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K-promoted oxidation of CO on Ni(111)
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The oxidation of CO promoted by K atoms is observed ofillNi) for temperatures ranging from room
temperature down to 160 K. The catalytic reaction at 160 K gives rise to the formation of adsorbed CO
molecules which are stable up to 180 K, above that temperature they completely desorb. The reaction follows
the Langmuir-Hinshelwood mechanism and the uptake order of the involved species seems to be of minor
importance.
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The oxidation of carbon monoxide on metal surfaces ha€oadsorption of oxygen and potassium on thé¢lMl) sur-
been intensively studied in the last few yetirsFrom the  face produces a number of ordered structtifesiso CO/O
fundamental point of view, the reaction of CO with oxygen and CO/K coadsorption phadéd on the same surface were
on transition-metal surfaces is regarded as a model system itcurately investigated, and the results showed no change in
order to understand the nature of surface chemical bonds. Ghe adsorption sites of each species. Interestingly, it was
the other hand, this reaction is of extreme practical imporshowrf that in the CO/O coadsorbed phase, CO molecules
tance in the reduction of CO in car exhaust-catalytic convertmove almost freely on the Ki11) surface.
ers. Present experiments were performed by an electron en-

On many transition metals such as Pt, Ru, Rh, and Pd, thergy loss spectrometéDelta 0.5 by SPECSoperating rou-
oxidation of CO takes place spontaneously. In an ultrahighinely at a base pressure okal0 ! Torr. Loss spectra were
vacuum (UHV) the reaction is based on the Langmuir- recorded in specular geometry with an incident angle of 55°
Hinshelwood mechanism: CO molecules adsorb first on theyith respect to the surface normal, using an electron beam
metal surface and then react with chemisorbed oxygen atomsnhergy of 4 eV and an energy resolution of 3—4 meV. The
forming CO, molecules, which remain adsorbed on the sur-Ni(111) crystal was cleaned in a preparation chamibase
face or desorb depending on the sample temperature. Qsressure X 10~ 1° Torr) by repeated cycles of ion sputtering
Pt(111), the oxidation reaction was investigatdsy scanning  and annealing at 900 K. Surface cleanliness and order were
tunneling microscope, and was stated that the reaction takesecked by the same LEED Auger apparatus. Potassium was
place at the boundaries betweenp@®Xx2) and CO- evaporated from a well out gassed SAES getter source. CO
c(4x2) islands. Density-functional theory calculations for contamination due to the K evaporation was reduced to the
CO oxidation on Ril11),® Rh(111),° and R000D (Ref. 7  minimum maintaining the evaporation pressure accurately
surfaces showed that the dominant energetic barrier for turrbelow 6x 10~1° Torr.
ing on the reaction is the strength of the O-metal bond, and, We started by preparing an @2x 2)/Ni(111) structure
moreover, that oxygen and CO react only when oxygen atat the temperature of 250 K for which the adsorption is dis-
oms migrate from hollow to bridge sites where they are charsociative; then, we dosed 3 L (1=.1x 10 ® Torr s) of CO
acterized by a weaker O-metal bond. On(Iil), oxygen  on the oxygen layer at the same temperature. Soon after, we
and CO bind so strongly to the surface that the reaction procooled the sample down to 160 K and we did not observe
ducing CQ, does not occur, at least in UHV conditiohs. any change in the LEED @¢2X 2) pattern. The loss spec-

In this paper, we present experimental evidence of the Krum of the (Ot CO) phase is shown in Fig. 1. The loss at 71
promoted oxidation of CO on Ni11). By using high reso- meV is due to oxygen atoms vibrating perpendicular to the
lution electron energy loss spectroscapjREELS we ob-  Ni(111) surface and the losses at 230 and 258 meV are due to
serve the formation of adsorbed €@hen K is dosed at 160 the intramolecular C-O stretching modédn particular, the
K on a preadsorbed (©CO) layer. Moreover, we find that |ow-energy loss at 230 meV is indicative of the existence of
the adsorption uptake order of the reagent spe@3, O, CO molecules not influenced by oxygen coadsorption. Their
and K) is not important and CO oxidation occurs also whenC-O stretching energy, in fact, is the same as that on the
oxygen atoms are added onto a preadsorbed+&PDlayer.  clean N{111) surface. Conversely, the feature at 258 meV is

The geometrical structures of potassium, oxygen, and cag sign of the interaction between oxygen atoms and the rest
bon monoxide adsorbed separately or{1ili) were exten- of the CO molecules, in excellent agreement with previous
sively investigated, and by now the results are well estabinfrared reflection absorption spectroscopy measurenténts.
lished. Potassium atoms form an ordep@ X< 2) structure This result on the (@ CO) coadsorbed phase shows that,
and adsorb at on top sitég)xygen molecules adsorb disso- while the presence of O atoms may modify the bonding
ciatively at threefold hollow sites and may form orderedstrength of CO molecules and, consequently, of the CO-Ni
p(2x2) and (/3% 3)R30° structures? CO adsorption bond, on the contrary, the presence of CO does not seem to
gives rise to ac(4x2) low-energy electron-diffraction cause any shift of the O-Ni vibration energy. As is well
(LEED) pattern with molecules adsorbed in threefold stfes. known, increasing the C-O vibration means a weakening of
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1.0 ~ Losses at 17 and 24 meV are due to K{Riefs. 15 and
M 24 o- 16) and O-K (Ref. 17 vibrations, respectively, while the
p(2x2) ) ) .
losses at 81 and 292 meV are a clear sign of an innovative
CO=3L and unexpected process, i.e. the oxidation of CO, and are
212 assigned to the product of this chemical reaction. Such losses
are interpreted as Ghormal vibrations for several reasons:
(a) their energy? corresponds to the, (81 meV) and v
(292 meV) vibration modes of C@moleculesyb) the same
vibrations were observed for G@dsorbed at 100 K on the
Fe(111) surface!® (c) upon a mild annealing of the surface
from 160 K up to 180 K, these two losses disappear com-
6(K)=0.32ML pletely as it would occur for COmolecules weakly bound to
the surfacefd) no losses that may be assigned to O, CO, or
to the interaction of CO with K and O with K, are expected
i at these energies.
292 These CQ features grow at the expense of oxygen and of
; those CO molecules which are mostly influenced by the pres-
£(K)=0.20ML ence of oxygen atoms, i.e., of the CO molecules whose in-
tramolecular vibration is at 258 meV. The reaction, however,
does not consume all the carbon monoxide present on the
surface and thus, one CO vibration is still observed. If we
assume that CO and oxygen on(Mil) are localized in sepa-
rate domains, as observedn P{111), then CO molecules

(K)=0.04ML belonging to the body of the CO island are unlike to partici-
L\& 71 ‘ : pate to the oxidation process because too far away from oxy-

Ep=4eV
T=160K

0.8 —

Annealing180K

0.6

Intensity (arb. units)

0.4 —

6(K)=0.08ML
0.2

230 [\ Leg gen atoms; very likely, only those molecules lying on the
(9+c0) border line of CO and oxygen domains are expected to in-

! ! | ! teract strongly.

0 100 200 300 Present interpretation was further tested by changing the

Energy loss (meV) procedure of the experiment. We prepared a-(@®0) layer

FIG. 1. HREEL spectra obtained by adsorbing potassium at 16@lt 160 K, and we adsorbed increased amounts of o>'(yge'n on
K on a Op(2X 2)+ CO layer deposited on the {iL1) surface. The ~the precovered surface. The loss results are shown in Fig. 2.

upper spectrum is taken after an annealing of the sample at 180 (articularly, we deposited 0.04 ML of K at 250 K, and then
All spectra were recorded in the specular geometry. The K fullve exposed the surface layer at 3 L of CO at the same tem-

coverage corresponds to 0.32 ML. perature. The peak at 14 meV is the K-Ni vibration and that
at 215 meV is the internal CO vibration energy, strongly
the CO-metal bond due to direct O-CO lateral interactions oinfluenced by K atoms. Adsorption of oxygen at 160 K on
to a reduced back-donation intar2 antibonding orbitals of the (K+CO) surface gives rise to the features at 81 and 292
CO. Thus CO molecules in this state should diffuse rathemeV, indicating that the oxidation process is promoted by K
free on the surface and approach oxygen atoms closely; neatoms regardless of the initial surface conditions. We note
ertheless, no evidence of a chemical reaction between C@at the feature at 292 meV is weaker with respect to the
and oxygen atoms is observed so far. peak at 81 meV. Interestingly, any step of the oxygen expo-
On the (OF CO) layer, we deposited different amounts of sition gives rise to an increase of the peak at 81 meV and a
potassium up to the full coverad€ig. 1). The final potas- decrease of that at 215 meV.
sium coverage(0.32 ML) was estimated by measuring  The K-promoted effect on CO oxidation was verified also
the KL,3VV Auger line after a calibration against the at room temperature for which we did not expect to observe
K-p(2x2) coverage0.25 ML), and intermediate K cover- adsorbed CQ but only to reveal the sign of the occurred
ages were estimated by deposition time. The loss spectrungaction. In Fig. 3 we show the results of this experiment for
obtained aftea K coverage of 0.04 ML shows several fea- two different K coverages: i.e., 0.08 and 0.20 ML, exposed
tures in the regions of O and CO vibrations. They are noto different amounts of oxygen. Particularly, in FigaB a
easily interpretable, although they are a clear sign of thd CO+K) preadsorbed layer was exposed to 300 L of oxy-
occurrence of a chemical reaction on the surface. Moreovegen. A clear decreasing of the intensity of the CO loss and a
the deposition of K causes a disordering of the surface beingtrong oxidation of the Ni surface were observed. The high
the Op(2X 2) pattern no more visible. By increasing potas- consumption of CO adsorbed on the surface is clear evidence
sium coverage up to 0.08 ML, the loss spectrum substantiall{hat the reaction occurred. Actually, two O-Ni vibrations at
modifies since intense features develop at 17 and 81 me®9 and 58 meV and the K-Ni vibratiofl4 and 16 meYy
Further K deposition causes a continuous shift of the CQvere observed. Changing the initial K coverage to 0.20 ML
vibration from 230 meV toward lower vibration energies asand the exposition of oxygen to 100 L, as indicated in Fig.
well as the rise of new features at 24 and 292 meV. 3(b), we deduced that the strength of the reaction depends on

0.0

233407-2



BRIEF REPORTS PHYSICAL REVIEW B56, 233407 (2002

1.0 - 1.0
- Eg=deV B(K)=0.04ML By =4eV
RT
T-160K 215 CO=3L 0.6 x20
_ 8(K)=0.08 ML (@)
0.8 e CO=3L
> 0.6
o 69
3 58}
2 A
5 47 J\/\\N\-Mw.—/\.\,_
2 300L O,
-~ IS e
2 067 219
< ;
> 0.2 i
£ :
8 i
> J (CO+K)
@
§ 0.0 == T T | T T |
£ 0417 0 50 100 150 200 250 300
Energy loss (meV)
1.0
16 E,=4eV
; RT
0.2 0.8 20 8(K)=0.20ML
N i CO=3L (b)
£
S5 0.6
{CO+K) g
8
0.0 £
: T | T T 2 g4
0 100 200 300 2
Energy loss (meV) -
FIG. 2. HREEL spectra taken after adsorbing oxygen at 160 K 0.2
on a (K+CO) layer preadsorbed on the(ll1) surface.
0.0
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the initial K coverage. In fact, the CO oxidation gives rise to 50 100 150 200 250 300

an almost complete disappearance of CO molecules from thi Energy loss (meV)

surface, as further confirmed by the absence of the\G/

Auger peak. Thus we did not find any carbon atom on the FIG. 3. HREEL spectra taken after adsorbing oxygen at room
surface after the reaction: no carbon belonging to CO moltemperature on a (# CO) layer preadsorbed on the (Ml1) sur-
ecules eventually lying in a flat geometry on the surface, andace. The two panels differ for the potassium coverage and for the
no carbon eventually due to some CO dissociation. Moreovesxygen dose.

the potassium coverage in FiggaBand 3b), estimated by

time de_positri]on Is tr\1/evzﬂ‘most }.he sa;tme ﬁf tt&té)é)tasined BYy a nearly linear configuration with the molecular axis par-
measuring the K-, 3 uger line after the €X= allel to the surface. On the other hand, a similar configura-
periments. In other words, the above results show that thﬁon was suggested for G@n P(11%). In fact calculation®

original (CO+K)-Ni(111) surface was almost cleaned up . . .
. o showed that chemisorbed G@©btained by CO oxidation on
from CO molecules, while O and K atoms were still lying on P1{111) exhibits a bond angle of 131°.

the surface. ) X _
The present study has demonstrated that the addition of K V& can image two mechanisms that may activate the CO
atoms on the NiL11) surface promotes the CO oxidation for ©Xidation promoted by potassium atonta} alkali K atoms
temperature as low as 160 K. To our knowledge this is th€ause & mod|f|cat_|on of the (_alec_tronlc properties of the sub-
first time that a similar effect is reported. The €@olecule  Strate, thus lowering the activation barrier; afii the mo-
is formed through a Langmuir-Hinshelwood process and idility of the reactants is greatly increased by K atoms, allow-
weakly bound to the NiL11) surface, as suggested from the ing oxygen and carbon monoxide species to approach each
desorption temperatu&80 K) and by the vibration frequen- other. In principle, the effect may be chemical or
cies which are nearly similar to those measured for, @O electrostatic® however, the net effect is very likely the result
the gas phas¥ The presence of the asymmetric stretchingof a cooperative interaction between co-adsorbates species
vibration (v3 mode at 292 meV of O-C-O, and its weak (O, K, and CO and between them and the Ni substrate.
intensity, strongly suggests that g@olecules are adsorbed In summary, our measurements show that K atoms pro-
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mote CO oxidation on Ni111) for temperatures as low as ding light on the fundamental mechanisms at the base of this
160 K. The reaction takes place by adsorbing K on a preadimportant catalytic phenomenon.

sorbed (CG-0O) layer or equally, by adsorbing oxygen on a

(K+ CO) preadsorbed layer. We hope that the present find- This work was funded by the MIUR - Programmi di ril-
ings may stimulate detailed theoretical investigations, shedevante interesse naziondl@OFIN 2002.
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