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Abstract: NO reduction on the noble metal Ag has been studied using density functional theory calculations.
It was found that monomeric NO dissociation is subject to prohibitive barriers on Ag metal and is thus
unlikely to account for the experimental observations for NO reduction over Ag-based catalysts. For the
first time, a mechanism via an inverted (NO), dimer is identified, which can explain both the high activity
and the selectivity of this catalytic system. N;O is the major reduction product of the inverted (NO), dimer,
in accord with experiment. The physical origin of the Ag metallic state as a good catalyst is furthermore
identified: Ag surfaces, including small clusters, have little or no covalent bonding ability but can bond
ionically with adsorbates. We conclude that the variation of the ionic bonding strength of Ag toward different
reactants determines its catalytic selectivity.

Introduction vacuum (UHV) experiments have shown that the{ At}
surface can partially reduce NO to,® at very low tempera-
tures,~80 K714 This finding is quite unexpected, showing
that Ag can be more active than transition metals. Above 120
K and low NO pressures the reaction stops because of the low
lifetime of the NO monomer on the surface. King and co-work-
‘ers demonstrated using RAIRSSTM!! and photoelectrdd

Platinum group metal catalysts such as Ru, Rh, and Pt often
suffer from poisoning by oxygen at high temperatures and under
oxidative conditiond;2 The noble metals Ag and Au are,
instead, well-known to be more resistant to oxygen poisofing.
In recent years noble metals, when highly dispersed on oxides

have been discovered to exhibit high catalytic activity for experiments that this low-temperature reaction goes through a

selective NO reductiomn the presence of ©a vital process ;0 intermediate, (N@)which splits into NO and adsorbed
for removing NO from industrial and car exhausts® However, - 2NO— (NO), — N,O + 0211 The electronic structures

it was also found that noble metal catalysts tend to suffer from
sintering of the supported metal clusters. For NO reduction on
Ag-based catalysts, the formation of large metal particles
severely affects the product selectivity, which varies from N
to N,O.15-8 To date, an understanding of the fundamental issues
in NO reduction on noble metal-based catalysts remains elusive
Specifically, why are noble metals catalytically active at all,
and why is the product selectivity sensitive to the metal fully reduced to N.L5-8 In contrast, over catalysts where Ag is
morphology? In this contribution, we aim to provide insights present as metal particles, NO i,s mainly reduced @ K8
into these questions through density functional theory (DFT). To explain the variation of’ the selectivity with respect to the
Experimental studies in recent years have yielded some Ag morphology, it has been speculatéthat on the Ag metallic
interesting and seemingly contradictory resbits' Ultrahigh phase NO can dissociate into N and O atoms, ap@ Kan
then form through N+ NO — N0, while on the single Ag
atom/ion site the dissociation is hindered and the NO reduction

of the NO monomer and dimer were evaluated in a preliminary
DFT study?® On the other hand, experiments under normal
catalytic conditions, i.e., high temperatures (e.g., 600 K) and
high NO pressure, demonstrate that the selectivity of NO
reduction depends critically on the morphology of Ag on the
‘oxide support (usually alumina (&Ds)). Over highly dispersed
catalysts, where Ag exists as separated atoms/ions, NO can be
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Figure 1. Structures of th¢ 211} surface (a stepped surface) and theAg ) g E E

cluster.
Figure 2. Optimized structures of NO and (N©adsorption on (a) Ag-

dissociation is impossible on Ag metals/clusters and is also
unlikely over Ag/oxides catalysts. The selectivity can be
explained using a mechanism involving an inverted (Ndmer

as the intermediate state. {113, (b) Ag{213}, (c) Ag-adatom, (d) Ag cluster. The adsorption
configurations of NO and (N@gdsorptions on Ag?" are similar to those

Calculation Methods on the neutral Ag.

Our calculations are based on the DFT-slab appréatiihe GGA- Table 1. NO Monomer and Dimer Adsorptions on Different Ag

PBE (Perdew Burke—Ernzerhot®d approximation level, as imple- Surfaces?

mented in the CASTEP codéA variety of Ag surfaces have been coordination Eu Eus

studied, including A§111} (flat surface), Ag211} (stepped surface), (Ag) (monomer) (dimer)

Ag-adatom on Agll]}, and a 12-atom nonsupported Ag-cluster in Ag{111) 9 0.36 (1/4 ML) 1.12 (1/9 ML)

neutral and positively charged forms (Agnd Ag2?"). It has been 0.15 (1/9 ML)

suggested from experiméfitthat positively charged Ag clusters (i.e., Ag{211} 6 0.61 (1/2 ML) 1.57 (1/2 ML)

the oxidized form) may be present in Ag/oxide systems due to the Ag-adatom 1 0.57 (1/9 ML)

catalyst preparation procedure. These types of surfaces and clusters Agi2 6 0.47 1.20

have been modeled in previous work to study reactions of®And Ag1? 6 0.71 135

illustrations of them are shown in Figure'eiHere we emphasize that “The coordination number of the Ag atom, to which NO bonds, is also

the purpose in _Studying the Agand Ag7** forms is to gxamine the listed. The coverages of the adsorbates are indicated in parentheses. The
possible catalytic effects introduced by the small particle size and the structures of them are shown in Figure 2. The energy unit is eV.
oxidized Ag state and that the cluster size or the oxidation state here
might be different from real supported Ag particles. The Agstate adsorption energy of NO monomers is 0.61 eV, which corre-
is merely chosen as a presumably representative mildly oxidized sponds to 0.50 ML NO at the step edge of{241 . There is
gxample. Al thg exposed faces of the 12-atom Ag-clu§te|{ i} - an increase of NO adsorption energy when the Ag is positively
like facets, having the lowest surface energy of all possible facets. The charged, i.e. on going from a neutral Ado Agi2*; however

, 1L.€. 127 ’

transition states (TSs) of all the reactions studied were sought using a h itude of the i . = its. NO
constrained minimization techniqé&®-23 Previous work benchmarked the magnitude of the increase Is small. From our results,

against experiment has demonstrated that the above DFT setup afford®Nly weakly adsorbs on Ag, irrespective of the morphology and
good accuracy even for the calculation of reaction barriers on metal the oxidation state of the substrate.

surfaceg® 2 We found that (NO) can easily form on Ag as soon as two
NO monomers approach each other, with a minimal barrier. In
the dimer structure, as in the gas phase, the two NO molecules

To model the reactions, a sound knowledge of NO adsorption link to each other through the N atoms, the distance between
behavior on different Ag surfaces is essential. As a starting point, these two being aroune 1.5 A. This is much shorter than in
the adsorption of both monomer and dimer on several different the gas phase (N@jlimer (1.97 A). Importantly, the adsorption
Ag surfaces have been calculated, inClUdinqu]}, Ag{ 2]_1}, energy of the dimer is generally more than twice that of the
Ag adatom on A§l11l}, Ag:, and Ag-2* clusters. The  NO monomer. The highest adsorption energy for (N®)
adsorption energyEaq of (NO), (n = 1 or 2) is defined to be calculated to be 1.57 eV with respect to two free NO molecules.
NEnoy + Eclean surh— E(noyn+clean suty WhereEx is the total NO monomer adsorption on Ag is spin-polarized, but the dimer
energy of the X system. The calculatBg; are summarized in IS spin nonpolarized, a result consistent with the previous
Table 1, and the corresponding structures are shown in Figuretheoretical calculation for NO on Ag surfacks.

2. It can be seen that on neutral Ag surfaces the maximum The possibility of monomeric NO dissociation (N®& N +
O) on metallic Ag is a key issue. For transition metals, NO
(15) The electronic wave functions were expanded in a plane wave basis set,dissociation is the most straightforward route toward NO

and the ionic cores were described by ultrasoft pseudopotetffidlfie A . . -
vacuum region between slabs was 10 A, and a cutoff energy of 340 ev feduction: We have therefore examined NO dissociation on

was used. MonkhorstPack k-point sampling with approximately 0.67 the flat Ag{ 111} and stepped AR11} surfaces. The transition

27 A-1 spacing in reciprocal lattice was utilized for all of the calculations . - f

(for example, for a p(2 2) Ag(111) slab, 3x 3 x 1 k-point sampling is state_s of the _dlssomatlon reactions have_ been located, and the

used). reaction barriers were thus computed with respect to the NO
(16) (a) Perdew, J.P; Burke, K.; Ernzerhof, Rhys. Re. Lett.1996 77, 3865. | lein th h Th .. h

(b) Vanderbilt, D.Phys. Re. B 199Q 41, 7892. molecule in the gas phase. The transition-state structures on the

(17) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos, J. D. i imi i i
Re Mod. Phys 1995 64 1045, two surfaces are quite similar to those for diatomic molecules,

Results and Discussions

(18) Liu, Z.-P.; Hu, P.; Alavi, AJ. Am. Chem. So@002 124, 7499. such as NO and CO, dissociating on transition metal sufag¢es
(19) Ge, Q. F.; Kose, R.; King, D. AAdv. Catal. 200Q 43, 207. i it

(20) Liu, Z-P.; Hu, P.J, Am. Chern. So2008 125 1958, except that the NO bond lengths in the transition states are
(21) Liu, Z-P.; Gong, X.-Q.; Kohanoff, J.; Sanchez, C.; HuPRys. Re. Lett remarkably long: 2.16 A on Adl11} and 2.56 A on A§211}.

22) 2003 91 2862}132- Re. Lett. 1699 83, 3681 This implies the transition states belong to the “very late”
(23) Liu, Z.-P.; Hu, PJ. Am. Chem. So@001, 123 12596. category??23 Next, we calculated the final states of the
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Figure 3. Bonding of N on Ad111}. (a) Charge density difference contour plot (unit:/&%) cutting through the NAg bonding plane, constructed by
subtracting the total charge densities of the adsorbed system from those of the separated N atom andldhisuéace. Positive values (red) represent
an electron density increase. (b) The difference of the d-projected density of states (d-PDOS) of the Ag atom depicted in (a) before and aftanN adsorpt

reactions, i.e. the adsorbed N and O atoms, which are found toexample for N on §111}, Es = —3.94 eV. From Ag-N bond-
be much more unstable than the initial state by more than 2 eVing, we conclude that the low adsorption energy of N on Ag
per molecule (the NO bond energy of a free NO molecule is surfaces is mainly due to the absence of covalent bonding with
calculated to be 6.67 eV (expt 6.55 eV)). Consistent with the Ag surfaces. It is weak bonding of the N atom that primarily
highly endothermic nature of the reaction, the calculated reaction determines the high barrier for NO dissociation on Ag.
barriers for NO dissociation are extremely high, 3.11 eV on  Apart from the NO dissociation pathway, we have searched
Ag{111} and 2.70 eV on AfR11}. We found that the instability ~ for the pathways initiated from the adsorbed (NM@)mer.
of the final state is mainly due to the low adsorption energy of Ag{111} is chosen as the model surface sing®Normation
N atoms on Ag. For example with A411}, the binding energy ~ on Ag{ 111} has been observed a#80 K.°~1214 As shown in
of N is 1.50 eV, much lower than for O atom adsorption (2.79 Figure 4, we have located three different pathways, two leading
eV), and also significantly lower than thé&taN atom on typical to N,O formation (Pathways | and Il) and one leading to N
platinum group metals (more than 4 eV). To further check formation (Pathway lIl). The overall energy diagram of the NO
whether N adsorption behavior is different on small clusters, reduction process is shown in Figure 5.
we also examined N atom adsorption oniA@nd Ag?" Pathway lis a straightforward pathway for (N@)lecomposi-
clusters. In both cases, the calculated N atom adsorption energiesion. The TS (TS1 in Figure 4) is achieved when one NO leans
remain low, 1.56 and 1.51 eV, respectively, which further away from its partner down to the surface and the other NO
confirms that NO dissociation is strongly disfavored on Ag metal moves away from the surface. The barrier of this pathway is
because of its endothermic nature. 0.80 eV with respect to the dimer initial stateéathway I|

The low bonding energy of the N atom on Ag is thus of however, is the lowest-energy route and is initiated when the
particular interest. To better understand how Ag bonds with the (NO), dimer first flips from the upright N-down geometry to a
N atom, we first calculated the charge density difference for N parallel geometry and thence to an upright O-down geometry.
adsorption on A§111}. The charge density difference is con- The O-down dimer is a precursor staiifi Figure 4), which
structed by subtracting the total electron density of N/AbL} can readily lose one of its O atoms (TS2 in Figure 4) with a
from the densities of the free N atom and clean{ Ay}, 0.27 eV barrier and finally yields anJ® molecule and an
without modifying the atomic positions. Figure 3a represents adsorbed O atom. It should be mentioned that the potential
the density difference cutting through the-Wg bonding plane. energy surface of the (N@pn Ag{111} is very flat, which
The main feature of Figure 3a is the large electron density enables it to invert on the surface with surprisingly little energy
accumulation toward the N atom, which indicates significant cost (the barrier to flipping is below 0.2 eV from our calcula-
ionic bonding in the N-Ag bond. Orbital mixing between the  tion). In fact, the O-down dimer is slightly more stable than
N p-like states and the Ag d-like states is weak. Thisdp the initial N-down dimer by 0.09 eV. Compared to Pathway I,
interaction yields an extra energy cost due to Pauli repulsion, Pathway Il is strongly kinetically favored and is also consistent
evident from Figure 3b. Figure 3b is the difference in the with the low-temperature UHV experiment. Finallpathway
d-projected density of states (d-PDOS) of the Ag atom (labeled Il is the only pathway that can produce.Nhe pathway is, in
in Figure 2a) before and after N adsorption. Thd-PDOS fact, quite similar to Pathway Il except that the O-down
shows density depletion around4 eV, along with density precursor simultaneously losbsth of its O atoms to produce
accumulation at two other regions, belevb eV and near the  an N, molecule. In this route, as two-NO bonds have to be
Fermi level. Integrating th\d-PDOS ((¢), y axis in Figure stretched simultaneously, the achieved saddle point (S in Figure

3b) up to the Fermi level 4) possesses more than one imaginary mode and therefore is
£ not a conventional TS. Nevertheless, the determined barrier of
E,= f_; €g(e)de Pathway Il is 0.71 eV, which is much higher than Pathway II.
It should be mentioned that both the normal and the inverted
we found that the Ag occupied d-states destabilizedy 0.26 (NO), dimer species have been observed previously in discrete

eV (i.e.Eq = +0.26 eV). This is opposite to N adsorption on organi@* and organometall?€ complexes. In particular, ref 25
transition metals, where the occupied metal d-states are generallydiscusses a reaction of the dinitrosyl complex to react with CO
stabilizedby several eV due to thed covalent mixing. For to form N,O and CQ through an inverted (NQ)dimer. The
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Figure 4. Reaction pathways initiated from the (NQJimer. The energy cost (unit: eV) at each step is labeled. TS1, TS2 are the transition states leading
to N,O formation. S is a high-index saddle point leading tofdfmation. The relative energy of each state with respect to the initial state is labeled in the

top-right corner (also see the overall energy diagram in Figure 5).

Energy (eV)

é

S
——

N/Ag +OfAg

TS1

0 T Noag

(NO),/Ag

N-down

(NO),/Ag
O-down

(O+N,0)/Ag S

OIAg+N,O

AT OfAg + N,

Figure 5. Overall energy diagram of the NO reduction process on Ag.

bond stretched to 1.55 A and theNI—O angle bent to 127°5
In the final state, an adsorbed O atom and a gas-phase N
molecule are produced. Although the reaction is exothermic by
0.38 eV, the barrier of the reaction is 1.04 eV (see Figure 4).
Obviously, NO is easier to desorb than to decompose. To
produce N, a direct dissociation of YO is expected, which
may occur at temperatures high enough to overcome the barrier.
The above results show thag® is the immediate product from
(NO), dimer and N production is hindered kinetically. This is
consistent with the general finding for NO reduction over noble
metal catalysts that XD starts to form at low temperatures while
N, is only produced at higher temperatut¢s®

The above results show that NO reduction on Ag intrinsically
favors NO production. There are two apparent reasons: first,

The P, TS1, TS2, S, TS3 states are the same as those labeled in Figure 4he (NO) dimer adsorption energy on Ag is larger than that of

either NO or NO, and second, the barrier of the (NG} N2O

determined structure of the ONNO in their case is very close + O reaction (0.27 eV) is much lower than that ofO\— N,

to what we found for it on the Ag metal surface. For example,
in their case the NN bond length is 1.21 A, and in our case

+ O (~1 eV) although both reactions are exothermic by a
similar extent. To understand the reactivity difference among

it is 1.26 A. We are not aware of any such mechanism being the species, we have examined the electronic structures of the

proposed for a surface reaction, however.

Knowing how NO is produced from (NQ) it is natural to
ask whether MO can further decompose to,NWe therefore
calculated the pathway and the energetics of th® N- N, +
O reaction on A§111}. The calculated adsorption energy of
N2O on clean A¢§111} is found to be very small, only 0.02
eV, while in the presence of adsorbed O the adsorption,@f N
is slightly endothermic. The D bonds with Ag surfaces
through its O-end, as shown in Figure 4. At the TS (TS3 in
Figure 4), the O of MO is passing to the surface with the{d

(24) Arulsamy, N.; Bohle, D. SAngew. Chem., Int. EQ002 41, 2089.
(25) Bhaduri, S.; Johnson, B. F. G.; Pickard, A.; Raithby, P. R.; Sheldrick, G.
M.; Zuccaro, C. I.J. Chem. Soc., Chem. Commu®77, 354.

(NO), dimer, NO, and MO on Ag. Similar to the N atom
adsorption shown in Figure 3, we found that the bonding
between the molecules and Ag is largeinic bonding
Basically, the Ag surface donates electrons to the molecules,
and then an electrostatic attraction is developed between the
negative molecules and the positive surface. By performing
Mulliken charge analysis, we indeed found the accumulated net
charges on (NQ) NO, and NO are —0.56, —0.37, —0.04,
respectively, which follows the same trend as the adsorption
energy of the molecules on the surface: (NO)NO > N,O.

The differences in the electron-accepting ability of the molecules
on the surface can be associated with the electron affinities of
the molecules in the gas phase. Using DFT, we have calculated
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the electron affinity of (NOy), NO, and NO, which are—1.50,
—0.55, and+0.15 eV, respectively (negative value means
energy gain upon adding an electron). It is evident that gNO)
is the best electron acceptor angNis the worst. More
importantly, we found that the extra electron added into (NO)
enters into the 2 antibonding state of the NO bonds but enters
into the bonding state of the NN bond, which modifies the

is intrinsically easier compared to)droduction. The presence

of (NO); is very likely under real catalytic conditions as the

high NO pressure will increase the lifetime of the NO monomer
on the surface and thus enhance the formation of the {NO)
dimer. Furthermore, the dimer formation mechanism identified
in the present work requires the involvement of at least two
adjacent Ag metal atoms (see Figures 2 and 4). It is implied,

structure of the dimer dramatically, represented by the shortenedtherefore, that when Ag is present as separated single atoms/

N—N distance in (NOy (1.45 A compared to 1.97 A in (N@)
and the lengthenedNO distances. This structural variation can

be understood according to molecular orbital theory. For each

NO molecule the frontier orbitals are twar?2 antibonding
orbitals, which are occupied by only one electron. These two
2m* orbitals can interact with their counterparts in another NO
molecule to form two 2* —27* ON—NO bonding orbitals. In
the neutral (NO) only one such bonding orbital is occupied,
while in (NO),~ the second will also be half occupied. This
leads to an increase in the-N bonding, but a further decrease
in the N—O bonding, explaining why electron donation into

ions, the dimer pathway may be suppressed, anfbiination
becomes the only possible route.

Conclusions

Our DFT calculations have identified, for the first time, an
entire pathway for NO reduction over Ag metal, which involves
an inverted (NOy dimer on the surface as the precursor for
N,O formation. The results affirm the previous conclusion from
UHV experiments that NO reduction on Afll} must go
through a (NO) dimer state.~ 11 The barrier to the process is
0.27 eV, which agrees well with the experimental observation

(NO), assists its reduction. In contrast, the extra electron addedof the process at80 K. The further dissociation of JD to N,

into NLO enters into the nonbonding state, which only leads to
a small structural change (within 0.01 A in bond lengths).
In conjunction with experimental observations, we may now

is kinetically hindered, due to the adsorption energy gbNn
the surface being lower than its dissociation barrier. Crucially,
we rule out the possibility that monomeric NO dissociation

address some implications of our theoretical results. First, we occurs on bare Ag because the barrier of the process is far too
have shown that NO monomers do not adsorb strongly on Ag high (more than 2.7 eV). This is mainly due to the extremely

surfaces, including small clusters. Therefore, one would antici-

low adsorption energy of the N atom on Ag. An examination

pate that oxide supports play critical roles in enhancing the NO of the electronic structures reveals that Ag surfaces, including
adsorption in the high-temperature and high-pressure experimentsmall clusters, have little or no covalent bonding ability, but

of NO reduction over Ag/oxide catalysts. Recent DFT stud-
ies'821have found, for instance, thab@dsorption can be greatly
enhanced at the Au/TiQinterface (Q does not adsorb well
upon either Au or TiQ). Fundamentally, this is due to the fact
that the T# ion on the oxide surface (acid site) promotes
electron transfer from the supported Au tp<iiting at the metal/
oxide interface. This physical picture is expected to carry over
for NO or (NO), dimer adsorption at the Ag/oxide interface.
Second, NO dissociation is highly energetically disfavored over

can bond ionically with adsorbates. This determines the low
adsorption energy of adsorbates, such as N atoms, which
strongly favor covalent bonding. For the same reason, we
conclude that NO dissociation is also unlikely on irreducible
oxides such as alumina. Furthermore, the (N@ijner has a
larger electron affinity in the gas phase (compared to NO and
N2O) which gives rise to its stronger ionic bonding with Ag.
Electron donation from Ag to the dimer occurs into the ®
antibonding states, weakening the- bond and directly

Ag surfaces because of the lack of a suitable covalent binding facilitating the decomposition of the dimer.

site for the dissociated N atom on Ag. This situation may not
be altered in the presence of the oxide support since the oxide

typically used, such as alumina, are known to be redox inactive

(AI®* needs to be oxidized to bond with N atoms). Therefore,
a mechanism involving NO dissociation is unlikely to account
for the experimentally observed NO reduction. Third, if the
(NO), dimer is present in the catalytic systemNproduction
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