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CO oxidation catalyzed by Cu-exchanged zeolites:
a density functional theory study
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The catalytic oxidation of CO by Cu-exchanged high-silica zeolites (e.g., ZSM-5) has been investigated theoretically using density
functional theory. Calculations revea two distinct, paralel pathways for oxidation of CO: (i) adsorption of O, on a reduced Cu site
followed by O atom abstraction by CO, and (ii) adsorption of CO followed by its reaction with O, to form a cyclic compound which
decomposes to form CO,. The reduced site is regenerated via two different pathways, both of which involve oxidation of one or more
CO molecules: (i) abstraction of atomic oxygen by CO from the oxidized active site, and (ii) formation of a carbonate species followed
by its reaction with a molecule of CO. The relevance of these reactions to the reduction of NO is discussed.

Keywords: CO oxidation, Cu-ZSM-5, zeolites, DFT

1. Introduction

Current interest in “lean-burn” engines for automobiles
has spurred efforts to develop catalysts capable of reduc-
ing NO,, in the oxygen-rich exhaust they produce [1-3].
Traditional three-way catalysts (TWCs), i.e, supported Rh,
Pd and Pt, are highly effective for treating the exhaust pro-
duced during stoichiometric combustion, but rapidly lose
this activity in increasingly lean fuel/air mixtures [4]. lon-
exchanged zeolites, especially Cu-ZSM-5, have garnered
considerable attention for their ability to promote the selec-
tive catalytic reduction of NO, by hydrocarbonsin an O,-
rich environment. While these same materials also catalyze
the reduction of NO, by CO, this activity is poisoned by
O, presumably because of competition with catalytic CO
oxidation [2,3]:

2CO + 0, — 2CO, 1)

Because of the central importance of catalytic CO ox-
idation in automotive catalysis, and the relevance of
the CO chemistry to NO, reduction, we have under-
taken a theoretical examination of CO oxidation in Cu-
zeolites using first-principles density functiona theory
(DFT).

The catalytic oxidation of CO to CO, is a key feature
of TWC chemistry, and its reaction mechanism on noble
metal surfaces has been extensively investigated [5-7]. The
reaction is described by a Langmuir—Hinshelwood mecha-
nism: CO and O, co-adsorb on the surface, the latter dis-
sociatively, and through surface diffusion combine to pro-
duce CO; [8]. This mechanism hinges on the availability
of very many closely spaced surface sites able to accom-
modate CO and atomic oxygen. Such is not the case in
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high-silica Cu-exchanged zeolites: the Cu ion active sites
are on average rather widely separated, making reactions
(including O, dissociation and CO + O recombination) in-
volving multiple Cu sites unlikely. In previous work on the
Cu-zeolite-catalyzed NO oxidation, we have proposed an
Eley—Ridea mechanism in which O, is adsorbed and ef-
fectively dissociated in multiple steps on a single Cu active
site (“ZCu") [9,10]:

ZCu + 0, — ZCuO, )
ZCuO, + NO — ZCuO + NO, ©)
ZCuO + NO — ZCuONO ()
ZCUONO = ZCu + NO; (5)

In this work, we apply the same isolated active site model
to the catalytic oxidation of CO in Cu-zeolites. We find a
CO oxidation pathway that closely parallels that proposed
for NO, modified by the greater reducing power of CO, and
augmented by a number of additional pathways, in partic-
ular one which involves formation and decomposition of
a carbonate intermediate. These model results account for
the facile oxidation of CO in Cu-ZSM-5, and provide some
insight into the mechanism of the non-selective reduction
of NO by CO.

One of the main challenges of the first-principles mod-
eling of Cu-zeolite catalysis is representation of the active
site. Previoustheoretical [11-18] and experimental [19-21]
work has demonstrated that exchanged Cut ions prefer a
low-coordination environment within a zeolite, and that this
coordination environment is well represented by a single,
framework Al tetrahedral (T-) site in which the Al-O-H
groups represent AI-O-Si linkages in the zedlite:
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The formally anionic AI(OH), fragment (“Z”) charge com-
pensates the Cu™t center to yield an overall charge-neutral
cluster. This model has been quite successful in describ-
ing the binding, spectroscopy, and reactivity of adsorbates,
yielding nearly quantitative agreement with the predictions
of more elaborate zeolite models [9-13]. We employ this
single T-site model in all the calculations reported here.

2. Computational details

DFT calculations were performed using the Amster-
dam Density Functional code (ADF) [22]. Geometry op-
timizations and vibrational frequencies were determined
within the local (spin) density approximation [L(S)DA].
Single point energy calculations were performed on the
L(S)DA optimized geometries with the Becke—Perdew ex-
change correlation functional (BP86) [23,24]. A vaence
double-¢ plus polarization Slater-type basis set was used
for all atoms save Cu, for which adouble-¢ s, p and triple-¢
d basis set was used. Integration parameters were chosen
to ensure that numerically evaluated integrals are accu-
rate to five significant digits. Geometries were converged
to maximum and root mean square gradients of 10~3 and
6.6 x 10~* hartree bohr—1, respectively, and energies to
less than 10~° hartree. Vibrational spectra were calculated
by two-sided numerical differentiation of analytical energy
gradients. Minimum energy and transition state structures
were characterized by zero and one imaginary vibrational
frequency, respectively.

3. Results
3.1. Adsorption of CO, O,, and CO, on ZCu

Adsorption of reactants and desorption of products are
fundamental steps in any heterogeneous catalytic process.
We begin by summarizing new and previously obtained
results for adducts of CO, O,, and CO, with a Cu(l) (ZCu)
site in a Cu-exchanged zeolite.

Adsorption of CO has been studied extensively as a
probe of the existence and nature of ZCu sites [21,25,26].
Formation of monocarbonyls (ZCuCO) occurs readily on
these sites and in Cu-ZSM-5 is accompanied by a dlight
(~15 cm™1) blue shift in the characteristic C-O stretch
mode. A similar trend was aso obtained for Cu-zeoli-
te-Y [27]. Electronic structure calculations using a vari-
ety of zeolite models, including the single T-site one con-
sidered here, are in agreement that CO binds linearly to
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ZCu (figure 1, A) with a binding energy of approximately
40 kcal mol~* [9,13]. The C-O bond length and stretch
frequency are more sensitive functions of the Lewis basic-
ity of the “Z” model (or of the actual zeolite coordination
site), weaker bases decreasing and stronger bases lengthen-
ing the C-O bond compared to free CO [11-13]. Because
of its high basicity, the single T-site model predicts the C-O
bond to be lengthened by 0.01 A and the C-O stretch to be
red-shifted.

Dicarbonyl complexes can be formed in Cu-ZSM-5 by
the further addition of CO to ZCuCO [21]:

ZCuCO + CO = ZCu(CO); (6)

In agreement with earlier computational work, we find the
dicarbonyl to have pseudotetrahedral symmetry about the
Cu center (figure 1, B). The calculated C-Cu—C angle is
119.9° and both carbonyl groups bind in an aimost lin-
ear fashion to the Cu. The Cu-C bond lengths (1.828 and
1.866 A vs. 1.750 A) are longer and the C-O distances
are dightly shorter in the dicarbonyl than the monocar-
bonyl complex due to greater competition for back-donated
metal electrons in the former case. The symmetric and an-
tisymmetric stretching vibrations are predicted to occur at
2122 and 2167 cm~?, which compare well with the ex-
perimental values of 2151 and 2178 cm~—! [28,29]. While
Cu-dicarbonyls are known to be quite stable [21,29], reac-
tion (6) isonly 7 kcal mol~! exothermic in the single T-site
model. The addition of two CO strongly reduces the Cu
center and likely favors a less basic environment for the Cu
than that provided by the single T-site model.

In contrast to CO, little is known about the adsorption
of O, or CO, on ZCu. Previous theoretical work supports
the existence of a one-to-one adduct of O, with ZCu [9]
with a binding energy somewhat less than that of CO. This
ZCuO, adduct takes two isomeric forms. a bidentate one
(figure 1, C) with a binding energy of 30 kcal mol—1, and
a monodentate one (figure 1, D) with a binding energy
6 kcal mol—! less. Thus, while similar in connectivity to
peroxide and superoxide O, complexes, the ZCuO, isomers
have many characteristics of a simple coordination complex
between O, and Cu(l). The calculated O-O bond lengths
are increased by only 0.08 and 0.05 A, respectively, over
that in molecular O, (1.218 A). Like molecular O, both
isomers are paramagnetic and have a triplet ground state,
with unpaired spin density mostly localized on the two O
atoms. As has been shown previously [15] and will be
demonstrated again below, adsorption on ZCu activates O,
for further chemistry.

Like O,, CO; is predicted to form both bi- (side-
on) (figure 1, E) and monodentate (end-on) (figure 1, F)
one-to-one adducts with ZCu. Only side-on binding was
found in Hartree—Fock calculations for CO, adsorption on
Cu(PH3)™ [30], but both binding modes were found in
higher level calculations for other Cu—-CO, complexes|[31].
Our predicted binding energies for bi- and monodentate ad-
sorption of CO, on ZCu (10 and 8 kcal mol 2, respectively)
are much smaller than those for CO or O,. Coordination



D. Sengupta et al. / DFT study of CO oxidation in Cu-ZSM-5 181

Figure 1. Selected geometrical parameters of al equilibrium and transition structures considered. Bond lengths and bond angles are in angstroms and
degrees, respectively. A—F, H, K, L are equilibrium structures and G, I, J, M, N are transition structures.
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to the Cu(l) center is accompanied by weak charge trans-
fer to CO, which induces a slight increase in C-O bond
lengths (by 0.01-0.05 A compared to our calculated gas-
phase value of 1.164 A) and changes in symmetric and
antisymmetric C-O stretching frequencies. We calculate
these frequencies to be 1355 and 2428 cm™—!, respectively,
in the gas phase, with shifts of —141 and —271 cm~* in
the bidendate isomer, and —23 and +7 cm~* in the mono-
dentate isomer. The dlight blue shift of the antisymmetric
mode in the latter isomer corresponds exactly to the value
assigned to weakly adsorbed CO, in Cu-ZSM-5 on the basis
of infrared measurements in the presence of CO [28].

These adsorbed molecules congtitute the first step in the
catalytic oxidation of CO. In the following section we will
investigate oxidation of CO by two different paths: abstrac-
tion of O by CO from ZCuO, and addition of O, to ZCuCO
followed by its decomposition.

3.2. O, cleavage reactions

In the catalytic NO oxidation chemistry previously stud-
ied (reactions (2)—5)), oxidation begins with adsorption of
O in the monodentate form (reaction (2)) and subsequent
O-atom abstraction by reaction with gas-phase NO (reac-
tion (3)), leaving behind an oxidized ZCu site, i.e., ZCuO.
Like ZCuO,, ZCuO has atriplet ground state with unpaired
spin density mostly residing on the O atom. The abstraction
reaction is exothermic by 7 kcal mol—! in the single T-site
model [9]. Thisreaction proceeds via an intermediate com-
plex, ZCuOO- - -NO, 10 kcal mol~! more stable than the
separate reactants, which dissociates into ZCuO + NO,.

We have examined the analogous reaction of CO with
adsorbed O,:

ZCuO;, + CO = ZCuO + CO; @

As shown in figure 2, reaction (7) is highly exothermic
(55 kcal mol—1) and proceeds with an activation barrier of
17 kcal mol—t. However, we did not find any intermedi-
ate complex ZCuOOQ-: - -CO. The“O-0O-C-0O" unit is essen-
tially planar at the transition state, and both cis and trans
orientations are of comparable energy. In the trans transi-
tion state (figure 1, G) the O-O bond length is increased
dlightly from its initial value (1.266 to 1.329 A) while the
forming C-O bond distance is rather large (1.682 A) The
transition state is “early”, consistent with the high reaction
exothermicity.

An dternative mechanism, possibly favored by the
higher adsorption energy of CO than O,, involves initia
adsorption of CO followed by reaction with gas-phase O,:

ZCuCO + 0, — ZCuO + CO, (8)

The analogous NO reaction is endothermic by 9 kcal mol —*
in the single T-site model and is not believed to occur [9].
As shown in figure 2, reaction (8) is both exothermic
(37 kcal mol—1) and proceeds by a two-step mechanism.
In thefirst step, O, bindsto ZCuCO to form a cyclic triplet
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Figure 2. Schematic potential energy surfaces for two different pathways
for ZCu + CO + O reactions. Letters within parentheses refer to the
structures shown in figure 1.

intermediate (figure 1, H). This intermediate then dissoci-
ates into ZCuO and CO3:

ZCuCO + O, — TS1 — cy-ZCuCO(0Oy) 9
cy-ZCuCO(0,) — TS2 — ZCuO + CO, (20)

The triplet four-membered cyclic intermediate lies about
26 kcalmol—! above the separated ZCuCO + O,, and
20 kcal mol—* above its corresponding singlet ground state.
It is characterized by relatively longer OO and O-C
lengths compared to those in free O, and CO,, respectively.
The formation of the cyclic intermediate from ZCuCO and
O, (reaction (9)) has a barrier of 32 kcal mol—1. The tran-
sition state for this process and reaction (10) are shown in
figure 1 (I and J, respectively). The intermediate complex,
H, dissociates into ZCuO + CO, with an activation bar-
rier of approximately 2 kcal mol—! and is expected to be
extremely short lived. The transition state for reaction (9)
has longer Cu—O and O-C distance relative to those in H.
A normal mode analysis confirms that the imaginary mode
involves a concerted motion coupling H to the reactants,
ZCuCO + O,. On the other hand, the transition state for
reaction (10) has longer O—O and Cu—C lengths compared
to those in H; its imaginary frequency mode corresponds
to a concerted motion in which these two bonds stretch
in-phase, while the corresponding Cu-O and O-C bonds
stretch with the opposite phase.

3.3. Regeneration of reduced sites, ZCu

The above reactions represent the first half of a cat-
alytic CO oxidation cycle; they produce oxidized ZCuO
sites which must be reduced by a second CO molecule.
The most direct route is addition of CO to form adsorbed
CO,, followed by CO, desorption:

ZCuO + CO — ZCuCO;,
ZCuCO,; — ZCu + CO,

(11)
(12)
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While the first step is highly exothermic (79 kcal mol 1), it
is“spin-forbidden”, i.e., spin-triplet reactants (ZCuO+ CO)
evolve into spin-singlet products (ZCuCO,). The triplet to
singlet interconversion occurs at a “crossing point” along
the reaction coordinate, which, while analogous to a tran-
sition state for a spin-allowed reaction, cannot be found by
normal transition state searching techniques. However, an
approximate activation barrier can be obtained by identify-
ing the lowest energy point of intersection of the triplet and
the singlet potential energy surfaces. We take this approach
here.

To locate a crossing point, we calculate the energy of
the appropriate triplet state as a function of ZCuO-CO dis-
tance, from 3.0 to 1.3 A, relaxing al other geometric para-
meters save the Al(OH),4 “framework” (figure 3). Optimiz-
ing the other parameters ensures that the system is close
to the minimum energy path. The energy of the singlet
state at each of these triplet-optimized geometries was then
determined. The approximate activation energy is obtained
from the crossing point of the singlet and triplet potential
energy curves, which provides an upper limit to the “true”
crossing energy. The estimated activation barrier from the
crossing point is 9 kcal mol—1. At the crossing point (the

40-
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<+—— 7Z.Cu0O--CO distance

Figure 3. Schematic potentia energy surfaces for singlet and triplet states

of the reaction ZCuO + CO — ZCuCO,. The crossing point of the

two curves indicates the approximate position of the transition state. The

structure at the crossing point is also shown. Note that ZCuO—CO distance
decreases from left to right.

183

approximate transition structure), the ZCuO-CO distance is
1.943 A while the ZCu—OCO distance is 1.705 A. Along
this reaction path, the carbon atom gradually moves towards
Cu, and finally forms the bidentate ZCuCO, complex. Car-
bon dioxide can then desorb to regenerate the reduced site,
ZCu.

3.4. Formation and decomposition of the carbonate
ZCuCQOs

Reactions (11) and (12) complete a mechanism for cat-
alytic CO oxidation over Cu-exchanged zeolite catalysts
which essentially parallels that described previously for NO
oxidation. We now consider a pathway via a carbonate in-
termediate ZCuCOQOs (see figure 1, K), which does not have
a direct analog to the mechanisms considered previously.
A carbonate species, ZCuCOj3; could be formed by at least
two different pathways:

ZCu(n*-0,) + CO — ZCuCO;3
ZCuO + CO, — ZCuCOs

Both of these reactions are spin-forbidden. Reaction (13)
is exothermic by 88 kcal mol—1. We used techniques sim-
ilar to those discussed above to locate the crossing point
for reaction (13). The reaction coordinate in this case was
chosen to be the distance between the midpoint of the 0O-O
bond and the carbon of CO. The path necessitates the rup-
ture of the strong O-O bond, and as a result the crossing
point is 100 kcal mol—* above the reactants. We conclude
that this reaction is unlikely to contribute to ZCuCOs for-
mation.

In contrast, reaction (14) is only 33 kcal mol—* exother-
mic but has a much lower activation energy. For reac-
tion (14), we chose a somewhat more complicated reac-
tion coordinate, starting from ZCuCQgz, and moving CO,
away in such a manner that ZCuO and CO, gradually re-
lax to their equilibrium geometries. It should be noted that
changes in geometrical parameters leading to their equilib-
rium geometries were done manually instead of by opti-
mization due to an SCF convergence problem during op-
timization. Using this procedure, we find a crossing point
only 15 kcal mol— above the reactants (figure 4), indicat-
ing that formation of the carbonate should occur readily via
this pathway. The two forming ZCu(O)-OCO and ZCuO-
C(O)O bonds at the crossing point are 2.295 and 1.810 A,
respectively, and the ZCu—OC(O)O bond is 1.793 A. For-
mation of the analogous carbonate intermediate was pro-
posed to be one of the pathways of CO oxidation over Ag
metal [34]. The carbonate species on the Ag surface was
claimed to be formed by a reaction between adsorbed CO
and molecular oxygen. However, we found this mechanism
in Cu-ZSM-5 to be unlikely, while the reaction between
ZCuO and CO;, (reaction (14)) is reasonably favorable.

ZCuCOs has a square planar coordination about the Cu
center (figure 1, K). Both the Cu-bound O-C lengths are
1.836 A, while the terminal C-O length is 1.206 A. Car-
bonate is formally dianionic, and as such strongly oxidizes

(13)
(14)
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Figure 4. Schematic potential energy surfaces for singlet and triplet states

of the reaction ZCuO + CO, — ZCuCOj3. The crossing point of the

two curves indicates the approximate position of the transition state. The

structure at the crossing point is also shown. Note that ZCuO-C(O)O
distance decreases from left to right.

the Cu center: the electronic structure is best represented
as ZCu(ll I)—CO%‘, with a singlet ground state. The calcu-
lated vibrational spectrum of ZCuOgs includes intense bands
at 1741 and 1258 cm~* corresponding to the C=0 stretch
and C-O antisymmetric stretch, respectively, and weaker
bands at 1023 (C-O symmetric stretch), 778 (umbrella),
674 (symmetric bend) and 638 cm~! (asymmetric bend).
These values are typical of those observed for bidentate
carbonate complexes [32]. To our knowledge, the carbon-
ate ZCuCO3 has not been investigated spectroscopicaly in
Cu-exchanged zeolites, although these results indicate that
it should be readily observed.

While direct CO, loss from ZCuCOs is energetically
unfavorable, the carbonate can be decomposed by reaction
with an additional CO molecule:

ZCuCOs3 + CO — ZCuCO, + CO, (15)

Reaction (15) is exothermic by 47 kcal mol—! and is spin-
alowed. However, this reaction does not proceed via a
direct abstraction of the C=0 oxygen of ZCuCO3. Reac-
tion (15) is actually a two-step process:

ZCuCOg3 + CO — ZCuQ[cy-COC(=0)Q] (16)
ZCuQ[cy-COC(=0)0] — ZCuCO; + CO; a7)
Thefirst step (reaction (16)) is exothermic by approximately
4 kcal mol—* with an activation barrier of 26 kcal mol—*

(figure 5). The existence of the four-membered ring struc-
ture (figure 1, L) was traced by reaction path calcula
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Figure 5. Schematic potential energy surface for the reaction ZCuCO3 +
CO — ZCuCO; + CO. Letters within parentheses refer to the structures
shown in figure 1.

tion as a function of ZCuO,CO-CO distance while opti-
mizing all other geometrical parameters. The Cu center
in the four-membered ring species is highly reduced with
a d-electron population of 9.72. This species, therefore,
can be represented as ZCu(l)-{cy-COC(=0)Q]. The four-
membered ring is essentialy planar. The transition state of
reaction (16) is shown in figure 1, M. The two Cu—O bonds
in the COz portion appear to be almost symmetric with one
of them being slightly longer than the other (by 0.01 A).
The ZCuO,CO-CO length is 1.580 A, while the ZCuO,C-
OCO bond is stretched only by 0.085 A from its value in
ZCuCOj3. The norma mode analysis of the imaginary fre-
guency shows that one of the Cu—O bonds tends to break
as CO approaches closer. However, our reaction path cal-
culations confirm the formation of the four-membered ring
structure.

In the second step (reaction (17)), the four-membered
ring dissociates to produce ZCuCO, and CO; (figure 5).
This reaction is exothermic by 43 kcal mol—* with an acti-
vation barrier of only 8.6 kcal mol—1. At the transition state
(figure 1, N), the two C-O bonds of the four-membered ring
are stretched by approximately 0.4 and 0.3 A, while the
Cu-0O-C angle is widened by approximately 28°. The nor-
mal mode corresponding to the imaginary frequency clearly
shows a symmetric stretching motion of the two stretched
C-0 bonds in the ring.

Reactions (14) and (15) provide an dternative to the
direct reaction of ZCuO with CO (reaction (11)) for the
reduction of ZCuO. Reactions (11) and (14) are both spin-
forbidden, but have comparable estimated activation ener-
gies. We expect both reactions to be roughly competitive
with one another kinetically. Subsequent decomposition of
ZCuCOs by reactions (16) and (17) has a somewhat higher
activation energy, but should still occur readily. Thus, we
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expect that, under CO oxidation conditions, both pathways
will operate in the reduction of ZCuO to ZCu.

4. Discussion

Figure 6 summarizes the reactions studied here in the
form of a catalytic cycle. CO oxidation is accomplished
by cycling between reduced (ZCu) and oxidized (ZCuO)
Cu states. The ZCu — ZCuO conversion can occur by
preadsorption of either O, or CO on ZCu, followed by
an Eley—Rideal type reaction with the other partner (reac-
tions (7) and (8)). The modeling results indicate that both
of these occur with similar rates, although preadsorption of
CO is more energetically favored.

The reverse conversion of ZCuO — ZCu is possible via
two pathways. a direct reaction with CO to produce CO,
(reactions (11) and (12)) or a somewhat more complicated
pathway involving formation and decomposition of a car-
bonate intermediate (reactions (14), (15), and (12)). Both
pathwaysinvolve a*“ spin-forbidden” step, but ones with ap-
parently low singlet—triplet crossing points and thus small
activation barriers. Direct calculation of the rate of spin-
forbidden reactions for polyatomic systems remains a con-
Siderable computational challenge (see, for instance, [37]).
However, because our estimates of the barriers for both re-
actionsarelow (9 and 15 kcal mol—1, respectively), it seems
likely that one, if not both, of these pathways is readily ac-
cessible. In summary, the model results are consistent with
afacile catalytic oxidation of CO by Cu-exchanged zeolites,
and provide a reasonable mechanism for this process.

To understand the mechanism of the catalytic reduction
process of NO, Iwamoto and Hamada [2] carried out con-
trolled experiments in the presence and absence of oxygen
using CO as the reductant. While a marked increasein NO

ZCuO

as) CO,
33
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to N, conversion was observed with CO as the reductant,
addition of excess O, drastically decreased the catalytic ac-
tivity.

The present and previously reported [10] results suggest
one mechanism for the reduction of NO by CO. NO decom-
position in Cu-ZSM-5 has been proposed to proceed by a
two-step mechanism [10], the first of which yields N,O by

oxidation of a ZCu site:
ZCu+ 2NO — ZCuO + N»O (18)

and the second of which produces N, either by reaction
with ZCuO or ZCu:

ZCuO + NoO — ZCu+ N, + O,
ZCu + N2O — ZCuO + N,

(19)
(20)

While reactions (18) and (19) constitute a complete cat-
alytic cycle, reactions (18) and (20) do not. Instead, re-
action (20) and other more complex, but potentially more
favorable [35], mechanisms for producing N, from N,O,
require a secondary reductant to regenerate a reduced Cu
site. The present work has shown that CO readily converts
ZCuO to ZCu viareactions (11) and (12). Thus, if reactions
that oxidize the Cu site (e.g., reaction (20)) outcompete re-
action (19) under certain conditions, CO may simply drive
NO reduction forward by regenerating ZCu in these cases.
In addition, CO may play a more direct role by reacting
with various N-containing Cu complexes; a detailed exam-
ination of such reactions in high-silica Cu zeolites will be
presented elsewhere [35].

Because both CO and NO bind more strongly to re-
duced sites than does O,, a smple blocking mechanism
cannot fully account for inability of CO to selectively re-
duce NO in the presence of excess O,. Rather, this inabil-
ity may have its origins in the dynamic balance established

ZCuCO;
an |~ €0 cy—ZCuCO(0,)
-47 32) T
26 0,
o,
ZCUC02 ZCuCO
(10)
10 2®
CcO

ZCu

Figure 6. The catalytic cycle for CO oxidation combining the reactions presented in figures 2-5. Numbers refer to the activation (within parentheses)
and reaction energies in kcal mol —1.
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between reduced and oxidized sites in the CO/NO/O, sys-
tem: reactions (7) and/or (8) may dominate reactions (11)
and (12), thus limiting the concentration of reduced ZCu
sites and shutting off the N-N bond-forming reaction (18).
Confirmation of such a mechanism awaits further study of
the elementary steps and complex kinetics of CO/NO/O,
reactions.

5. Conclusions

First principles density functional theory calculations
have been used to study the mechanism of CO oxidation
by Cu-exchanged zeolite catalysts. A number of pathways
consistent with the known facile oxidation of CO, and in-
volving a variety of unique intermediates, have been iden-
tified. In particular, the formation and decomposition of
a carbonate intermediate is predicted to contribute to the
regeneration of reduced sites. The work provides insight
into the non-selective reduction of CO by NO, and repre-
sents an important first step towards our goal of obtaining a
molecular-level understanding of selective catalytic reduc-
tion of NO in Cu-zeolite catalysis.
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