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Abstract

Density functional theory (DFT) calculations were carried out on a vanadium oxide cluster containing four vanadium atoms to probe the
mechanism of the selective catalytic reduction (SCR) of NO with ammonia. The interaction of ammonia with Brgnsted acid sitegon this V
cluster leads to the formation of NFpecies bonded to two vanadyl-&0) groups, with a bonding energy ef110 kJmol. This adsorbed
NH4 species reacts with NO in a series of steps to form an adsorbedl@pecies, which subsequently undergoes decomposition to form
N>, H>0, and a reduced vanadium oxide clusteg-{¥). The latter reaction occurs via a series of hydrogen-transfer steps by a “push—pull”
mechanism with adjacent+O and V-OH groups on the vanadium oxide cluster. The rate limiting process in this conversion of NO and
NH3 to give Np, H>0, and \4—H involves the reaction of an adsorbed fNMHO adduct to form NHNO species. The transition state of this
step may be stabilized through hydrogen bonding with surrounding vanadia and/or titania moieties.
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1. Introduction Various researchers have proposed that the SCR reaction
may take place by reaction of NO with NHspecies on
The removal of NQ from flue gas emitted by power vanadia/titania catalysts [1,7-14]. Based on experimental
plants remains a major environmental issue today. Despiteobservations [8—14], we have proposed previously that the
significant developments in alternative N@moval tech- reaction is initiated by adsorption of ammonia on Brgnsted
nologies and catalysts, the most widely used process today isacid sites (V—OH), followed by activation of ammonia via
the selective catalytic reduction (SCR) of nitric oxide by am- reaction with redox sites (#O). This activated form of
monia over vanadia/titania-based catalysts. In recent yearsammonia then reacts with weakly adsorbed NO, producing
experimental [1-18] and theoretical [18-31] investigations N, and HO and leading to partial reduction of the catalyst,
have been carried out to understand the structural aspects ofvhich is then oxidized by @ However, the detailed nature
the catalyst, the nature of the active sites, and the reactionof the steps involved in the reaction of NO with adsorbed
mechanism. For example, in our previous work [18,30], we NH, species is still unclear. Gilardoni et al. [25,26] proposed
investigated the state of \(Gsurface groups [18] and the na-  in a theoretical study that adsorbed Nspecies react with
ture of the Brgnsted acid sites [30] responsible for ammonia NO on the surface of vanadium oxide to give a ANO
adsorption as Niispecies. There is broad agreement [1,5, species, which may then isomerize in the gas phase to
7-9,11-14] that ammonia adsorbs as3\#gecies on Lewis  gjve N, and HO. Kobayashi et al. [31] proposed several

acid sites of titanium oxide and as MHpecies on Bran-  gpecies derived from NANO as reaction intermediates in

contrast, the interaction of NO with the surface of vanadium NH. species with NO. In the present study, we have used
oxide is believed to be quite weak [1,2,4,7,8,11-13]. density functional theory (DFT) to obtain further insight into
the mechanism of the SCR reaction, focusing especially on
* Corresponding author. the role of vanadium oxide in the reaction of adsorbediNH
E-mail address: dumesic@engr.wisc.edu (J.A. Dumesic). species with NO.
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2. DFT calculation methods

Electronic structure calculations employing density func-
tional theory were conducted to probe the energetics of the
reaction of NH with NO over a vanadium oxide cluster con-
taining four vanadium atoms. The vanadium oxide cluster
used in this study, hereafter referred to asWas used by us
previously to probe the factors controlling the nature of am-
monia adsorption on surface vanadia species [30]. The V
cluster was constructed from the crystal structure gDy
[32] by selecting adjacent vanadium atoms and all oxygen
atoms bonded directly to these vanadium cations. Hydrogen
atoms were added to maintain charge neutrality.

The DFT calculations were carried out using DEC work-
stations with the Jaguar software package (Schrédinger,
Inc.). The chosen DFT method uses a hybrid method em-
ploying Becke’s three-parameters approach, B3LYP [33].
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This functional combines the exact HF exchange, Slater'slo-

cal exchange functional, and Becke’s 1988 nonlocal gradient
correction to the exchange functional, with the correlation
functionals of Vosko, Wilk, and Nusair (VWN) and Lee,
Yang, and Parr (LYP). The basis set employed in all calcu-
lations (LACVP**) uses an effective core potential on all
V atoms, developed at Los Alamos National Laboratory by
Hay and Wadt [34]. The electrons treated explicitly on V are
the outermost core and valence electrong?3%4s2343).

The H, N, and O atoms have been treated with the 6-31G**
basis set, with all electrons being treated explicitly.

Fig. 1. Top and front view of (a) ¥ cluster, (b) \4 cluster with adsorbed
NHgy. The following coloration is used in this and all subsequent figures:
H—uwhite, O—gray, N—gray with crosshatching, V—black.

V4 cluster, which has a stoichiometry of;@16H12, was
constructed by taking four vanadium atoms from the (010)
plane of \WOs, including all oxygen atoms within the
plane that are directly bonded to the four vanadium atoms.
Oxygen atoms in this cluster are coordinated to either
1 or 2 vanadium atoms, as denoted by O[1] or O[2],

The energy of each adsorbed species and transition statéespectively. Hydrogen atoms were then added to oxygen

was calculated relative to the following reaction:

V4 + NHz(g) + NO(g) — Va4-[species]

Accordingly, we calculate the energy change of each reac-
tion, AE, from the terms

AE = (Ev,-species — (Ev, + ENH; + ENO),

where Ev,-speciesiS the energy of the ¥ cluster with the
species of interest adsorbdgl, is the energy of the initial
V4 cluster, anEnH, and Eno represent the energies of gas-
phase NH and NO, respectively.

3. Results
3.1. Formation of NH2NO from NH3 and NO

It has been proposed in the literature [17,25,26] that the
NH2NO species is a possible intermediate in the reaction
of NO with ammonia over vanadium oxide catalysts. Ac-
cordingly, we will first consider the steps involved in the
formation of adsorbed N#NO on the vanadia cluster. We
will then address the steps involved in the catalytic decom-
position of NFbNO to form N, and HO.

The cluster used to model the reaction of N\idith NO
over a \bOs catalyst is shown in Fig. la. This cluster,
denoted V, is described elsewhere [30]. In short, the

atoms to maintain charge neutrality. The dihedral angles
of the hydrogen atoms were chosen to minimize hydrogen
bonding among neighboring —OH groups. One hydrogen
atom was transferred from an O[2] position to an O[1]
position to produce a VOH adsorption site. According to the
literature [19], as well as our previous calculations [18], O[1]
atoms are stronger hydrogen acceptors than O[2] atoms, thus
making the transfer of a hydrogen atom from O[2] to O[1]
exothermic. The positions of the bridging and terminal OH
groups were allowed to relax fully to minimize electronic
energy. The positions of the four vanadium atoms were kept
fixed, and the four O[1] atoms were free to relax only along
the V=0 bond. The =0 bond length in the ¥ cluster

is 157 pm, which is in agreement with the crystal structure
obtained by Bystrom et al. [32].

After optimization of the M cluster in the manner
described above, the cluster was reoptimized to allow
relaxation of the four vanadium atoms. The V-V distances
in the cluster subsequently increased slightly from values of
341 and 357 pm to values of 346 and 361 pm. The energy
of the V4 cluster decreased by 11 ol during relaxation.
Because the V-V distances changed only slightly during
optimization, all subsequent calculations were performed
with the V=V distances constrained at 341 and 357 pm.

The optimized \f-cluster was then used to study ammo-
nia adsorption. The optimizeds¥NH3 geometry is shown
in Fig. 1b. During optimization of the Y~NH3 geometry,
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Fig. 2. (a) % cluster; (b) NH adsorbed on O[1]-H group ofg/luster.

the bridging and terminal hydroxyl groups were held fixed,
as were the positions of the four vanadium atoms. The O[1]
atoms were allowed to relax only along the=® bond.
The bridging O atom between the two=0D groups in-
volved in ammonia adsorption was allowed to relax fully,
as were the atoms of the NHdsorbed species. Ammonia
adsorbs as an NHspecies on the ¥ cluster between two
V=0 sites, which is in agreement with previous experimen-
tal results [1,5,7-9,11-14] and theoretical calculations [25,
26,30]. Adsorption of ammonia is symmetric: the two N-H
bond lengths are 108 and 107 pm, with corresponding VO-H
bond lengths of 150 and 156 pm, respectively. The calcu-
lated energy change of adsorption-i4€10 kJmol, which is

in agreement with the theoretical calculations of Gilardoni et
al. [25,26]. In a previous paper [30], we showed that the for-
mation of NH; species is facilitated on oligomeric clusters
of vanadium oxide containing pentacoordinated vanadium

cations, and these species are promoted by interaction of

vanadium oxide with the titanium oxide support. Also, to
investigate the effect of cluster size while maintaining the
vanadium atom of the VOH in an oxidized state, @dWuster

was constructed, as shown in Fig. 2a. On this cluster, ammo-

nia was found to adsorb as Nldpecies, as shown in Fig. 2b,
with a heat of adsorption 0£132 k¥mol. Thus, the effect

of cluster size on the energy change of ammonia adsorption

appears to be rather small.

The V4 cluster was also used to investigate the adsorption

of ammonia on O[2]-H sites. The structure of ammonia
adsorbed on an O[2]-H group is shown in Fig. 3. Ammonia
adsorbs as Nkl species on O[2]-H groups, with a heat
of adsorption of—53 kJmol. This result agrees with our
previously reported work [30], in which it was found that
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Fig. 3. (a) Top and (b) front views of ammonia adsorbed ag NiHO[2]-H
group of V4 cluster.

the adsorption of Nglas NH; species does not take place on
O[2]-H groups. As shown in Fig. 4, adsorption of ammonia
on O[3]-H groups of the ¥ cluster was also investigated.
Ammonia adsorbs on O[3]-H groups as a distortedsNH
species: the gN-H bond length is 119, and the NHO[3]
bond length is 130 pm. This NHspecies adsorbs with a
heat of—101 kJmol. Because of the stronger interaction of
ammonia with O[1]-H sites compared to O[3]-H sites, we

Fig. 4. (a) Top and (b) front views of ammonia adsorbed on O[3]-H group
of Vg cluster.
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Fig. 6. NH3NHO adsorbed species associated withavid \, clusters.

with respect to the ¥ cluster and gas-phase NHand

NO, which is similar to the geometry and structure of the

NH3NHO adduct postulated by Kobayashi et al. [31].

Fig. 5. (a) Approximate transition state in the reaction of NO withs,NH We have also_ considered another Sltuatlor_] Whe_re_ the

species, and (b) the NJWHO species formed in this reaction. NH3NHO adduct is formed between two vanadia moieties,
as shown in Fig. 6. In this configuration, the BRWHO

eadductinteracts with theatluster (Fig. 1a) and ajcluster

have focused our attention on the former sites to probe th : ;
reaction of NO with adsorbed Nispecies. obtained from the Y cluster as follows. Two vanadium

Adsorption of NO on the ¥ cluster was studied. Two atomg were removed from thes\Eluster, along with their
cases were attempted: one case with the N atom oriented to&Ssociated ¥O and V-OH groups. The resulting dangling
ward the VOH group, and a second geometry with the O V-0 bpnd_s were termlnatgd with hydrogen atoms. In. ordpr
atom oriented toward the VOH group. In neither case did 0 maintain the two vanadium atoms at the same oxidation
NO interact significantly with the Brensted acid site. Thus, State as the vanadium atoms in the 8luster, a hydrogen
our calculations agree with experimental results [1,2,6-8, a&om was bonded at the bridging oxygen atom of the
11-14], which indicate that the selective catalytic reduction V2 cluster. The ¢ cluster was optimized under the same
of NO by ammonia takes place between an adsorbed ammo-£onstraints as the Mcluster. During geometry optimization,
nia species and gas-phase or weakly adsorbed NO. the atoms of the NENHO adduct were allowed to relax

The first intermediate species formed by reaction of NO fully, and the orientation of the ¥cluster with respect to
with adsorbed NH species is adsorbed NNHO. The the V4 cluster was unconstrained. Upon optimization of the
transition state for the formation of this species and the V4—NHsNHO-V, ensemble, two new hydrogen bonds were
optimized geometry of this adsorbed BIRHO species are ~ formed:a NH-OV bond between the —iEind of the adduct
shown in Figs. 5a and 5b. The approximate transition state and the \4 cluster (157 pm), and a shorter NO-HOV bond
was obtained by selecting the maximum energy point in a between the —NO end of the adduct and thg aluster
series of optimized geometries where the N-N bond was (145 pm). In addition, the existing NOH-OV bond between
constrained and all other atoms in the NIMO complex  the -NO end of the adduct and thg duster shortened from
were relaxed fully. The cluster was optimized in the same 153 to 139 pm, and the N-N bond contracted from 152 to
fashion as the ¥-NHs cluster shown in Fig. 1b. At the 145 pm. The existing NH-OV bond between the -J\#thd
approximate transition state, three bonds are in the proces®f the adduct and the Acluster lengthened slightly from
of being formed or broken: the N—N bond, which has a 159 to 163 pm. Upon the forming of two new hydrogen
length of 200 pm, the H-NO bond, which has a length bonds, the energy of the NNHO adduct was lowered by
of 213 pm, and the H-Nkibond, which has a length of 67 kJ/mol to a value of—92 kJ/mol with respect to gas-
179 pm. The energy of the transition state with respect to phase NH and NO. For comparison with this stabilization
the V4 cluster and gas-phase Nkind NO is+4 kJ/mol. effect of the \, cluster, we have also considered the case
The adsorbed NENHO adduct formed in this reaction has where V,—NH3NHO adduct is stabilized by interaction with
an N-N bond length of 152 pm and an energy-@5 kJ/mol a Tiz cluster having a TiO7Hg stoichiometry, as shown in
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Fig. 7. NHgNHO adsorbed species associated withand Tp clusters. Ti
atoms are shown in gray with diagonal hatching.

Fig. 7. The energy of the -NH3zNHO adduct was lowered
upon interaction with the %icluster by 33 kJmol to a value
of —58 kJ/mol with respect to gas-phase Nind NO.

The adsorbed NENHO adduct forms an NENO species
by transferring two hydrogen atoms to the ¥luster, as
shown in Fig. 8. The approximate transition state for the
conversion of NHNHO to NH2NO is shown in Fig. 8a. At
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Fig. 8. (a) Approximate transition state in the reaction of4NHO and
(b) the NHLNO species formed in this reaction.

(V=0)-NHNHO—(0=V) — (VOH)~NH,NO + VOH,
(VOH)-NHNO — VOH + NH2NO(g).

3.2. Decomposition of NH2NO

The results from our DFT calculations show that to form

the approximate transition state, the first hydrogen atom hasN2 and HO, the NHNO reaction intermediate formed

been removed to form a NiNHO species. The N-H bond

above must undergo a series of hydrogen-transfer steps in a

length on the hydrogen atom being transferred is 135 pm; the“push—pull” manner on the vanadia cluster. In each of these
corresponding VO—H bond length is 125 pm. The hydrogen steps, a hydrogen atom is transferred from a VOH group to
atom belonging to the —NHO group, however, has yet to an adsorbed species with NNO stoichiometry, and a sec-

begin transfer: the VO-H bond length is 163 pm, with a

ond hydrogen atom is simultaneously transferred from the

corresponding N-H bond length of 105 pm. The energy of NH2NO-stoichiometric species to an adjacert¥ group.

the transition state is-48 kJ/mol with respect to the ¥
cluster and gas-phase NO and NHhe NHNO reaction
product is shown in Fig. 8b. This NINO species adsorbs
onto the \4-cluster through a hydrogen bond (166 pm)
between VOH and the nitrogen atom of the —NO portion of
the NHLNO molecule. The energy of the adsorbed JND
species on the ¥-H cluster is—87 kJ'mol with respect to
the V4 cluster and gas-phase Nldnd NO. The energy of the
V4—H cluster plus gas-phase MNO is —42 kJ/mol relative
to the V4 cluster plus gas phase NO and jNH

In summary, we have found that gas-phase;,NB may
be formed via the following set of reactions:

NHs(g) + V=0 + VOH — (V=0)-NH—(0=V),
(V=0)-NHs—(0=V) + NO(g)
— (V=0)-NHsNHO—(0=V),

Our reaction mechanism resembles the mechanism for the
dehydrogenation of propane over vanadium oxide reported
by Gilardoni et al. [27], in which hydrogen atoms from
propane are shuttled among neighboring O[1] and O[3]
atoms during the course of reaction. For simplicity, we use
a Vy-cluster to accomplish these hydrogen-transfer steps,
in contrast to using a MH cluster. (In particular, the )
cluster does not have unpaired electrons, and the DFT com-
putational time for this cluster is half the time required for
calculations involving the ¥-H cluster, which has an odd
number of electrons.) The various NNO-stoichiometric
species formed during the isomerization and decomposition
of the NHbNO are shown and named in Fig. 9.

The first step toward the decomposition of MO is the
surface-catalyzed isomerization of WNO to form trans-
HN=NOH, as shown in Fig. 10. The energy of NNO
adsorbed on the Mcluster, shown in Fig. 10a, is92 kJ/mol
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cis-HN=NOH cis-HN=NO-trans-H

Fig. 9. Intermediate species involved in the isomerization and decomposi-
tion of NHoNO. b

with respect to the ¥ cluster and gas-phase Nknd NO,

or —50 kJ'mol with respect to the Ycluster and gas-phase

NH2NO. An approximate transition state for the isomer-

ization of NHpNO to form adsorbedranssHN=NOH was

obtained by selecting the maximum energy point in a series

of constrained geometry optimizations, where the NH-O

bond was constrained at successively shorter distances and

the remaining atoms of the NINIO adduct were allowed

to relax fully. The approximate transition state, shown in

Fig. 10b, has an energy ef73 kJ/mol with respect to the

V4 cluster and gas-phase Mtdnd NO. At the approximate C

transition state, the hydrogen atom of the —=Ngtoup is

equally shared by the adduct and thg-aluster; i.e., the

N-H and VO-H bond lengths are 122 and 125 pm, respec-

tively. The hydrogen atom being transferred to the —NO

group, however, has been almost completely transferred to

the adduct, i.e., the NO-H and VO-H bond lengths are 105 rig. 10. (a) NBNO species adsorbed ong\cluster; (b) approximate

and 145 pm, respectively. The final reaction product, ad- transition state in the reaction of NNO to form trans-HN=NOH;

sorbedrans-HN=NOH, is shown in Fig. 10c. A “push-pull”  (c) adsorbedrans-HN=NOH species.

mechanism appropriately describes how the hydrogen atom

is transferred from the VO—H group on the vanadia surface successively longer lengths and the remaining atoms of

to the —NO group of the adsorbed NNO, while the hy- the NHpNO species were allowed to relax fully. In the

drogen atom of the —Nf1of the adsorbed intermediate is approximate transition state, one of the nitrogen atoms

transferred to the ¥O group of the vanadia. The adsorbed is partially bonded to two hydrogen atoms, with N-H

transsHN=NOH species has an energy-e82 kJ'mol with bond lengths of 112 and 107 pm respectively, and with

respect to the ¥ cluster and gas-phase Nlidnd NO. corresponding VO-H bond lengths of 139 and 160 pm. The
The transsHN=NOH formed on the surface must then energy of the transition state is50 kJ/mol with respect to

isomerize to forntisHN=NOH as shown in Fig. 11. This  the V4 cluster and gas-phase Nknd NO. The adsorbed

isomerization step involves adding and removing a hydrogen cisHN=NOH reaction product is shown in Fig. 11c, and it

atom from the same nitrogen atom. The energy of the has an energy of53 kJ/mol with respect to the ¥cluster

adsorbedranssHN=NOH species upon readsorption in the and gas-phase Nd-and NO.

fashion shown in Fig. 11a is-72 kJ/mol with respect to Before the adsorbedisHN=NOH species can react

the V4 cluster and gas-phase Nidnd NO. An approximate  further to form N and HO, the DFT calculations show

transition state, shown in Fig. 11b, for the isomerization that an isomerization step must first take place to form

reaction to formcisHN=NOH was obtained by selecting the cisHN=NO-trans-H species shown in Fig. 12, which

the maximum energy point in a series of constrained presents an energetically more favorable orientation for the

geometry optimizations, where the VO-H bond which is decomposition reaction. The approximate transition state for

broken during isomerization reaction was constrained at this isomerization reaction, shown in Fig. 12a, was obtained
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103 pm

Fig. 11. (a)transsHN=NOH species readsorbed ory \tluster; (b) ap-
proximate transition state in the reaction of thanssHN=NOH to form
cissHN=NOH reaction, (c) adsorbets-HN=NOH species.

by fixing the dihedral angle of the rotating hydrogen atom to
a position halfway between the two isomers. The energy of
the transition state was found to b&8 kJ/mol with respect

to the V4 cluster and gas-phase Nidnd NO. The adsorbed
cissHN=NO-trans-H reaction product is shown in Fig. 12b,
and it has an energy 6£76 kJ/mol with respect to the ¥
cluster and gas-phase Nldnd NO.

The formation of N and HO takes place via the
hydrogen-assisted decomposition of adsorbed cis=N®-
trans-H, as shown in Fig. 13. The energy of adsorloesl
HN=NO-trans-H upon readsorption as shown in Fig. 13a
is —61 kJ'mol with respect to the ¥cluster and gas-phase
NHz and NO. The N-O bond distancea$-HN=NO-trans-

H adsorbed as in Fig. 12b is 136 pm, whereas the N-O bond

lengthens to 150 pm in the geometry of Fig. 13a. The length
of the O—H bond between the oxygen atontigfHN=NO-
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136 pm

S
&

G0

159 pm ‘4

Fig. 12. (a) Approximate transition state in the reaction of dteHN=
NOH to form cisHN=NO-rans-H; (b) adsorbedcisHN=NO-trans-H
species.

trans-H and the VOH group is correspondingly short, at

153 pm. An approximate transition state, shown in Fig. 13b,
was determined by selecting the maximum energy point in
a series of constrained geometry optimizations, where the

Fig. 13. (a) Readsorbeds-HN=NO-trans-H species; (b) approximate
transition state in the reaction afsHN=NO-rans-H to form N, and
H50.
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Table 1

Comparison of energies of intermediate species (with respect to the V
cluster and gas-phase NHind NO) adsorbed on j/singlet and doublet
clusters

Species Energy w.r.t. Energy w.r.t. \4
(singlet), NHs(9), (doublet), NH(g),
NO(g), k¥mol NO(g), k¥mol
V4—NH>NO -92 —94
V g-transHN=NOH —-82 —79
V 4—CissHN=NOH -53 -55
V 4—cissHN=NO-trans-H —76 —73

Fig. 14. Transition state for NJNO — transsHN=NOH over O[2]-H

length of the bond between the O atom of the -HNOH groups.
species and the H atom of the VOH surface group was
constrained at successively shorter bond lengths, and theare summarized in the following reaction mechanism:
remaining atoms of the HNNOH species were allowed
to relax fully. The approximate transition state occurs at NH2NO(g)+ VOH — NHzNO—(VOH),
an O-H bond length of 135 pm, and it has an energy of NH2NO—-(VOH)+ V=0
—57 kImol with respect to the ¥ cluster and gas-phase — (VOH)-trans-HN=NOH + V=0,
NH3 and NO. The energy of the Nand HO formed is (VOH)—trans-HN=NOH + V=0
—273 kJmol with respect to the ¥ cluster and gas-phase —s (VOH)—cisHN=NOH + V=0,
NHsz and NO. . . (VOH)—cis-HN=NOH — (VOH)—cis HN=NO-trans-H

To test the possible effect of the cluster spin-state on )
the reaction chemistry for catalyst-assisted decomposition of (VOH)—cis HN=NO-trans-H + V=0
NH2NO, the four intermediate species with stoichiometry ~ — N2(g) + H20(g)+ VOH + V=0.
NH2NO (i.e., NHENO, transsHN=NOH, cisHN=NOH,
and cisNH=NO-trans-H) were optimized over a doublet . .
V4 cluster, formed by adding a H atom at an O[2] position. 4. Discussion
The energies of these adsorbed species for the singlet
and doublet \{ clusters are compared in Table 1. For The energies of adsorbed species and transition states

all adsorbed species, the difference in energy between thenvolved in the reaction of NO with adsorbed Nidpecies
species adsorbed on a singlet Muster and a doublet)y ~ On the Vg-cluster to form N and HO are summarized in-
cluster is only 2—3 kamol. Therefore, it is expected that Table 2 and in Figs. 15a and 15b. The transition state having
the decomposition of NENO between neighboring O[1]-H

and V=0 groups should take place regardless of whether anTable 2

unpaired electron is present in the local environment. Energies of intermediate species and transition states with respect tg the V

The possibility that NHNO species may decompose via CIUS@ and gas-phase Nind NO (_TST)
a series of hydrogen transfer reactions involving O[2]-H Species Figure Energy w.r.t4yNH3(),
groups was also investigated. The transition state energies NO(g), kymol
for each step were approximated by superimposing the tran-x4 " ig 118

" - 4~NHy _
sition state geometry for each step, as shown in Figs. 10b,V4_,\”_|4_NO TST 5a 14
11b, 12a, and 13b, on the underside of thg &luster. V4~NH3NHO 5 _25
The approximate transition state for the PO — trans- V4—NH3NHO-V, 6 -92
HN=NOH reaction is shown in Fig. 14 as an example. V4-NHgNHO-Ti 7 —58
The energies of the first two transition states (analogousx‘l‘m:ﬂgo TST 88§ + gg
to Figs. 10b and 11b) increase by approximately 40 and vj_+ NI2-|2NO(g) " a0
65 kJmol, respectively, compared to reactions involving v,_NH,NO 10a _92
O[1]-H groups. This increase in energy may be due to V,-trans HN=NOH TST 10b -73
steric factors, since rotation of hydrogen atoms bonded to V4-trans:HN=NOH 10c —82
O[2] atoms is more restricted compared to hydrogen atomsx“‘::xi ZSNTZQ‘TOH ﬂﬁ _gg
L P _

bonded to Q[l] atoms. Thus_, it is expe.cted that O[1]-H .a.nd V4cis HN=NOH 11c 53
V=0 species play the dominant role in the decomposition v/, _is HN=NOH TST 12a _o8
of NH2NO to N, and HO. V 4—cis-HN=NO-trans-H 12b —76

The above results for the decomposition of the JNID V4—CiS-HNSN(;-tranSrH 12% —61
; : ; ; ; V4-Np—H,O TST 1 —57
intermediate (formed in the previous section) over the Vi + Np 1 HpO -~ o3

vanadium oxide via a series of hydrogen-transfer reactions
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Fig. 15. Potential energy profiles of (a) reaction of f\wiith NO to form
NHoNO over the \; cluster, \y + V2 and V4 + Tip ensembles and
(b) decomposition of NEINO over the \4 cluster.
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give NH2NO, and this energy ig-48 kJ/mol with respect
to the Vy-cluster plus gaseous NO and BlHVe may write
the rate of formation of NENO in terms of the following
two steps:

NHz 4+ H" <> NH4*,
NO + NH4* — products

1)
()

Step 1 is quasi-equilibrated, with an equilibrium constant
Keq1, and the rate constant for step 2 is equakio The
rate of formation of NHINO is thus equal to

R = k2 PNOONH, = Keq1k2 PNO PNH30x,

wherefnn, is the fractional surface coverage by adsorbed
ammonia, and, corresponds to the fraction of the surface
that is unoccupied by adsorbed species. If we use a typical
value of 10°® atm™! for the preexponential factor &eq1,

and if we use a preexponential factor of#m1 s~ for k

(as given by collision theory), then the following expression
is given for the rate of reaction for concentrations of NO and
NH3 equal to 500 ppm:

R=25x10"%exp(—Eact/ RT)0 S 3,

where Eqct is the energy of the transition state with respect
to the V4-cluster and gaseous NO and BlHFor a value of
Eactequal to 48 kJmol, the rate is equal to about 19s~1
at 573 K (for a value ofg, equal to 1). This predicted
rate is clearly too low, since a typical turnover frequency
[14] for the SCR reaction is of the order of 10 s 1.
Accordingly, the energy of the transition state must be
significantly lower than the value ef48 kJ/mol predicted
by the DFT calculations on Mclusters.

One possible origin for increased stability of the transi-
tion state involved in the conversion of adsorbediNHO
to NH2NO is increased hydrogen bonding of the transition
state with \=0 and V-OH groups on the catalyst surface.

the highest energy based on a single vanadia cluster moietyOnly hydrogen bonding between vanadia and one side of

involves the conversion of adsorbed RMHO to form
adsorbed NENO, which has an energy &f48 kJ/mol with
respect to the ¥ cluster and gas-phase NO and NHhe

the NHsBNHO adduct has been considered in the calcula-
tion involving a single vanadia cluster. However, hydrogen
bonds may be formed between the catalyst and the oxy-

energies of the transition states involved in the subsequentgen atom belonging to the -NHO group or the H atom of

decomposition of adsorbed NNO are much lower in

the —NH; group oriented away from thesvcluster. For ex-

comparison. For example, the transition state having the ample, it is known in zeolites [35-38] that stabilization of
highest energy for the steps involved in the decomposition adsorbate species may take place through extensive hydro-

of NH2NO has an energy 628 kJ/mol with respect to the
V4 cluster and gas-phase NO and fknd this transition
state corresponds to the isomerizatiorciFHN=NOH to
cisHN=NO-rans-H. Therefore, it appears that the rate of
the SCR reaction is controlled by the formation of pNO
species rather than by the decomposition obNB species
to form Np and HO. This conclusion is consistent with
the experimental observation that neither D nor any
other species derived from NNO is observed in significant
amounts as a secondary reaction product.

gen bonding and/or van der Waals interactions between the
transition state and the walls of the zeolite microporous en-
vironment. Accordingly, we have examined the possibility
that the NBHNHO adduct (and therefore the transition state
for conversion of NHNHO to NHoNO) may be stabilized
through hydrogen bonding with a second vanadia moiety
oriented on the opposite side of the adduct species, in a
geometry that might occur in a catalyst pore. The DFT re-
sults show that the additional hydrogen bonding apparently
leads to a significant stabilization of the NINHO interme-

As noted above, the transition state with the highest diate. If the same extent of stabilization through hydrogen

energy involves the conversion of adsorbed 3NHO to

bonding is assumed for the transition state involved in the
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conversion of NHNHO to NH;NO, then the energy of the 5. Conclusions

transition state decreasestd9 kJ'mol with respect to gas-

phase NH and NO. This energy change gives a rate of  The present density functional theory calculations using
formation of NHbNO species equal to 16 st at 573 K a V4016H12 cluster have provided insight into the reaction
for concentrations of NO and NfHequal to 500 ppm, which  of NO with adsorbed NH species to form B H»O, and

is consistent with the measured rate of the SCR reaction ata reduced vanadium oxide cluster 4®&eH1—H) which
these conditions. The calculations show that hydrogen bond-can then be reoxidized as observed in previous studies. In
ing with Ti-OH groups can also lead to some stabilization accordance with earlier experimental observations, ammonia
of the NHsNHO intermediate, thereby enhancing the rate of is found to adsorb on the vanadia surface auSpecies

the SCR reaction. In addition, we have previously [30] ad- Stabilized between two ¥O groups. Nitric oxide is seen
dressed the nature of Brgnsted acid sites on vanadia/titanid0 react with the adsorbed Nt$pecies to give an NgtNHO
catalyst and found that the adsorption of ammonia to form Species, which reacts further to give an N0 species. The
NH,4 species was facilitated on oligomeric clusters of vana- formation of NH:NO species by reaction of ammonia and
dium oxide containing pentacoordinated vanadium cations. Nitric oxide is facilitated by hydrogen bonding of adsorbed
Moreover, the formation of these Bransted acid sites was SPecies with surrounding vanadia moieties. TheNB

shown to be promoted by interaction of vanadium oxide with SPecies then isomerizes and decomposes to fopnarhi
the titanium oxide support. H-O and a reduced vanadium oxide cluster via a series of

We have presently found that the formation of MO steps in which hydrogen atoms are transferred bac_k andlforth
species involves the participation o0 and V-OH groups, N @ “push—pull” manner from the catalyst surface mv_olvmg
and this process is facilitated by hydrogen-transfer reactionstne V=0 and V-OH groups to the adsorbed PO species.
and hydrogen-bonding interactions with vanadium oxide as | € transition state with the highest energy for the reaction
well as with titanium oxide. Furthermore, the formation of of NHy Species with NO accurs durllng the. for.matlon.of the
NH2NO species is facilitated on a material such as vanadium NH2NO species from NENHO species, which is consistent

oxide that can accept a hydrogen atom. Thus, the presenlyv'th the observation that Ni#NO species are not observed

findings have shown that the formation of RO species ?rl;ntsht?or?ast?eg;tn?:rf%cee Sltjggltirerdezctlc;n tgr?g.dg'ohnsdr;—h;
involves the acidic properties (e.g., the formation of NH " Y nz y ex Ve hydrog

species from ammonia) and the redox properties (e.g.,trans-bondlng between the NINHO adduct and surrounding

) V=0 and VOH groups of different vanadia cluster moieties,
fer of a hydrogen atom to the catalyst upon reaction of NO as well as with TIOH arouos of the fitania SUpport
and NH; to form NH2NO) of the catalyst. group pport.

The decomposition of NENO species to Bl and HO
takes place through a series of hydrogen-transfer reactionsA
with vanadium oxide that can be described as “push—pull”

processes in. which a hydrogen atom s transferred from We thank Henrik Topsge for valuable discussions through-
vanadium oxide to the adsorbed species while another hy-out this work. We acknowledge funding from Basic Energy

drogen atoms is simultaneously transferred from the ad- Sciences at the US Department of Energy for work con-
sorbed species to the vanadium oxide. These “push—pull“ducted at the University of Wisconsin.

processes involving reaction with vanadium oxide lead to
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