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The adsorption of CO on W(111) surface in the range of adsorption temperature between 300 K and 1000 K
has been studied using AES, LEED, and TDS in an UHV system. After CO saturation at 300 K, four desorption
peaks are observed at temperatures (K) of about 400, 850, 1000, and 1100 in thermal desorption spectra, called
asda, B 1, B2 andf s state, respectively. The state was attributed to molecular species of CO, which is well
known. Because the CO states (especially thes state) is still debated as to whether it is dissociative or
non-dissociative, th; state is mainly discussed. By using the variation method of heating rate in the thermal
desorption spectrometry, the desorption energy and pre-exponential factorfersthte are evaluated to be

280 kJ/mol and 1.5 102 s, respectively. A lateral interaction energy of 5.7 kJ/mol can also be estimated by
Bragg-Williams approximation. To interpret the thermal desorption spectra ffrsthate, moreover, those

for the model of a first order and a second order desorption are simulated using quasi-chemical approximation.
In this study, a model of lying-down CO species is proposed fg8 {lstate of CO adsorption.

Introduction field emission microscopy even after repeated adsorption/
desorption. Also, the diffusion of CO B states does not
Over the last 30 years, the interaction of carbon monoxidecc- ur below 700 K, which is quite different from the fact
with tungsten has been extensively studied with a wide varithat the adsorbed pure oxygen is mobile even below 400 K.
ety of technigues including low energy electron diffraction Moreover, the desorption of CO from tRestate as well as
(LEED), photoelectron spectroscopy and thermal desorptiomr state follows the first order kinetics and only CO desorb-
spectroscopy (TDS), leading to the publication of several reing above about 850 K is isotopically mixe@Goymour and
views!-> Despite extensive studies of this system, a number dfing!?-14 observed, however, that desorption peaks fofithe
questions regarding structure and kinetics remain unresolved, appearing near 1500 K shifted to a lower temperature with
Thermal desorption spectra of CO desorbed from the tungncreasing coverage, and they proposed a dissociative
sten surfaces have shown two main desorption states; one mibdel. Acco- rding to this model, the CO in {Bstates is
them, calledx, appears at about 400 K and the other, calleddissociated into W-C and W-O, and upon heating of the C
B, shows two or three desorption peaks in the range of aboand O atoms, recombine to desorb as CO. Experimental
800 K to 1300 K, depending on surface conditions and surresults obtained by photoelectron spectroséopiyyibra-
face plane. On W(100), for example, CO exhibits four majortional spectroscop$#!® and electron stimulated desorp-
binding states, occurring at 400 K, 1000 K, 1100 K, andtion'?2%2thave been expla-ined on the basis of the dissocia-
1450 K, respectively. All of these obey the first order des-tive model. It is now widely accepted that the adsorption of
orption kinetics except the most tightly bound state, whichCO in 3 states is dissociative. Up to now, however, it has not
follows second order kinetiéd. For W(110)3° desorption  been explained very well that, if it is possible to dissociate
spectra of twoo states, one virgin state, and tfcstates, the CO at high temperature, why are not C or O atoms
with the first order desorption kinetics, have been observedbserved on tungsten surface after re- peated desorption, and
at 200-450 K forr and virgin states, 850-1000 K f8r, and  why no diffusion of O atom formed by dissociation of CO
975-1250K for 3. In the case of W(111), however, we occurs at high temperature in opposition to the dissociatively
found only two published papé?s! concerning the TDS adsorbed O atoms from pure oxygen molecules.
study. But in each paper, only a single TD experiment was According to our experimental d&fethe binding energies
carried out using a CO saturated W(111) surface, suggestirgf the O(1s) and C(1s) x-ray photoelectron peaks observed
inconclusive resu- Its. Regarding tloestate, it has been at 1000 K for3-CO do not coincide with that of;@dsorp-
believed that it is due to a molecular species of end-on typgon. This indicates that oxygen species in fastate are
on the surface, based on the TDS experimental data, vibralearly different from the dissociative oxygen byddsorp-
tional spectroscopy and photoelectron spectroscopy. On th®n. Moreover, UPS also shows that with the surface tem-
other hand, the structure of tfBestate has always been sub- peratures increasing from room temperature to 1100 K,
ject to controversy. peaks quite different from previous ones are observed at
Even up until early 1970, non-dissociative adsorption ofbelow Fermi energy of 6.5eV and 7.1 eV. These peaks are
CO was in general, accepted on the basis of the fact that rtearly different from the O(2p) valence peak induced from
sign of carbon and oxygen on the surface is observed bgissociatively adsorbed oxygen atoms. This should received
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special attention due to the inequality of the binding energy Since the desorption kinetic order and the desorption tem-
(B. E.) of O, which is in contrast to the equality of the B. E.perature ofx state agrees with the previous work of otfiers,
of O(1s) betweelf}; state and the dissociative oxygen of O we believe that the state is due to a molecular species with
adsorption on the W(110) and (111) surfaces. an end-on configuration based on the data of photoelectron
To confirm our XPS and UPS data more precisely, we respectroscop$1>16 Many previous spectroscopic data have
port here the TDS results for the carbon monoxide on Wbeen interpreted in view of dissociation of CO for freta-
(111) surface, which differs from the previous results ob-tes. However, the desorption kinetic order and the shape of
served for the tungsten surfaces with different Miller indexdesorption spectra for th# state in Figure 1 suggest non-
planes. dissociative adsorption of CO. Figure 2 shows a series of
thermal desorption spectra for tBestate, which are easily
Experimental Section separated from the othé states by adsorption of CO at
1000 K. Any significant difference in TD spectra between
The experiments are performed in a conventional ultra hithe [3; state obtained for CO adsorption at 1000 K and that
gh vacuum (UHV) chamber with a base pressuretc@1° obtained for the CO adsorbed at 300 K and annealed at
Torr. The chamber is equipped with a quadrupole mass spet00 K was not found. These spectra show that the peak
trometer (QMS) for residual gas analysis and, for the thermaxima shift to higher temperatures with increasing the CO
mal desorption spectroscopy (TDS), 4-Grid Optics for lowexposure. This is significantly different from data obtained
energy electron diffraction (LEED). A concentric hemisphe-previously. As it is known generally, such a shift indicates
rical analyzer (CHA) is also included for electron energyattractive lateral interaction in the adsorbed layer. And the
analysis. In addition, there are a grazing incidence electroasymmetric shape of a tail in the low temperature side
gun for Auger electron spectroscopy (AES), He-dischargeagrees well with that of the molecular desorption. This
lamp for ultraviolet photoelectron spectroscopy (UPS), andneans that thg; state consists of non-dissociative species
dual anode x-ray source for x-ray photoelectron spectroscopgnd that there is an attractive force between adsorbed spe-
(XPS). More details of the system are found in the previougies. Since CO possesses the highest chemical bond
publication?? strength of any molecule, we can reject the dissociation
The tungsten sample used in this experiment was orientdaypothesis and employ a bimolecular isotope exchange
toward (111) direction within 0°%f the (111) plane. It is a model involving “inclined” CO molecules bound via both
disk type approximately 1 cm in diameter and 1.5 mm in thi-C and O atoms to the surface W atoms.
ckness. The crystal was spot-welded onto a pair of W wire Assuming the first order desorption kinetics, the relation-
(0.2 mm), which were themselves spot-welded onto a pair afhip between the temperature of peak maximum and the
parallel Mo rods (1.5 mm in diameter). The Mo rods werevariation of heating rate is expressed from Redhead equa-
directly connected to a pair of Cu blocks, which were thertion as follows?*
connected to an electrical feedthrough to heat the crystal 2 _
resistively. W-5% Re/W-26% Re thermocouple was spotwe- In(To/B) = EJ/RT, +In(Es/VR)
Ided to the edge of the crystal for temperature measurement
The sample was cleaned by exposing it at 1300 K unde
108 Torr of O, followed by Ar-ion sputtering and annealing

for 60s at 1400 K, repeatedly. Clean surface was confirme s0L By
by AES and LEED. The range of heating rates used for TD. o
experiments was 4 K/s to 10 K/s and the temperature we ¢ 15L ,"

increased linearly to 1350 K.
Results and Discussion

Figure 1 shows thermal desorption spectra for CC
adsorbed on W(111) with CO exposures at 300 K. Thit
exhibits a state at 410 K ang states in the range of 800 K
to 1200 K. The three peaks at 850 K, 1000 K, and 1150 K ii
states were distinguished, and we labeled these pe#ks as
B, and [, respectively. Thg3; peak started to grow from
low CO exposure and reached near saturation coverage af
CO exposure of 1.5 L. Thé andf3, peaks began to appear
after 1.5L CO exposure. But although thestate was . _ '
observed even at low CO coverages, the peak increased me 40 600 800 1000 1200
edly only after saturation of th2s state with increasing CO Temperature(K)

exposures. These spectra are similar with those obtained piggure 1. Thermal desorption spectra of CO adsorbed on W(111)
viously for W (111).0.11 with various CO exposures at 300 K.
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Figure 2. A series of thermal desorption spectra fastate with . ’
various GO exposures. ption spectra fa Figure 3. The plot of In T,/ to 17T,.
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whereT, is peak maximum temperatuieheating ratek, E . 272 kijmol /
activation energy of desorption, angre-exponential factor. ’ Ve
From the temperature maxima with variation of heating rate %7 Lateral interaction energy / ]
the activation energy of desorption and pre-exponential fac : :-5.7KJ/mol ’/
tor can be determined. By taking the heating rate (K/s) of < 25000 / i
6, 8, and 10, thermal desorption spectra for 5 L CO exposure . /

1000 K were recorded. From the shift of the maximum tem: - ] /
perature of desorption spectra with the variation of heatin £ oraom- . / 4
rate, the plot of InTz%/f) to 1/T, was shown in Figure 3. The 3, ] /
desorption activation energy and the pre-exponential factc /
obtained from the slope and intercept of the plot are 280.3 k 27600 // ]
mol and 1.5< 101251, respectively. ] /

According to the Bragg-Williams approximation for a sriooo ] /" |
molecular desorptiof?, the desorption rateq is written as /
follows, 1/ 1

rqe = —d6/dt= vOexp[— (Eg 4 —zeanB)/KkT] 7 i

where is coverage of adsorbed speéigszero coverage de- 00 02 04 06 08 10
sorption energyz the number of the nearest adsorbed specie. Initial coverage

around an adsorbed species, apndateral interactions between Figure 4. The desorption energies as a function of coverage.
the adsorbed species. When this equation is compared to Pola-
nyi-Wigner equation for the first order desorption kinetics,the (3 state is about 1/3 of the total amount of CO desorbed
the desorption activation energy is written as follows, from W (111) surface. Based on the values for z @ritie
lateral interaction energyaa, of =5.7 kJ/mol (negative for
attraction) is estimated from the slope of the plotted line in
Lateral interaction energy can be estimated from the slopEigure 4, and the desorption energy for full coverage of the
of the plot for the variation of desorption energy with cover-[:state is evaluated to be 275.8 kJ/mol, a value close to that
age. Figure 4 shows desorption energies as a function of tlabdtained by the variation of heating rate for the exposure of
CO coverage, which are calculated by Redhead equation fromL CO (280.3 kJ/mol).
a series of thermal desorption spectra as shown in Figure 2.To examine whether the adsorption of C@F3atate is asso-
The initial desorption energy @=0 is evaluated to be ciative or dissociative in detail, the thermal desorption spectra
272 kd/mol from the intercept. The number of nearest spewith increasing CO coverage were simulated for a first order
cies,z, is taken to be 2, because the LEED patterfstate =~ desorption and a second order desorption by combination of
shows (%1) structure and the amount of CO desorbed fromwo adatoms, using the following quasi-chemical approxima-

Eq = Egq—2€an0
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tion.26:27 ciatively.
For a first order desorption (& — A(Q)), Two types have been traditionally considered as a model
_ 1 of adsorbed molecular species of CO. One of them is an end-
ra = vexp(-Ea/ kDfo, )(9, €nn) on species and the other is a lying-down species. Consider-
where ing some attractive interaction between adsorbed species
(1) _ z and a very high desorption energy of about 270 kJ/mol, the
fa (6, €an) = [{PaneXp(€an/ KT) + 0.5P,0} /6] lying-down species represents more likely Bastate. This
For a second order desorptionagfAadg — A2(9)), model agrees with the fact that no traces of carbon and oxy-
2 gen were found on the surface after repeated cycles of adso-
fa = VeXp(_Ed/kT)f*(j )(6, Ean) rption and desorption in earlier works as well as in our exp-
where eriments. Moreover, this lying-down model agrees well with
2 _ 22-2 the model of four-centered bimolecular complex with the
f )(6, €an)=Paal{ Pan€Xp(ean/kT) +0.5Pn0} /6] lying-down species. Madegt al?® observed a fast isotope
and &xa is related to lateral interactions between nearestexchange reaction of CO on polycrystalline tungsten surface
neighbor pairs of adsorbed molecules, B the probability — at above 850 K when the'®D!8 and the &O'¢ were coad-
that the nearest sites are occupied by the pair AA, ans P sorbed molecularly. To explain the kinetics of this result,
the probability that one of the nearest sites is occupied by adhey suggest a four-centered bimolecular complex with lyi-
sorbed species, and the other one remains vacant. The follog-down configuration. With the lying-down model of CO,
wing parameters have been used in the calculaierlin- isotope exchanges of CO pistate and isotope substituted
ear structure assumed from the LEED pattdEp}y; 272 kJ/  atomic oxygen on W(100), (110), and (111) surfaces found by
mol andv = 1.5x 1012 s, The simulated spectra is shown in Anders and Hanséhcan also be explained by the following
Figure 5, where (a) is the first order desorption and (b) is theurface complex, although they have supported the dissocia-
second order desorption by recombination of two adsorbetive chemisorption of CO without good evidence.
species. As shown in Figure 5(a), the peak maxima of simu-
lated desorption spectra for the first order desorption shift COaa+ Oy [0%-C-01] — COPor CO?
monotonously to higher temperature with increasing CO A molecular orbital calculation for interaction of CO on W
coverage. On the other hand, the simulated spectra for the s€t11) surface using the atom superposition and electron de-
ond order desorption model show that the maximum desorgecalization molecular orbital meth#&dshows that the CO
tion temperatures decrease with increasing CO coveragasiolecule in the lying-down configuration is the most stable
initially, and then increase slowly. The simulated spectra fodue to the interaction ofdorbital in CO with sp-band in W
the first order desorption are very similar to those obtainedgurface. Similar results have been obtained by Mehandru
experimentally foiB3; state. This result strongly supports that and Andersof? Their results also support the lying-down
CO inSsstate on W(111) surface is non-dissociative speciesnodel proposed in this work. And the lying-down species is
that is, CO inBs state adsorbs molecularly rather than disso-also supported by the XPS and UPS results performed in our
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Figure 5. The simulated thermal desorption spectra by quasi-chemical approximation. a) first order desorption, b) second order desorptio
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W(111), (bottom) foif3; state.

Figure 6. LEED patterns at 68.3 eV. (above) for clean surface of
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nal spots of hexagonal structure that represerfy fattern

for the clean W(111) surface showed increasing diffusion with
increasing CO exposures. This means that carbon monoxide
adsorbs irregularly on W(111) surface. But when the adso-
rbed layer formed under exposure of 5L CO was heated to
about 1000 K, a complex superstructure was observed in
LEED pattern as shown in the bottom of Figure 6. This
superstructure does not exhibit any difference in LEED pat-
tern between that observed for CO adsorbed at 1000 K and
that observed after heating the adsorbed CO at room temper-
ature to 1000 K. Because the adsorption of 5 L CO at 1000 K
represents thg; state in TDS, the superstructure corresponds
to the 3 state. Since no measurement of spot intensities with
electron beam energies was performed, the CO adsorption
geometry for the superstructure could not be determined
here. However, the similar LEED pattern was observed by
Van Hove et al. for adsorption of CO on Cu(111) surface.
They interpreted it as three equivalent rotatedl) &truc-
tures having missing spots in the 1, 3, 4, 7 positions from
(0,0) spot. Based on thex®) structure, the amount of
adsorbed CO i state corresponds to about 30 percent of
tungsten surface atoms.e( 5.1x10"“ atoms/crd). This
agrees well with the coverage of about 0.3 estimated from
TDS.

Conclusions

The desorbed CO from th# state follows the first order
desorption kinetics. This implies that there is a lateral attrac-
tion between the adsorbed species. This results suggest a
non-di- ssociative lying-down species of adsorbed CO in the
[ state rather than the dissociative adsorption of CO. The
detailed analysis of TDS supports the non-dissociative lying-
down species. This is also consistent with our XPS and UPS
res- ults?® As a result, the desorbed CO frg@nstate in the

range of 800K to 1200 K should be non-dissociative
adsorbed CO.
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