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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 on Ni~111! for temperatures ranging from room
temperature down to 160 K. The catalytic reaction at 160 K gives rise to the formation of adsorbed CO2

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
been intensively studied in the last few years.1–5 From the
fundamental point of view, the reaction of CO with oxyge
on transition-metal surfaces is regarded as a model syste
order to understand the nature of surface chemical bonds
the other hand, this reaction is of extreme practical imp
tance in the reduction of CO in car exhaust-catalytic conv
ers.

On many transition metals such as Pt, Ru, Rh, and Pd
oxidation of CO takes place spontaneously. In an ultrah
vacuum ~UHV! the reaction is based on the Langmu
Hinshelwood mechanism: CO molecules adsorb first on
metal surface and then react with chemisorbed oxygen at
forming CO2 molecules, which remain adsorbed on the s
face or desorb depending on the sample temperature.
Pt~111!, the oxidation reaction was investigated5 by scanning
tunneling microscope, and was stated that the reaction t
place at the boundaries between O-p(232) and CO-
c(432) islands. Density-functional theory calculations f
CO oxidation on Pt~111!,3 Rh~111!,6 and Ru~0001! ~Ref. 7!
surfaces showed that the dominant energetic barrier for t
ing on the reaction is the strength of the O-metal bond, a
moreover, that oxygen and CO react only when oxygen
oms migrate from hollow to bridge sites where they are ch
acterized by a weaker O-metal bond. On Ni~111!, oxygen
and CO bind so strongly to the surface that the reaction p
ducing CO2, does not occur, at least in UHV conditions.8

In this paper, we present experimental evidence of th
promoted oxidation of CO on Ni~111!. By using high reso-
lution electron energy loss spectroscopy~HREELS! we ob-
serve the formation of adsorbed CO2 when K is dosed at 160
K on a preadsorbed (O1CO) layer. Moreover, we find tha
the adsorption uptake order of the reagent species~CO, O,
and K! is not important and CO oxidation occurs also wh
oxygen atoms are added onto a preadsorbed (CO1K) layer.

The geometrical structures of potassium, oxygen, and
bon monoxide adsorbed separately on Ni~111! were exten-
sively investigated, and by now the results are well est
lished. Potassium atoms form an orderedp(232) structure
and adsorb at on top sites;9 oxygen molecules adsorb diss
ciatively at threefold hollow sites and may form order
p(232) and (A33A3)R30° structures;10 CO adsorption
gives rise to ac(432) low-energy electron-diffraction
~LEED! pattern with molecules adsorbed in threefold sites11
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Coadsorption of oxygen and potassium on the Ni~111! sur-
face produces a number of ordered structures.12 Also CO/O
and CO/K coadsorption phases9,13 on the same surface wer
accurately investigated, and the results showed no chang
the adsorption sites of each species. Interestingly, it w
shown8 that in the CO/O coadsorbed phase, CO molecu
move almost freely on the Ni~111! surface.

Present experiments were performed by an electron
ergy loss spectrometer~Delta 0.5 by SPECS! operating rou-
tinely at a base pressure of 6310211 Torr. Loss spectra were
recorded in specular geometry with an incident angle of 5
with respect to the surface normal, using an electron be
energy of 4 eV and an energy resolution of 3–4 meV. T
Ni~111! crystal was cleaned in a preparation chamber~base
pressure 2310210 Torr) by repeated cycles of ion sputterin
and annealing at 900 K. Surface cleanliness and order w
checked by the same LEED Auger apparatus. Potassium
evaporated from a well out gassed SAES getter source.
contamination due to the K evaporation was reduced to
minimum maintaining the evaporation pressure accura
below 6310210 Torr.

We started by preparing an O-p(232)/Ni(111) structure
at the temperature of 250 K for which the adsorption is d
sociative; then, we dosed 3 L (1 L5131026 Torr s) of CO
on the oxygen layer at the same temperature. Soon after
cooled the sample down to 160 K and we did not obse
any change in the LEED O-p(232) pattern. The loss spec
trum of the (O1CO) phase is shown in Fig. 1. The loss at
meV is due to oxygen atoms vibrating perpendicular to
Ni~111! surface and the losses at 230 and 258 meV are du
the intramolecular C-O stretching modes.14 In particular, the
low-energy loss at 230 meV is indicative of the existence
CO molecules not influenced by oxygen coadsorption. Th
C-O stretching energy, in fact, is the same as that on
clean Ni~111! surface. Conversely, the feature at 258 meV
a sign of the interaction between oxygen atoms and the
of the CO molecules, in excellent agreement with previo
infrared reflection absorption spectroscopy measuremen14

This result on the (O1CO) coadsorbed phase shows th
while the presence of O atoms may modify the bond
strength of CO molecules and, consequently, of the CO
bond, on the contrary, the presence of CO does not see
cause any shift of the O-Ni vibration energy. As is we
known, increasing the C-O vibration means a weakening
©2002 The American Physical Society07-1
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the CO-metal bond due to direct O-CO lateral interactions
to a reduced back-donation into 2p* antibonding orbitals of
CO. Thus CO molecules in this state should diffuse rat
free on the surface and approach oxygen atoms closely;
ertheless, no evidence of a chemical reaction between
and oxygen atoms is observed so far.

On the (O1CO) layer, we deposited different amounts
potassium up to the full coverage~Fig. 1!. The final potas-
sium coverage~0.32 ML! was estimated by measurin
the K-L2,3VV Auger line after a calibration against th
K-p(232) coverage~0.25 ML!, and intermediate K cover
ages were estimated by deposition time. The loss spec
obtained after a K coverage of 0.04 ML shows several fe
tures in the regions of O and CO vibrations. They are
easily interpretable, although they are a clear sign of
occurrence of a chemical reaction on the surface. Moreo
the deposition of K causes a disordering of the surface be
the O-p(232) pattern no more visible. By increasing pota
sium coverage up to 0.08 ML, the loss spectrum substant
modifies since intense features develop at 17 and 81 m
Further K deposition causes a continuous shift of the
vibration from 230 meV toward lower vibration energies
well as the rise of new features at 24 and 292 meV.

FIG. 1. HREEL spectra obtained by adsorbing potassium at
K on a O-p(232)1CO layer deposited on the Ni~111! surface. The
upper spectrum is taken after an annealing of the sample at 18
All spectra were recorded in the specular geometry. The K
coverage corresponds to 0.32 ML.
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Losses at 17 and 24 meV are due to K-Ni~Refs. 15 and
16! and O-K ~Ref. 17! vibrations, respectively, while the
losses at 81 and 292 meV are a clear sign of an innova
and unexpected process, i.e. the oxidation of CO, and
assigned to the product of this chemical reaction. Such los
are interpreted as CO2 normal vibrations for several reason
~a! their energy18 corresponds to then2 ~81 meV! and n3
~292 meV! vibration modes of CO2 molecules;~b! the same
vibrations were observed for CO2 adsorbed at 100 K on the
Fe~111! surface;19 ~c! upon a mild annealing of the surfac
from 160 K up to 180 K, these two losses disappear co
pletely as it would occur for CO2 molecules weakly bound to
the surface;~d! no losses that may be assigned to O, CO,
to the interaction of CO with K and O with K, are expecte
at these energies.

These CO2 features grow at the expense of oxygen and
those CO molecules which are mostly influenced by the p
ence of oxygen atoms, i.e., of the CO molecules whose
tramolecular vibration is at 258 meV. The reaction, howev
does not consume all the carbon monoxide present on
surface and thus, one CO vibration is still observed. If
assume that CO and oxygen on Ni~111! are localized in sepa
rate domains, as observed5 on Pt~111!, then CO molecules
belonging to the body of the CO island are unlike to parti
pate to the oxidation process because too far away from o
gen atoms; very likely, only those molecules lying on t
border line of CO and oxygen domains are expected to
teract strongly.

Present interpretation was further tested by changing
procedure of the experiment. We prepared a (K1CO) layer
at 160 K, and we adsorbed increased amounts of oxyge
the precovered surface. The loss results are shown in Fi
Particularly, we deposited 0.04 ML of K at 250 K, and the
we exposed the surface layer at 3 L of CO at the same t
perature. The peak at 14 meV is the K-Ni vibration and th
at 215 meV is the internal CO vibration energy, strong
influenced by K atoms. Adsorption of oxygen at 160 K o
the (K1CO) surface gives rise to the features at 81 and 2
meV, indicating that the oxidation process is promoted by
atoms regardless of the initial surface conditions. We n
that the feature at 292 meV is weaker with respect to
peak at 81 meV. Interestingly, any step of the oxygen ex
sition gives rise to an increase of the peak at 81 meV an
decrease of that at 215 meV.

The K-promoted effect on CO oxidation was verified al
at room temperature for which we did not expect to obse
adsorbed CO2, but only to reveal the sign of the occurre
reaction. In Fig. 3 we show the results of this experiment
two different K coverages: i.e., 0.08 and 0.20 ML, expos
to different amounts of oxygen. Particularly, in Fig. 3~a!, a
(CO1K) preadsorbed layer was exposed to 300 L of ox
gen. A clear decreasing of the intensity of the CO loss an
strong oxidation of the Ni surface were observed. The h
consumption of CO adsorbed on the surface is clear evide
that the reaction occurred. Actually, two O-Ni vibrations
69 and 58 meV and the K-Ni vibration~14 and 16 meV!
were observed. Changing the initial K coverage to 0.20 M
and the exposition of oxygen to 100 L, as indicated in F
3~b!, we deduced that the strength of the reaction depend

0
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the initial K coverage. In fact, the CO oxidation gives rise
an almost complete disappearance of CO molecules from
surface, as further confirmed by the absence of the C-KVV
Auger peak. Thus we did not find any carbon atom on
surface after the reaction: no carbon belonging to CO m
ecules eventually lying in a flat geometry on the surface,
no carbon eventually due to some CO dissociation. Moreo
the potassium coverage in Figs. 3~a! and 3~b!, estimated by
time deposition is the almost the same of that obtained
measuring the K-L2,3VV Auger line after the HREELS ex
periments. In other words, the above results show that
original (CO1K)-Ni ~111! surface was almost cleaned u
from CO molecules, while O and K atoms were still lying o
the surface.

The present study has demonstrated that the addition
atoms on the Ni~111! surface promotes the CO oxidation fo
temperature as low as 160 K. To our knowledge this is
first time that a similar effect is reported. The CO2 molecule
is formed through a Langmuir-Hinshelwood process and
weakly bound to the Ni~111! surface, as suggested from th
desorption temperature~180 K! and by the vibration frequen
cies which are nearly similar to those measured for CO2 in
the gas phase.18 The presence of the asymmetric stretchi
vibration (n3 mode! at 292 meV of O-C-O, and its wea
intensity, strongly suggests that CO2 molecules are adsorbe

FIG. 2. HREEL spectra taken after adsorbing oxygen at 16
on a (K1CO) layer preadsorbed on the Ni~111! surface.
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in a nearly linear configuration with the molecular axis pa
allel to the surface. On the other hand, a similar configu
tion was suggested for CO2 on Pt~111!. In fact, calculations3

showed that chemisorbed CO2 obtained by CO oxidation on
Pt~111! exhibits a bond angle of 131°.

We can image two mechanisms that may activate the
oxidation promoted by potassium atoms:~a! alkali K atoms
cause a modification of the electronic properties of the s
strate, thus lowering the activation barrier; and~b! the mo-
bility of the reactants is greatly increased by K atoms, allo
ing oxygen and carbon monoxide species to approach e
other. In principle, the effect may be chemical
electrostatic;20 however, the net effect is very likely the resu
of a cooperative interaction between co-adsorbates spe
~O, K, and CO! and between them and the Ni substrate.

In summary, our measurements show that K atoms p

K

FIG. 3. HREEL spectra taken after adsorbing oxygen at ro
temperature on a (K1CO) layer preadsorbed on the Ni~111! sur-
face. The two panels differ for the potassium coverage and for
oxygen dose.
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BRIEF REPORTS PHYSICAL REVIEW B66, 233407 ~2002!
mote CO oxidation on Ni~111! for temperatures as low a
160 K. The reaction takes place by adsorbing K on a pre
sorbed (CO1O) layer or equally, by adsorbing oxygen on
(K1CO) preadsorbed layer. We hope that the present fi
ings may stimulate detailed theoretical investigations, sh

*Author for correspondence: G. Chiarello. Email addre
chiarello@fis.unical.it, Tel.1139-984-496157, Fax:1139-984-
494401.
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