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Abstract

It is generally recognized that developing a kinetic model for a supported catalyst is difficult because of the existence of multiple sites. These
sites can arise from a distribution of crystal facets (e.g., (100), (110)) each with its unique intrinsic site types (e.qg., atop, bridge, hollow). Additional
complexities arise from non-basel plane site types (e.g., defect, edge, corner), the differing lateral interaction energies of which may be coverage-
dependent for each of their pairwise interactions. To demonstrate the complexities that develop for even a greatly simplified system, we examine a
multiple site kinetic model of the reaction 2NO + O, <> 2NO, on an ideal Pt(100) catalyst. A model of the Pt(100) surface is adopted where atop,
bridge, and fourfold hollow sites are responsible for O, NO, and NO, chemisorption to form Pt-O, Pt—=NO, and Pt-NO> species. In our kinetic
scheme, equilibrium is assumed for O,, NO, and NO, chemisorption due to their high sticking coefficients (all >0.1). A single rate-determining
step of the Langmuir-Hinshelwood type was chosen to describe the oxidation of NO on platinum via the reaction Pty o g—O + Pty o 3—-NO <
Pty aB + Pty,aB-NO2, where H, A, and B represent hollow, atop, and bridge sites. Equal kinetic parameters for all site combinations were
assumed to exist and were in part taken from the literature to be AHT =83 kJ/mol and ASt =20 J/(Kmol). The exercise here is largely
hypothetical but offers insight into how more detailed kinetic models may be developed, such as through the use of reaction velocity matrices,
a concept introduced here. Specifically for this system, the model yielded insight into NO, chemistry on Pt(100) in that it predicted that the
greatest reaction velocities (forward and reverse) occurred via the reaction Pt-O(atop) + Pt-NO(bridge) <> Pt(atop) + Pt-NO,(bridge). We
believe that the framework of a site-specific modeling scheme presented here is an important starting point for future site-specific microkinetic
modeling. In particular, a definition and description of use of surface coverages, reaction rate coefficients, and computed reaction velocity matrices
are presented.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction modeled by pairwise) interactions. It can be argued that even

detailed microkinetic models, where in principle all elementary

It is generally agreed that supported catalysts are complex
in that they can have distributions of crystal facets (e.g., (100),
(110), (111)), each with unique site types (e.g., atop, bridge,
hollow), in addition to defect, edge, and corner entities available
for adsorption and reaction. In principle, each of these micro-
scopic site types has unique reaction kinetic parameters, which
are made even less tractable by lateral site type (and perhaps
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reactions for a process are considered, are only approximations
of the true system and may have insufficient predictive capa-
bilities. This is because typically for each elementary reaction,
only a single enthalpy and entropy of activation for the reaction
cannot be expected to be universally valid for a wide range of
temperature, pressure, and composition in a system comprising
an ensemble of microscopic site types.

As a case study in model development, here we examine
a highly simplified multiple-site kinetic model of the reaction
2NO + Oz < 2NO3 on an ideal Pt(100) catalyst compris-
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ing only this crystal facet. The chemistry modeled here can be
thought of as a subset of properties of an actual supported cat-
alyst (e.g., Pt/Al,03) that contains many more site types. The
multiple-site model here is greatly simplified, and hence only
hypothetical in nature, in that only a single rate-determining
step (RDS) of the Langmuir-Hinshelwood type is assumed, to-
gether with assumed equilibrium gas adsorption. Despite the
unrealistic nature of our model, however, we use it to demon-
strate the complex nature of developing a multiple-site kinetic
model for even a simple system. In doing so, we introduce the
concept of (forward and reverse) site-specific reaction velocity
matrices that are quantitative descriptions of molecular-level ki-
netic phenomena, and discuss their use and application to more
general systems.

As a secondary issue, nitrogen oxides emitted from vehicles
represent a major source of gasoline and diesel engine pollu-
tion. This has led to the development of NO, storage/reduction
(NSR) catalysts whereby platinum is used to oxidize NO to
NO; and the latter is stored during lean-burn conditions on
Ba-containing materials [1-5]. Thus NO oxidation to NO, on
platinum is a key process in NO, storage on BaO. Previous em-
pirical kinetic models of NO oxidation have been developed for
this purpose [6-9]. Most pertinent to our discussion here are
the DFT computations by Neurock et al. [7,8] of site-specific
chemisorption binding energies for NO, O, and NO,, which
we use in our modeling here. In their work, generic (site in-
dependent) kinetic parameters for reactions were used in the
Monte Carlo kinetic algorithm.

2. Resultsand discussion
2.1. The model

2.1.1. Postulated kinetic model

To apply our multiple-site model of Oy + 2NO <« 2NO;
chemistry on a platinum catalyst, we assumed that chemistry
occurs in a plug-flow reactor. The assumed reactor had an in-
side diameter of 2.0 cm, a total catalyst volume of 4.2 cm3,
and a void fraction of ~0.6 and contained 70 pmol of platinum.
A reactor temperature of 523 K and a gas flow rate of 1.0 SLPM
were used. We also assumed an average Pt particle size of 22 A,
corresponding to 120 m2/g [10]. These assumptions led to an
exposed Pt catalyst surface area density of 3900 cm? /cm?3. The
gas mix entering the reactor was taken to be 8.0% O, /500 ppm
NO/~0 ppm NO,. Equal kinetic parameters for all site com-
binations (see below) were assumed to exist and were taken
in part from the literature to be AHT = 83 kJ/mol [8] and
AST=20J/(Kmol).

The modeling procedure used to obtain the reactor effluent
NO and NO> concentrations was as follows. We assumed that
NO oxidation on Pt(100) could be described using the following
elementary reactions:

02 + 2Pty aB <> 2PtHaAB-O, (D)
NO + PtH,A,B <~ PtHyA,B—NO, (2)
NO2 + Pty ap <> Ptyap-NO2, 3

and
Pty,A8—O + Pty aB—NO < Pty ag + Pty ag—NO>. 4)

Here the subscripts A, B, and H represent atop, bridge, and four-
fold hollow sites in our assumed Pt(100) surface [7,8]. A full
justification of the chemistry occurring solely on the Pt(100)
surface cannot be made. For example, the ratio of Pt(100) to
Pt(111) (the more stable crystal facet) can be estimated using
the procedure of Hardeveld and Hartog [11,12], assuming that
the polycrystalline sample is cubo-octahedron in shape. From
the assumed average platinum particle size of 22 A, we estimate
this ratio to be ~0.20. Similarly, based on comparable O, heats
of adsorption on Pt(100) and Pt(111) facets (~—250 kJ/mol)
[13], both facets may be important in NO oxidation. As dis-
cussed earlier, the purpose here is to provide a site-specific
kinetic modeling framework for reaction schemes of more gen-
eral interest.

It is possible that only a subset of the A, B, and H sites has
a significant effect on the overall kinetics of these reactions.
This will become clearer in the next section on equilibrium
gas adsorption. The forms of reactions (1)—(3) are identical to
those of the model by Olsson [6], with the important exception
that we now treat gas adsorption on different sites separately.
Chemistry is described by reaction (4), which has the form of
a Langmuir—Hinshelwood bimolecular surface reaction, as dis-
cussed in detail previously [14]. The approach that we adopt
here is to assume equilibrium for reactions (1)—(3) and consider
reaction (4) to be the RDS.

Modeling simulations of plug-flow chemistry were com-
puted by assuming that the chemistry occurs in 50 equal-
volume axial elements. This was done by taking the out-
put concentrations of each element as input concentrations to
the next element. For each element, the input concentrations
were used to compute surface coverages, and then these cov-
erages were used to compute reaction velocities and, through
a mass balance relation, modify effluent gas-phase concentra-
tions.

2.1.2. Equilibrium adsorption

An early experimental investigation illustrating multiple ad-
sorption sites on platinum was a TPD study by Bartram [15] that
determined additional surface site(s) exist for reversible NO,
adsorption (with saturation at ®no, = 0.15 ML) after oxygen
chemisorption on Pt(111) (via Oz, with ®g = 0.75). That study
was performed in conjunction with HREELS, which demon-
strated a lack of NO3 absorption spectroscopic features on NO»
adsorption on the oxygen-covered Pt surface; thus the authors
concluded that two distinct surface sites exist for adsorbed oxy-
gen and NO,. The NO/NO2 system on platinum was further
studied experimentally using TPD and HREELS by that group
[16,17] and others [18,19]. Insight into the site-specific nature
of Oz chemisorption enthalpy on platinum can be obtained by
calorimetric [20,21] and DFT calculations [5,8]. It has been
concluded from these DFT calculations that two distinct sur-
face adsorption sites exist for chemisorbed oxygen on Pt(100).
The DFT-computed adsorption enthalpies for O,, NO, and NO»
at low surface coverage have been published by Mei [8], and we
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Table 1
Enthalpies of chemisorption for Oo, NO and NO5 on the Pt(100) surface?

AH (kJ/mol)

O NO NO»
Pt(100) atop 0.0 —136.0 —119.0
Bridge —219.0 —214.0 —74.0
4-fold hollow —149.0 —158.0 0.0

& Taken from Ref. [8].

Table 2
Representative calculated adsorption free energies and surface coverage at
523 K using the thermodynamic data of Table 1

(0] NO NO» Empty
AS (J/(Kmol)) —34.7 -161.0 —163.0
O(Pt-X)?
Atop 42%x1073 44x10710  17x10710  0.996
Bridge 0.997 34x1073  63x10713 66x1076
Hollow 0.767 29x10710  17x10713 0234

& © denotes a fractional surface coverage compared to saturation (@ = 1, see
text), with X = O, NO, NOy, or empty (vacant) site identity.

used these in our model; see Table 1. In this table we assigned
a zero enthalpy of adsorption for Pto—O and Pty—NO, species,
because these species were determined to be nonbonding, and
these zero adsorption enthalpies do not introduce modeling er-
ror via their correspondingly small surface coverage values ob-
tained (see Table 2).

We used our fitting algorithm to compute equilibrium sur-
face concentrations arising from O, NO, and NO, chemisorp-
tion as follows. For each given NO and NO» (and invariant O3)
concentration, a site coverage 3 x 4 matrix was determined for
atop, bridge, and fourfold hollow sites that could be populated
by Pt-O, Pt—-NO, Pt—-NO,, and Pt (empty or unoccupied) moi-
eties. This site-specific coverage matrix was obtained through
an iterative procedure by first guessing at ®a, ©g, and Oy site
coverages (i.e., fractional occupation by summed Pt-O, Pt-NO,
or Pt—-NO, occupation) and then computing enthalpies and en-
tropies of chemisorption. The enthalpies for NO and NO, are
given by the following expressions:

AHpji= AHR;[1-0.86g], (5a)
AHgi=AHS;[1-0.4(08 + 6p)], (5b)
and

AHpj=AHS;[1-0.80g], (5¢)

where i = NO or NO; and the right-side standard-state en-
thalpies are the low-coverage values given in Table 1. Similarly,
for Oy, we used the following expressions:

AHp0, = AHQ o,[1—0.80a68], (62)
AHg 0, = AHR o,[1—0.4(Oa68 + OsOH)]. (6b)
and

AHy0, = AH] o,[1—0.80864]. (6c)

The factor of 0.8 (or 0.4) arises from the DFT-estimated adsorp-
tion enthalpy reduction arising from increasing surface cov-
erage [8]. With these enthalpies specified together with en-
tropies (see below), the free energy of chemisorption, AGy =
A Hyy — T ASyq were computed at the appropriate temperature.
Next, the surface coverage ratios were determined from the
equilibrium constants, Kag = exp(—AGa4/RT), where Kyg =
[(PtX/Pt)" / Px] with X = O, NO,and NOz andn =2, 1,and 1,
respectively, and Px is the appropriate gas partial pressure of
02, NO, or NO, (atm). Finally these surface site—specific cover-
ages were used to calculate ®a, ®g, and @y, and these values
were compared with the originally guessed values and the er-
ror between guessed and computed was minimized numerically.
This numerically intensive process was repeated for all NO and
NO3 concentrations for each axial slice of the plug-flow reactor.

We now address the method for estimating adsorption en-
tropies in our calculations. Unfortunately, no previously pub-
lished values of adsorption entropy exist for our system. There
are many ways to approximate adsorption entropy, however,
and it is fortunate that the various methods agree well when ad-
justed to standard-state conditions. For example, Trouton’s rule
states that the entropy of vaporization of a liquid is 85 J/(K mol)
[22], which may have similar condensed phase-to-gas phase
ratios of molecular partition functions as our system reported
here. Indeed, a recent study by Sellers [23] that determined
adsorbate-to-gas phase desorption entropies from TPD data of
15 chemisorption and physisorption systems assigned an en-
tropy of 91 +14 J/(Kmol) (95% confidence interval) for all
data examined. All of these systems were for nondissocia-
tive adsorption; we need to take a different approach for O;
chemisorption here.

First, however, if it is assumed that on surface chemisorp-
tion of nondissociative adsorption (e.g., both NO and NO,),
a reduction in the translational degrees of freedom from 3 to
2 and a gain of 1 vibrational (adsorbate) degree of freedom oc-
cur, then, as shown by Eichler and Zvara [24], the adsorption
entropy change (for a two-dimensional gas) can be written as

h2 1/2 4 e~ hVI2kT
Asadzmn[( ) ]

- A e v 7
2nmkT V (1 — e~ (V/KT)) (7

where m is the mass of NO (or NO3), T is temperature (K), and
v is the adsorbate surface vibrational frequency (~500 cm~1 is
assumed [25]). The quantity A/V is the area per surface site
divided by volume per gas phase molecule undergoing adsorp-
tion. Our procedure for estimating A/ V is somewhat different
than that of Goss [26] and Eichler and Zvara [24], who used dif-
fering standard-state A/ V quantities. Here we took A to be the
area per absorption site (8.0 x 10~2° m?/site [6]) and V to be
the volume per gas-phase molecule computed from gas-phase
concentrations. Similarly, for O, dissociative chemisorption,
the entropy change can be envisioned as the loss of the di-
atomic vibrational degree of freedom of O, (1555 cm~1 [27]),
a loss of one gas phase, and a gain of 2 surface translational
degrees of freedom (from dissociation). Thus the adsorption en-
tropy change for oxygen chemisorption can be approximated by
the following expression using standard translational and vibra-
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tional partition function information [24,28]:
ASo — RI 2emkT \ Y% A2
ad = KN 2 V (1= e~ Vs)/kD))2

(1 _ e*hv(g)/kT)
e—hv(8)/2kT

efhv(s)/kT

(®)

The adsorption entropies computed from Egs. (7) and (8) have
only weak temperature dependence. Table 2 lists the adsorp-
tion entropies computed at 523 K. Although at first inspection it
appears that the adsorption entropy for NO and NO, are some-
what large, when corrected for standard state conditions (via
AScorrection = R In(P/P?)), an average NO and NO, value of
the standard state entropy of AS9 =88 J/(Kmol) is obtained.
This value is close to the values obtained by Sellers [23] based
on TPD data, and also to the value of 85 J/K from Trouton’s
rule discussed earlier. It is also noteworthy that the adsorption
entropy for Oy is smaller (less negative) than that for NO and
NO2, as expected because it undergoes dissociative chemisorp-
tion.

To illustrate the expected surface coverage of O,, NO, and
NO2 on Pt(100) under typical conditions, we chose a repre-
sentative temperature (523 K) and computed adsorption surface
coverage matrix results for the atop, bridge, and fourfold hol-
low sites. Again, the relevant adsorption entropies are given in
Table 2, with the 3 x 4 coverage matrix provided at the bottom
of this table. It is seen that O, was bound almost exclusively to
the bridge and hollow sites with near-saturation coverage. Con-
versely, the saturation surface coverage of NO was small, with
the greatest coverage on the bridge site (e.g., ©@g = 3.4 x 1073).
Somewhat surprisingly, a much smaller coverage of NO, for
all sites was seen, with the largest value of ©®a = 1.7 x 10~10
on the atop site. This suggests, based on the population of sur-
face sites only, that NO2 reduction (reverse of rxn (4)) may be
greatest when Pt—-NO»(atop) reacts with Pt(atop). Similarly, NO
oxidation may be more favorable when NO is bound on a bridge
site reacting with Pt—O(bridge or hollow).

2.1.3. Kinetic considerations
The Langmuir-Hinshelwood reaction velocity (molecules/
(cm3 s)) corresponding to reaction (4) can be written as [14]

kT t
vx-v(4) = ZZX—Y(X /L)exp(AS'/R)

x exp(—AHT/RT)Ox Oy, 9)

where zx—y is the number of nearest-neighbor X-Y site pairs
per unit cell, L is the Pt(100) unit cell number surface density
(8.0 x 10716 cm=2 [29]), x is the surface area density of the
active catalyst (3900 cm?/cm3), AHT and AS represent the
enthalpy and entropy of activation (e.g., to the transition state),
and ®x and @y represent the (fractional) surface coverage, as
discussed in the previous section. Here X and Y are all permu-
tations of atop, bridge, and hollow sites, with a total of nine
forward and nine reverse reactions possible. Inspection of the
unit cell facilitates evaluation of the values of zx—y; the values
of z are presented in Table 3.

Table 3
Site-specific reaction enthalpies for Pt-O + Pt-NO — Pt + Pt-NO (i.e., re-
action (4))2

Pt-O Pt-NO AH (rxn (4)) (kJ/mol) ZX=Y
(< PY) (<> Pt=NO9) forward/reverse

Atop Atop 102.8/157.8 4
Atop Bridge 141.3/102.8 4
Atop Hollow 102.8/129.6 4
Bridge Atop 123.4/102.8 2
Bridge Bridge 216.9/102.8 4
Bridge Hollow 151.6/102.8 2
Hollow Atop 102.8/128.9 4
Hollow Bridge 170.2/102.8 2
Hollow Hollow 104.9/102.8 0P

@ Based on values from Table 2 and thermodynamic restriction relation for
reactions (1)—(4) and (10), see text.

b Hollow-hollow pairing distance is one unit cell dimension apart and hence
taken to be zero.

For our kinetic simulation, we used thermodynamic restric-
tion in our analysis [14]. We did this using a reaction enthalpy
of —58.4 kJ/mol at our midpoint temperature of 550 K [30] for
the following reaction:

(1/2)0O2 + NO — NO3. (10)

Thus, we used the following relation for our site-specific reac-
tion enthalpies:

AH(rxn(4)) = AH(rxn (10))) + AH (rxn(3))
— (1/2)AH (rxn(1)) — AH(rxn (2)), (11)

where the right side gives known site-specific quantities. As
mentioned earlier, we used a single enthalpy and entropy of ac-
tivation in our simulation. This was done only for the sake of
convenience, to reduce the number of parameters to fit. In prin-
ciple, it is reasonable to expect that different permutations of
sites would have unique reaction energies. As we discuss later,
however, because we identified a single-site X-Y pair as being
responsible for >85% of the reaction velocity, it is plausible to
suspect that only a single enthalpy and entropy of activation in
our modeling need be fit.

2.2. Smulation of plug-flow reactor chemistry

Our modeling used a Fortran program with combinator-
ial minimization (i.e., simulated annealing) according to the
method and computer code of Goffe et al. [31]. Function min-
imization was needed to solve for the equilibrium surface con-
centrations at each of the 50 axial “slices” of the reactor vol-
ume. The linear first-order differential equation solving routine
LSODES [32,33] was used to simulate reaction (4) and hence
modify the gas-phase NO and NO concentrations along the
plug-flow reactor.

Arguably one of the most useful predictions made by the
model is the predicted reaction velocities for all permutations of
surface sites. We computed, according to rxn (9), both a forward
and reverse 3 x 3 reaction velocity matrix. For example, the for-
ward rxn (9) matrix consisted of Pt—O versus Pt—-NO velocities
for atop, bridge, and hollow sites. Inspecting these matrices,
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Table 4
Forward and reverse reaction velocity matrices at reactor outlet are given
(505 K, mol/(cm3 s)). Here 500 ppm of NO, and no NO was input into the
reactor

Forward NO-atop NO-bridge NO-hollow
O-atop 1.5 x 1013 1.7 x 1016 9.5 x 1012
O-bridge 1.5 x 1013 1.1x 1011 1.5 x 1010
O-hollow 2.7 x 1015 1.9 x 1015 0.0

Reverse NO,-atop NO,-bridge NOy-hollow
Empty—atop 4.4 x 10° 4.9 x 1012 2.8 x 10°
Empty-bridge 4.5 x 10° 3.2 x 107 4.4 % 10°
Empty—hollow 7.9 x 101 5.7 x 1011 0.0

given in Table 4, reveals that for both the forward and re-
verse rxn (4) processes, atop-bridge combinations contributed
~80% to the total velocity for Pt—-O(atop) + Pt—NO(bridge)
<> Pt(atop) 4+ Pt—-NOy(bridge). This is somewhat surprising for
the reverse velocity; according to Table 2, a prediction based
on surface coverage alone would imply that the Pt—-NO>(atop)
+ Pt(atop) combination would have had a greater velocity. In-
deed, this was only 0.1% of the total reaction velocity.

3. Conclusion

In this work we have presented a site-specific model of NO,
chemistry on an ideal Pt(100) catalyst. We have also introduced
the concept of reaction velocity matrices, which can be obtained
from site-specific reaction rate parameters (AHT and AS) and
site-specific surface coverage matrices. For example, an A x B
reaction velocity matrix (e.g., Ra g) is defined here to have A =
number of distinct site types and B = number of chemically
unique species. In tensor form, this can be written as

Rag = Z Z(kA,B,c,D@A,B@c,D), 12)
cC D

where ka B.c.p iS the pairwise site-specific Langmuir-Hinshel-
wood reaction rate coefficient term (four-dimensional) and
®OapOc.p is the site-specific surface coverage product. The
four-dimensional rate coefficient term arises from the squared
dependence of the (two-dimensional) site-specific surface cov-
erage term (e.g., pairwise interaction of site-specific chemical
entities).

There is both a forward and reverse reaction velocity ma-
trix for a set of elementary reactions. The modeling result that
computed reaction velocities are not completely correlated with
surface coverage suggests that site-specificity is a necessity in
microkinetic models of the future. This may be realized, in part,
from accurate calculations of structure (e.g., binding energies,
competitive vs. noncompetitive adsorption), as well as entropies
and enthalpies of both (equilibrium) adsorption and (kinetic)
activation processes.
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