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Abstract

The surface compositions of supportedyRbsy and PdoRhsg three-way catalysts (TWC) have been simulated by Monte-Carlo (MC)
technique and used for calculating the activity of the catalysts for CO oxidation and NO reduction. Pd-Rh shows a higher activity than Pt-Rh
for CO oxidation in presence ofOwhile Pt-Rh is a better CO oxidation catalyst in absence0f0r NO reduction, Pt-Rh nanoparticles are
better catalysts both in presence and absence .d3-®; is found to be the most dominant channel farfidrmation on Pt-Rh nanoparticles,
while, 8-N is found to be the most dominant pathway for pfoduction on Pd-Rh. The poisoning effect of sulphur is found to be more on
Pd-Rh catalyst than on Pt-Rh catalyst.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction PdO on the Pd-Rh alloy surface under oxidising condition
up to temperatures 1000 K, where PdO decompf&e3he

The use of Pt-Rh/Ce£Al 03 formulations as three-way  surface segregation of Pd in Pd-Rh catalysts suppresses the
catalysts (TWC) has been known to be very effective in con- NOy reduction. It is the purpose of the present work to see
trolling the emission of polluting gases into the environment how the segregation behaviour of Pd-Rh nanoparticles differs
[1-7]. These catalysts convert simultaneously CO, NO and from that for Pt-Rh nanocatalysts, and how the segregation
unburnt hydrocarbons (HC) into harmless gases like,CO behaviour and the presence of sulphur in the fuel affects the
N2 and HBO. Requirements of stricter control over emissions CO oxidation and NO reduction on the two catalysts.
and the high temperature durability of the catalysts have  We have used the Monte-Carlo (MC) simulation to pre-
led to improved formulation like Pt-Rh/Ce&xrO,-Al03, dict the surface composition of 4gRhsg and PdoRhsg
where the supports Ce&ZrO»-Al,03 show improved particles having in total 2406 atoms—the diameter of
control over the oxygen supply for the reactions, high the particles being of the order of 4nm. For simplicity,
temperature durability (up to 1100K) and the ability to we have considered the particles to have the fcc cubo-
minimize the deactivation of the catalysts by sulphur and octahedral structure as all the three metals have the fcc
other impurities present in the fug#t,5]. Market price crystal structure, and for particles of such sizes, cubo-
of the precious metals Pt and Rh has necessitated partiabctahedral geometry has the higher stability. A brief dis-
substitution of Pt by Pd. However, for substituting Pd for cussion on the MC model and the simulated surface com-
Pt in the commercial TWC formulation, the fuel must have position results are presented in Secti@&nFor compar-
little or no Pb and sulphur content. Besides, Pd segregates aing the activities of the Pt-Rh and Pd-Rh nanocatalysts for

the CO+Q, CO+NO and CO + NO + @reactions, we use
* Corresponding author. Tel.: +91 33 2337 5345; fax: +91 33 2337 4637. & Microkinetic model. A brief discussion of the microki-
E-mail addressbadal@cmp.saha.ernet.in (B.C. Khanra). netic model and the computed activities of the two cata-
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Iysts_ are presented in Secti@n Conclusions are drawn in - " no segregation line
Section4. @ supported PtsoRhgq =
§ 1| supported PdggRhgg o
© & ° et G- s - Do Qe
: , o £ 09} ’
2. MC simulation and surface segregation in Pt-Rh g
and Pd-Rh nanocatalysts < 08¢
& 07}
In the MC simulation schemi@-10], one determines the = 06 &
pair bond energy between two nearest neighbour at&s, 2 LI S N
as g o5
w;j  Ei(n) = EL(m) 450 475 500 525 550 575 600 625 650 675
Eijj=—+ +— Q) T .
VA n m emperature (T) in K

where the indice$ andj indicate the atoms A or B of the Fig. 1. MC-simulated fraction of Pt (Pd) atoms dispersed on 2406-atom
bimetallic system AByw;; the interchange energy for two dis-  cubo-octahedral BiRhso and P@oRhso nanoparticles as a function of tem-
similar atoms and is the bulk coordination numbeE(n) is perature.

the partial bond energy of théh atom withn nearest neigh-

bours, and is estimated from the empirical formula: in this work as this is the temperature range where CO oxi-

() — 4 i in2 dation and NO reduction reactions take place in the catalytic
E‘C(rf) a_ o @) converter. The predicted segregation behaviour agrees well
a, b' andc' in (2) are the adjustable parameters derived from with available experimental results on supported P{Ef
the experimental data of dimer energy, surface energy andand Pd-Rh particlefd 3].
the cohesive energy of a metal. With the computed pair bond
energy,Ej, one can find the equilibrium configuration en-
ergy and the resulting surface composition. The values of 3, Microkinetic analysis of CO + O,, CO + NO and
the parameters used for the present MC simulations are theCO + NO + O, reactions
following [10,11}

The microkinetic analysis is made in three stages. In Stage

Pt a=—04287398 b=-0.0474969 I, we formulate the elementary reaction steps that are to be

¢ = 0.0035483 considered for the overall reactions leading to the formation
of CO, and N> molecules. For our studies, we consider the
Pd: a=-017702 b=—004842 c=0.002987 following elementary steps:
(i) adsorption and desorption of CO and NO,
Rh: a = —0.4744544 b= —0.0341727 (ii) dissociative adsorption of £molecule,
(iii) dissociation of molecularly adsorbed NO into adsorbed
¢ =0.0028138 atomic nitrogen and oxygen atom,
and (iv) formation of Nb molecules through two possible
wij wij steps, namely, A+ Nz — N2 (the B-N2 molecule) and
Z(PtRN) —0.00691eV; Z(Pd-Rh)~ —0.00396 eV NO, +Na— N2+ O, (the 8-N2 molecule), where the

subscript ‘a’ indicates the adsorbed species, and finally,
The MC-simulated fractions of Pt (Pd) atoms dispersed (v) formation of CQ molecules through the combination
on the 2406-atom supported Pt-Rh and Pd-Rh nanoparticles of adsorbed CO and adsorbed O.

are shown inFig. 1 It may be noticed that almost 95% of
In Stage I, the rates of the elementary steps are deter-

Pd-Rh patrticle surface is covered with Pd atoms, while the i
Pt-Rh surface is only mildly enriched in P¢65% of surface ~ Mined. For example, the rate of adsorption of CO, NO and
O, on a metal m may be given by molecular collision theory

covered by Pt atoms). The segregation behaviour as found in
our MC simulation is quite understandable if one considers as[14-17]
the relative values of the heat of sublimation and the surface

free energies of the three transition mefdl$]. The lattice (rai)m = <2 i
strain energies will have only a very marginal effect on seg- Tt
regation behaviour of these systems. Though it is possible towhereM; is the molecular weight of the adsorbed specjes
calculate the surface composition of smaller or larger parti- o, the area occupied by 1 mol of surface atoms%enol)
cle sizes, the overall results would change insignificantly for of the metal m, §) is the initial sticking coefficient of
particle sizes of catalytic interest having diameter larger than the specied on the metal m;,C; is the concentration of
3nm[8,9]. The temperature range 450-675K is considered the component in the gas phasé, is the fraction of va-

1/2
) (S )mCifh @)
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cant surface sites available for adsorption and is given by Table 1

0y = 1—0co—ONo—ON—00—0s. Parameter values used in model calculations for CO + NQ fe@ction

Similarly, the rates of desorption of CO and NO may be Pt[17,18] Rh[15] Pd[19,20]
expressed gd4-16] CO adsorption
F — e — and om 4.03 375 360
raco= A exp {_ COYCO — &N N} 6co (4) Sco 0.50 050 096
RT CO desorption
and A 1.0 160 100
E E 2963 316 340
6.5 45 5.0
rdNo = A exp {_RT] fno. 5) ZZO _ 10 _

respectively. In the expressiord) and (5), A's are the C% formation 10 o1 o1

pre-exponential factors (3), E's the activation barriers E 135 143 o5
(kcal/mol) for CO and NO desorptions ando anday are

the CQ—CO, and CQ—Ng repulsive energies (kcal/mol), N%i;jsorp“on 05 05 03
respectively. ,
Likewise, the rate of NO dissociation may be given by Nidesorpt'on 5 5 5
E E 26 26 32
rdissNO = A exp (_RT> oL 6 NO dissociation
A 0.003 Q003 Q04
and rates fof3-N2 ands-N, formation are given by E 29 19 277
E — anON O, adsorption
"'Np.p = A €Xp (_RT) o] (1) S 0.012 Qo1 04
3-N, formation
and A - 00002 -
E E - 21 -
"Ny = A €Xp <_RT) ONOON. (®) B-N formation
A 0.013 Q003 Q003
respectivelyay in Eq.(7) represents the repulsive interaction g 20.2 31 325
between two adsorbédlatoms. For the rate of an elementary o - 4 -

reaction on the AB alloy particle, we use the approximation units: o, (in 108 cm2/mol); E, « (in kcal/mol); A (in 1083s~1).

rag = (Xs)ara +[1—(Xs)alrs, where &s)a is the surface con-

centration of A atoms on the surface of the AB particle. The to the total turnover number of Nmolecules on Pt-Rh cat-
surface composition may be obtained from the MC simula- alysts. They are compared with the TON of £@olecules.
tion results of Sectio@. The data required for these rates are Two important features may be noticedRig. 4. First, the
provided inTable 1 TON of CG; is marginally higher than the TON of NSec-

Finally, in Stage Ill, one solves self-consistently the ondly, the contribution 08-N, molecules to total Mproduc-
steady-state continuity equations for the adsorbed species
CO,, NOg, N and @ and determines the turnover numbers T T T T
(TON) of CO; and N> molecules molecules (defined as the
number of CQ or N2 molecules released per site per sec-
ond)[14-16] It may be mentioned here that this microkinetic
analysis would, in general, predict results experimentally ob-
tainable from flow type reactors.

InFig. 2, we compare the TON of C{»n Pt-Rhand Pd-Rh
particles for the three reactions. It may be noticed that while
for CO+ G, and CO + NO + @ reactions, Pd-Rh is a better
oxidation catalyst; for the CO + NO reaction, Pt-Rh is a bet-
ter catalyst for the CO oxidation. Furthermore, it may also be

CO+0, on PlgyRhsy =
CO+0, on PdggRhgg ---e----
CO+NO on PtggRhggy -
CO+NO on PdgoRhgy -

CO+NO+0O, on PtggRhgy -~
CO+NO+0, on PdgyRhgy ---o--
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10*
10°
102
10" | - TR
10°

?

&

e B B B}
®

102
103

Turnover Number (CO, molecules/site-s)

U B Bt B Rii )

noticed inFig. 2that the light-off temperature, i.e. the mini- 18:2 Peo =Pio =Po, = 0.01 atm ) 1
mum temperature at which the conversion starts taking place, . . . . . . . .

is higher for the CO + NO reaction than for the CO > &hd 15 16 17 18 19 2 21 22
CO +NO +Q reactions. This is true for both the bimetallic 100017 (K™)

SyStemS' Frorfig. 3 we may conclude thatfor NO reduction, Fig. 2. Turnover number of COmolecules as a function of temperature
Pt-Rhis a better catalystthan Pd-RhFig. 4, we have shown o co+0,, CO+NO and CO +NO +@reactions on Pt-Rh and Pd-Rh
for the CO + NO reaction, the contribution &N, andp-N» catalysts.
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Fig. 3. Turnover number of Nmolecules as a function of temperature for 1.5 16 1.7 18 1.9
CO+NO and CO +NO + @reactions on Pt-Rh and Pd-Rh catalysts. @) 1000/T (K™
tion is much less compared to that@N, molecules. This T, ;CC}BN%%’ -
signifies that N molecules are mainly formed by combina- s ]82 - 95=B]6: PLRN o |
tion of adsorbedN atoms, which in turn, result from dissoci- % 100 F. 8,=0,Pd-Rh
ation of NO molecules. From similar CO + NO reaction stud- S =016,Pd-Rh - ]
ies on Pd-Rh catalyst, it has been found ét, molecules & 102 I ]
mainly contribute to total Mproduction—signifying that i % 18.4 v . ]
is formed from the dissociation ofJD into N, and O. In case £ 10:2 g 1
of CO+NO +Q reaction, the nature of contributions &f 2 107 L]
N2 and3-N2 molecules to the total TON of Nmolecules g 10j§ .
on the two catalysts has been found to be similar to the case 5 110910 .
of CO + NO reaction. However, because of the availability of BRI 15 16 17 18 19 2 21 22
excess oxygen for these reactions, the TON o} @@lecules (b) T 000T K o
is much higher than the TON of Nmolecules. This is true
for both the catalysts. Fig. 5. Turnover numbers from CO + NO +@eaction on supported Pt-Rh

We have also studied the role of sulphur in poisoning the and Pd-Rh catalysts as a function of temperature and sulphur coverage: (a)
reactions on the two catalysts. Pd is known to be more sensi-C©2 molecules and (b) Nmolecules.
tive to poisons like lead and sulphjia1,22]. A microkinetic )
analysis of the activities of the supported Pt-Rh and Pd-Rh More than an order of magnitude throughout the temperatgre
catalysts confirms this observation as may be seenffigns. range of 450-675K. But, for the Pt-Rh system, the drop in
In Fig. 5a), we have plotted for the two catalysts turnover 19N 0f CO is much lesg23]. For the sulphur coverage of
numbers of C@molecules as a function of sulphur coverage, 9-32 the TON of CQ decreases further in the case of both
gs. It may be noticed that for the Pd—Rh system, an increasetN€ catalysts.

of sulphur coverage from 010 0.16 leads to adropin TON by N Fig. Xb), we have shown the role of sulphur on the TON
of N2 molecules on the two catalysts. It may be seen that

TON of Ny is severely affected on Pd-Rh catalysts compared

10° ™ CO+NO on supported PtogRhsp to Pt-Rh catalysts. The results, showrFig. 5, thus indicate

102 E S &Ny —— ] that sulphur poisons the Pd-Rh catalysts more than the Pt-Rh
. BNp catalysts.

10' F . total Ny = 4

As mentioned earlier in Sectid@that for particles having

] diameter larger than 3 nm, the surface composition changes
insignificantly with particle size, the activity is also expected
to behave in a similar fashion. The experimental results are,
b however, scarce to verify this theoretical prediction.

Co, =

Turnover Number (molecules/site-s)

' ! 4. Conclusions

10»4 L I I I
1.5 1.6 1.7 1.8 1.9 2

1000/T(K™")

CO oxidation and NO reduction on Pt, Rh and Pt-Rh
Fig. 4. Turnover number g§-Ny, -N2, N, and CQ as a function of tem- bimetallic surfaces have been studied exhaustively both ex-
perature for CO + NO reaction onggRhsp catalysts. perimentally as well as theoretically. However, studies on
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