissociation. Then NHOH
is generated through the hydrogenation of NOH. N and NH are
formed followed by the N—O bond cleavage of NHOH on the
Pd(211) surface.

In addition, N, emission paths are studied, including the active
N path and the dimer path. The result shows that the dimer path
is the main route for the formation of N, at low temperature, but
the active N path is changed into the main path for N, generation
at high temperature. It is different from that on the Pd(111)
surface, and the energy barrier for the rate-determining step
shows that the formation of N, on the stepped Pd(211) surface
is easier than that on the flat Pd(111) surface. Additionally, the
selectivity of N, is higher than that of NH; on the stepped
Pd(211) surface below about 500 K.
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