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MECHANISMS OF THE CARBON MONOXIDE OXIDATION AND NITRIC OXIDE REDUCTION
REACTIONS OVER SINGLE CRYSTAL AND SUPPORTED RHODIUM CATALYSTS:
HIGH PRESSURE RATES EXPLAINED USING ULTRAHIGH VACUWM SURFACE SCIENCE

Galen B. Fisher

Physical Chemistry Department, General Notors Ressearch Laboratories,
Warren, Michigan 48090-9055

Tha demonstration that surface paranstars cbtained in UHV experiments are
applicable to high pressure catalytic reactions has long been a goal of
surface science studies. We will attampt to show directly in these lec-
tures that, for an important class of reactlons, the strongly-bound spec-
ies present under the conditions of UHV studies are tha Same surface spac-
ias reacting at high pressures. We have chosen two tast reactions, CO
oxidation (2C0 + 0, + 2C0,) and NO reduction (2CO + 2NQ - 2C0, + N,) over
rhodium, which are important in automotive sxhaust catalysis, We will
also discuss the water formation reaction (24, + 20, + H,0) on Rh when
appropriate. An outline of the content of the lectures is as follows:

I. Motivation

II. Approach
A. Msasute High Pressure Reaction Rates
B. Measurs appropriate surface properties in ultrahigh vacuum
C. Develop kinetic model based on UHV results
D. Compare high pressure results with predictions based on UHV work

III. Equipaent and Methods

A. High Prassure Reaction Measurements

B. Ultrahigh Vacuum Measuraments
3. Temparaturs Programmed Desorption (TPD)
b. Migh resolution (AE - 40 cm-) Electron Energy Loss

Spectroscopy (EELS) ‘

C. Other surface scisnce tools (XPS, urs, ...}

C. Example of determining an activation enargy: MNo(a) dissociation
on Rh(111) or OH(a) formation on Rh(100)

IV, Carbon Monoxide Oxidation Reaction over Rhodium
A. High pressure (1-100 Torr) kinetics over single crystal and
supported Rh
J. Low pressure (10-9-10-¢ Torr) kinetics over single crystal ®h
C. UBV determination of activation enstgies of desorption
and dissociation
D. UHY determination of sticking cosfficients for oxygen
in the presence of Co(a)}
E. Darivation of a stsady state reaction model basad oh UHV results
F, Comparison of agresment batwesn model results and reaction data
#®. ¥hat is the Rh surface }1ke during CO oxidation?

A

¥. Nitric Oxide Reduction Reaction over Rhodium

A. BHigh pressure (1-100 Torr) kinatics over single crystal and
supported Rh . Ao Kime

C. UHV determination of activation energies of desorption

and dissociation
D. Discussion of the steady state reaction model based on UHV results
E, Compariscn of agresment between model results and reaction data
F. What is the Rh(11l) surface like during the NO-CD reaction?
G. How 1y the reaction different on supported Rh?

¥I. The NOCO-O0, Reaction Over Rhodium
A, High pressure (1-100 Torr) kinetics over single crystal and
supported Rh
B. Manifestations of NO inhibition of CO oxidation

VII. Conclusions

The similar:ty in the coverages of strongly-bound adsorbed species like NO
and CO under UHV and high pressure conditions allows us to use UHV-ob-
tainad data to usefully sxplain high pressure kinetic data. We find that
fate expressions based on UHV-determined intermediate steps using UHV-de-
termined rate constants quantitatively predict the rates at high pressures
for both the C0-0, and NO-COD reactions over single crystal Rh and sup-
ported Rh catalysts. Understanding the relative importance of intermedi-
ate steps ism all of thess reactions clarifies which steps nesd modifica-
tion to Lmprove overall reaction rates.

A good reference to begin with concerning thaza lectures is by S. H. Oh,
G. B. Fisher, J. E. Carpanter, and D. W. Goodman in the Journal of Cataly-
sis, Vol. 100 (1986), pp. 360-376.
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MOTIVATION

X

- e RHODIUM IS THE EMTRIN. ADEQUATE AS A NITRIC OXIDE

REDUCTION CATALYST IN AUTOMOTIVE EXHAUST ENVIRONVENTS

o RHODIUM IS ALSO AN EXCELLENT CATALYST FOR THE OXIDATION OF

I
!
b I

TO IDENTIFY THE INPORTANT FACTORS IN THESE REACTIONS
: ﬁ'&lsnc PRESSIRES ~1Z ATM OR 10 TORR) IN ORDER TO
HOPERILLY IMPROVE UPON PRESENT CATALYSTS

CﬁRHNHMXIII.
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 HE WOULD LIKE TO UNDERSTAND [N DETALL THE INTERMEDIATE STERS (F

THESE TWD REACTICHS BY USING A COVBINATION OF HIGH PRESSURE
U SFFKE SLIENE STDES ISR it ;
' |
Rn !
i (1) NEASIRE REACTION RATES AT REALISTIC PRESSRES ON SIMLE
o) A0 o> 2, | (RYSTAL A4 SIPRORTED CATALYSTS. | ;

(2) DETERAINE WITH ULTRAHIGH VACUUM (IRV) SIRFACE SPECTROSCIPIES
h (E'G.' m' m‘ m' m' LEED' 'llé &ﬁ%lw m s
| INTEREDIATE STEPS ROR TRESE CATALYT
I 20em—s a0y, | AL OF TEIR RATE CONSTANTS, |

SMPLE |
NTERMEDIATE STEPS Ave (3) USING KINETIC DXPRESSIONS BASED ON THE KNOWN INTERMEDIATE

L g STEPS, PREDICT THE HIGH PRESSIRE REACTION RATES USING QY |
006e) & C0a) S UV-DETERMINED PARAMETERS., }
k2 (K ' '
¢ (4) COMPARE HIGH PRESSURE DATA WITH THE PREDICTIONS OF THE UV
. K . BASED KINETIC MODEL. |
0, —> 1) | £ |
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The molecular and atomic states of oxy

Sae .

Galen B. Fisher and Steven ... Schmieg

Physical Chemisiry Depariment, General Mocors Research Laborasories, Warren, Michigan 480%)
(Received 15 November 1982, accepted 12 January 1983)

The adsorption of oxygen st 100 K on Rb{100) has been studied with temperatuse-programmed
desorption and photoelectron spectroscopy. Oxygen adsorbe with a sticking probability of about
0.8 up to a near saturation coverage of 1.1< 10" atoms/cm? or three-fourths of 3 monolayer
coverage on Rhi100). Initial sdsorplion i dissociative. M, , for covernges above half a
monolayer & low temperature molecular state, denoted o, which does not exhibit isotopic
exchange, desorte st 150 K. Dissociated oxygen recombines and desorbs in three high
temperature or £ sistes. Al low Coverages oxygen desorbs in s second order state, 8, between
1200 and 1323 K with an activation energy for desorption of 360 k/mole {85 keal/mole). At
coverages above hall a monolayer, two first order siates, 5, and 8, sppear at 820 and 920 K,
respectively, Their respective heats of desorprion are 210 kI/mole (50 kcal/mole) and 260 13/
mole (€2 keal/mole). In contrast with previously repotted resolts, no bulk dilfusion of adsorbed
Oxygen atonn into Rh is observed for lemnperatures up 1o the onset of oxygen desorption.

.r.v-.urmum,a.,.mm PD. 1064-1069

w Sierfnce Science 14 (1983) 3043
North-Hollsnd Publishing Company

ADSORPTION AND REACTION OF NITRIC OXIDE AND OXYGEN ON
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Mhum-uo,umtillmmmwmmxn Both gases adsorts
molecularly o1 120 K, At low coversges (g < 0.9) NO dissocinies completely upom hesting to
lorm Ny and Oy which have peak desorption temperatares 51 716 and 1310 K. respeciively, Al
Ingher NO coverages NQ desorba at 453 K and & new N, stie obeying First order kinetics appeses
41 470 K. At saruration, 55% of the adsorbed NO decomposer. Preadsorbed onypen inhibus NO
\kecomposition and produces new N; sad NO desorption sistes, both =1 400 K. The taturation
nw«qcofNOwlullljiswuuin.ﬂol|hmrtmllmdmﬁly.0:nmon Rb111)
bas two strongly bownd sisien with pesk fempesstures of 840 and L113 K with a 18luTation
vivarage raio of 1:2. Desorption parameters for the 1128 peak vary sirongly with coverage and,
“nsusming setond-order kinetics, yield an aclivalion energy of 854 5 keal/mot and & pre-exponen-
il Tactor of 2.0 emd 5~ i 1he limildmm.nmdecdnmudnmhuu 130 K and
the MO0 K mmie il concerenily. The saturstion covirage of stomic oxypen o RMI1} is
approkimately 0.83 times the surface atom demaity. The behavior of NO on Rh sad Bt low index
Planes is compared.
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ThummdNO-ithmull(llllhuhmmlﬁd'i:hnwmmm—d
luﬂiul{TPlLCmsmmdemmm“mhﬂu,ummudhu‘ﬁmdNo
with H,.mmmm;mplumucowdmuuumi;muoolnaco,m.
Repullive i b dsorbed €O and adsorbed pen alome bad 10 desorprion of
(‘On.putullsKwiu:luiul|hmaluuruv-huehmﬁnbnmcqnud
O42) praduces CO,(g). Thus she exient of reaction of COva) with NO(a) is bess thas thad between
C‘(Xl}lldﬂ.)duhlhbuﬂhvwmn‘tﬁeuﬁby“ﬂMMNO.AI'I!HII‘
Pepiinve iseraction betwess NO) and His) supp the NQ+H, on. 0+ NO
Behavior o RR(111} is compared 1o thal obeerved oa Py(111)

—X This has un\l-ik
JOURNAL OF CATALYSIS WIS, 30 T7% (1996} +h" l\{qk PH.S

co ep,

Comparative Kinetic Studies of €0-0, and CO-NO Reactions over
Single Crystal and Supported Rhodium Catalysts

Se H. OH,* Gacew B. Fisnen,* Jovce E. CARPENTER,* AND D. WAYNE Goobmant
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mmmdhco-o,uco-uommmmummun-uwu-n
wpported A cainlyss have been pared o realisti o For the CO-0; renc-
nu.-mn:mmhummn:w&mrmxﬁmmm
for the bwo types of Rtk catalysis. The CO-NO renction, on the olher hand, ¢xhibity substantially
Mmmmmmmmmhmlkmmmw
i This indi that the kineti amco-mmuu.mm-o,m
kimetice_are itive 1o chang bmmmfuemml.mﬁmkdﬂlfwlhco—ﬂ,
undCO—NOl!aﬂ'numtRHIllll-dlMAl;D.mlnﬂyudnithmumﬁlvﬁcl
for U imdivi ok y ion steps eatablished from surface chemi ¥ studies of
hwhdm.m.mmmntmfm.mm.mmﬁlh
vlhminiuhlhmnpmediammﬁuchmw.mmmlukm

onidation rute data over both the single crysial and o RA calalysis. The kinctics of the CO-
NO reaction over RiW H 1) can aiso be well deacrib dbya ion model uing values
iaken from surface chemistry studies. However, the rate dan for the CO-NO resclion over
supported Rk can be nutionalized by ing thel the o iation of molk fy adaerbed NO

mmmwmwmhumnu. © VS Anubednic Prass, .

he

Electron energy loss characterization of NO on Rh{111). 1. NO coordination
and dissociation® '
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Mwhm(ﬁﬁw) huhemuedwnndythuﬂmpdo-dnitrie
oxide on Rh(111), mmtm%mumwmm rale of
NOuuhiuwfweulowmmgehuhuummumddimlyuﬂn'Em.mnmordu
dissociation rate parameters are E, = 19.2 + 0.3 keal/mol and vi" = | x [0* 103 4=t g
sznz._Orderedloweurgydeclron diffraction {LEED) Ppatterns are obaerved only for

J.Cham. Phys. 05 (8), 15 Oclober 1986 PP, 4879-4688

Electron energy loss characterization of NO on Rh(111). ll. Coadsorption with
oxygen and CO

T.W. Root™
WUWEMMM&M vmqruumuwn
Minmaxio 53435

Galen B. Fisher

MM’,WMM.MM Warren, Michigen 48090
L. D. Schmidt
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Hiﬂredumdmuwmhuwmyhnhenmwmth“uof
M«hdonmmdarbmmideomhebmdiuofnini:miduwonmu
(111) surface. NO is converted from (wofold bridge sites {1300-1600 cm~ '} 1o lincar sites
(1840cm™") vhnumel?SKinlhmofwumeMy
mmmm“mmmmmly..mmwmm
mhwouynmhiﬁmdmdiwhlh;mmmmm
dounun'niiunllyhhihilwpmmou!hedismhumoflIowwven.eol‘uitricolide
eompuadlothdnnkh(lll!urfwe.COlndNOnppﬂrlou;uplelMMilhndlof
each species st 95 K if OO s fral. Annealing this adlayer sbove 250 K disperses the
islands and mixes the adsocbate layer at temperatures below where NO dissociation and
reaction with OO are significant. The Rh—00 bond is weakened in well-mined CO + NO
sdlayers, indicating that the NO-CO repubsive interaction acts through the Rh substrase rather
than ditectly between the adeorbed molecules. :

- Cham. Priys. 85,31, 15 Ocicber 1008 -“p” 4087-4696
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CO + O, Reaction on Rh{111): Steady-Siate Rales and Adsorbate Coverages

S. B, Schwarts, L D, Schaidt,*' sad Galen B. Flaber!

Depariment of Chemical Engineering and Materials Science, University of Mirnesota,
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Siendy-state kinetics of OO exication on clean lMlll)mmrﬂmavﬂewdCOMO,

#nd swrface temperatures for pressures between |04 and 107 Torr. Coverages wers measyred by XPS during

rexcrion. Below 425 K the on rate i with temp with an activation encrgy of 20 keal/mol, while abows:
450 K the rate & with temp with an sctivation energy of -7 keal/mol. Al low temperaturce and i cxoms
€O, 1he reaction rate is proportional 1o PoPoo™, while in excess 0, and at high (crwperstures the resction rate is Pegativs
oeder in Po, and more than first order i Foq. leﬁcﬂunﬁﬁmmnthxshnlhlmilhwﬁwu
species below 400 K, wiile from 423 10 900 K the surface is nearly saturaiod with orygen. Eaperimental tutes and covera g
are fit qualitetively by using u simple L ir-Hinahtlwood i pesitive sdsorpiion, sthough adsorptian

parameiers for CO and O, are not in agrocimem vi.lh clean surface values, Modified ir-Hinshelwood models Hrvolving
unmgilﬁbitiudumwhhwmﬁlwlhﬂhmpﬂwﬁulﬂhu’fﬁuuam
dlhhlthduyunuihCOmnan g with UHV p d CO smd

Oxygen coverages, and resction rates.
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The Pressure Extrapolation

Modern automotive cataly
* chemical reactions to remove pollutants from a car’s exhaust. Scientists at
the General Motors Research Laboratories have recently made discoveries
about one such chemical reaction, the reaction bet
carbon monaxide, pointing the way toward new or

Reaction Rate Dats
Temperaiure (K)
LD G 550 50
5y
[ 3 =
o= Py =400 i

uf
[E] [E] ¥} i

WUV Trwperatue (X '}

Figuw 1: Kete vt putriscery fior the KTLCU prwe
fon Measwoed data verr sugle corsial R 11Dy
i sl bewer wnd vivs supwieod K thine b
doiecdid preddictions taolied wd fins,

Fumm 2 Schemaisc repersrniation wf ihe e
:;::_-r, iniermedivie sieps fur the NO-UTY
.

tic converters contain rhodium which promoles

OST FUNDAMENTAL cat-
alytic studies using surface
science technigues require an ultra.
high vacuum envienment (10-3
atmt. They are best suited for
studying well characterized mate-
rials, such as metal single crystals,
Catalytic reactions of practical
interest, hawever, involve polycrys-
talline materials, in the torm of
smail metal particles dispersed on
supports. And hey take place at
atmaospheric pressures rather than
in an ulirahigh vacuum.
Nuw Dr. Galen B. Fisher and
Dr. Se¢ H. Oh have demonstrated
how the wealth of chemical infor-
mation ohtained from ultrahigh vac-
uum (UHV) studies of ideal, single.
crystal catalysts can be applied to
the understanding of real-world sys-
tems that have different catalyst
envimaments and thal operate at
much higher pressures.
These researchers concen-

2NO+2C022C0,+N,

090
it L

Lok

NOG@) -+ Néa)+ Oga)

-+

uh)*llal-'cu";r

NOG) + Nea) - Ny + O

2Nia) ~» N (4}

S Tl o Ly Y. (R e (8) v aduted

ween nitric axide and
improved catalysts.

trated their studies on the mas-
chemical reactions that occur ia
modemn automotive catalytic con
verters. One such reaction is tes
reduction of nitric axide (NO) by cas
bon monaxide (CO} over a rhodiur
(Rh) catalyst 1o yield carbon dicxide
(CO,y) and nitrogen (N} (Figure £}

Dr. Fisher used various sur
face science spectmscopies in ultes:
high vacuum to study ali of the
elementary reactions iver & rhodioes
single crystat [Rh(111)) that mighs
be inwolved in this specific reactioa.
Over several years he measured the
rates and determined the activatics
energies of each of these reactions.
For most of these reactions, this was.
the first time these parameters had
been measured. Based upen these
results, Dr. Fisher hypothesized that
the elementary reactions shown &
Figure 2(af) were the significarg
steps involved in the NO-CD reac-
tion and that nitrogen recombing-
tion and desorption {Figure 20) was
the rate-controlling step on Rh( 111 _

Dr. Fisher and Dr. Oh als=
initiated kinetic studies of this reac-
tion at realistic reactant partial pres
sures and temperatures vsing twe
different catalysts —one was & rho
diumsinglecrystal[Ri 111 )}, andthe
other consisted nf thodium particies
supported on alumina {Rh/ALO, )
The rhadium concentrations on
support were similar to those used
in an automotive catalytic converter:
The studies with the single crystal
a realistic, high pressures were done
in collaboration with Dr, D. Wayne
Goodman of Sandia National
Laboratories.

At the same time, Dr. Oh
devised a mathematical modet for
this reaction. The madel consists

of steady-state conservation equa-
Nons for the surface species, based
on the reaction mechunism and the
kate expressions for the individual
seaction steps determined in Dy
Fisher's UHV studies. Overall reac-
fion rates could then be computed
from the surface concentrations sat-
isfying the conservation equations.
The reaction rates predicted by this
odel, which depend only on reac-
tant partial pressures, are shown in
Figure } (dotied red tine).

The kinetics of the NO-CO
maction measured over a rhodium
single crystal using realistic reac-
tant partial pressures are shown in
Figure 1 {solid red line). The agree-
rent with the model predictions
indicates that Drs. Fisher and Oh
Fad correctly identified all of the
intermediate reaction steps and con-
frms that, in this case, nitrogen
recombination and desorption (Fig-
wre 2f) is the rate-contmiling step
an Rh{111). The fact that the agree:
ment is 30 good also indicates that
the rates of the elementary reactions
reeasured under UHY conditicons are
s.ill valid at realistic reactant par-
tinl pressures—a pressure extrapo-
lition of more than len orders of
magnitude.

I HE KINETICS of the NO-CO
reaction measured over the
sapported rhodium catalyst (Fig-
u-e 1, biue line), however, were
much slower than predicted by the
model. In addition, infrared stud-
ies have shown that NQ is the pre-
deminant surface species on the
cetalyst, suggesting that in this case
N dissociation (Figure 2c) is the
rae-controlling step. in fact, if the

rate constant for NO dissociation
measured under UHV conditions
and used in the model is reduced
by a factor of 2000, the kinetics of
the NO-CO reaction measured aver
the supported rhodium catalyst are
comrectly predicted.

The difference between the
kinetics of the NO-CO reaction mea-
sured over a rhaodium single crystal
and the kinetics measured over sup-
ported rhadium shows that this reac-
tion depends on the envimonment
of the rhodium in the catalyst. The
reaction model strongly suggests
that the NO dissociation reaction is
the reaction step most sensitive to
the rhodium environment.

"While our reaction model can-
not tell us why NO dissociation
is slower on supported rhodium
observes Dr. Oh, “it can help iden-
tify the kinds of studies necessary
to clarify the origins of such sensi-
tivity” Comparative kinetic studies
can atso provide useful insights for
developing improved NO reduction
catalysts. “Our studies have already
told us;” adds Dr. Fishet, “that one
possible path te improving
automnbile catalysts is to make
modifications that increase the NO
dissociation rate”
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of Toronto prior to jeining GM
in 1976, Since then, he has been
involved in measuring and model-
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