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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 inan UHV system. After CO saturation at 300 K. four desorption
pcaks arc obscrved at icmperatures (K) of about 400. 850, [000. and [ [00 in thermal desorption spectra. called
as o. B1. B-.and f s stale. respectively. The state was attributed to molecular specics of CO. which is well
known. Because the CO in i states (especially the S 3 state) is still debated as to whether it is dissociative or
non-dissociative. the s state is mainly discussed. By using the variation method ol heating rate in the thermal
desorption spectrometry. the desorplion energy and pre-exponential factor for the B 3 state are cvaluated to be
280 kJ/mol and 1.3 x 101= s~ respectively. A Tateral intcraction energy of 5.7 kJ/mol can also be ¢stimated by
Bragg-Williams approximation. To interpret the thermal desorption spectra for the 3 5 state. morcover. those
for the model of a first order and a sccond order desorption arc simulated using quasi-chemical approximation,
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In this study. a model of lying-down CO specics is proposcd for the 8 ; state of CO adsorption.

Introduction

Over the last 30 vears. the interaction of carbon monoxide
with (ungsten has been extensively studicd with a wide vari-
cty of lechniques mcluding low cenergy clectron diflraction
(LEED). photoclectron spectroscopy and thermal desorption
spectroscopy (TDS). lcading to the publication of scveral re-
views.!-* Despite exiensive studics of this system. a number off
questions regarding structure and kinctics remain unresolyved.

Thermal desorption spectra of CO desorbed from the tung-
sten surlaces have shown two main desorption stalcs: onc ol
them. called o appears at about 400 K and the other. called
B. shows two or three desorption peaks in the range of aboul
800 K 10 1300 K. depending on surface conditions and sur-
lace planc. On W(100). for cxample. CO exlubits lfour major
binding states. occurring at 400 K. 1000 K. 1100 K. and
1430 K. respectively. All of these obey the first order des-
orption kimctics ¢xcept the most tightly bound state. which
follows sccond order kinctics.®” For W(110).5¥ desorption
spectra of two o slates. onc virgin statc. and two f states.
with (he first order desorption kinctics. have been obscerved
at 200-430 K for erand virgin states. 830-1000 K for 5. and
973-1230 K for B In the casc of W(ILI). however. we
found only two published papers™ " conceming the TDS
study. But in cach paper. only a singlc TD experiment was
carricd out using a CO saturated W(111) surface. suggesting
inconclusive resu- 1ts. Regarding the ¢ state. 1t has been
behieved that 1t is duc Lo a molccular specics of end-on type
on the surface. basced on (he TDS cxperimental data. vibra-
tional speetroscopy and photoclectron spectroscopy. On the
other hand. the structure of the B state has always been sub-
JCct 10 CONMrovVersy,

Even up until carly 1970, non-dissociative adsorption of
CO was in general. accepted on the basis of the fact that no
sign of carbon and oxvgen on the surface is observed by

ficld emission microscopy cven afier repeated adsorption/
desorption. Also. the dilTusion of CO in f states docs not
oce- ur below 700 K. which is quite different from the fact
that the adsorbed purc oxygen is mobile ¢ven below 400 K !
Morcover. the desorption of CO from the 3 statc as well as
a state follows the first order kinctics and only CO desorb-
ing above about 830 K is isotopically mixed.! Goymour and
King'*14 obscrved. however. that desorption peaks for the
> appearing ncar 1500 K shifted to a lower temperature with
incrcasing coverage. and they proposed a  dissociative
modcl. Acco- rding to this model. the CO in the § states is
dissociated into W-C and W-O. and upon heating of the C
and O atoms. rccombine to desorb as CO. Experimental
results obtained by photoclectron  spectroscopy. ™7 vibra-
tional spectroscopy'®'™ and clectron  stimulated  desorp-
tion'=="=1 have been expla-ined on the basis of the dissocia-
tive model. It is now widely accepted that the adsorption off
COin fstates is dissociative. Up to now. however. it has not
been explained very well that. if it is possible (o dissociate
the CO at high temperature. why arc not C or O atoms
obscrved on tungsten surface alter re- pealed desorption. and
why no diftusion of O atom formed by dissociation of CO
occurs at high temperature in opposition o the dissociatively
adsorbed O atoms from purc oxygen molecules.

According 10 our experimental data.”* the binding cnergics
of the O(ls) and Cls) x-ray photoclectron peaks observed
at 1000 K for 3;-CO do not coincide with that of QO adsorp-
tion, This indicates that oxygen specics in the fs slale arce
clearly different from the dissociative oxygen by O- adsorp-
tion. Morcover. UPS also shows that with the surface tem-
peraturcs incrcasing from room {cmperature o 1100 K.
peaks quite different from previous ongs arc observed at
below Fermi energy of 6.5 ¢V and 7.1 ¢V. These peaks are
clearly different from the O(2p) valence peak induced from
dissociatively adsorbed oxygen atoms. This should received
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special attention due to the inequality of the binding energy
(B. E.) of O, which is in contrast to the equality of the B. E.
of O(1s) between f state and the dissociative oxygen of O,
adsorption on the W(110}and (111) surfaces.

To confirm our XPS and UPS data more precisely, we re-
port here the TDS results for the carbon monoxide on W
(111) surtace, which diftfers from the previous results ob-
served for the tungsten surfaces with different Miller index
planes.

Experimental Section

The experiments are performed in a conventional ultra hi-
gh vacuum (UHV) chamber with a base pressure of 1x[0 ¥
Torr. The chamber is equipped with a quadrupole mass spec-
trometer (QMS) for residual gas analysis and, for the ther-
mal desorption spectroscopy (TDS). 4-Grid Optics for low
energy electron diffraction {LEED). A concentric hemisphe-
rical analyzer (CHA) is also included for electron energy
analysis. [n addition, there are a grazing incidence electron
gun for Auger electron spectroscopy (AES), He-discharge
lamp for ultraviolet photoelectron spectroscopy {UPS), and
dual anode x-ray source for x-ray photoelectron spectroscopy
(XPS). More details of the system are found in the previous
publication.®

The tungsten sample used in this experiment was oriented
toward (111) direction within 0.5¢ of the (111) plane. It is a
disk type approximately | cm in diameter and 1.5 mm in thi-
ckness. The crystal was spot-welded onto a pair of W wire
(0.2 mm). which were themselves spot-welded onto a pair of
parallel Mo rods (1.5 mm in diameter). The Mo rods were
directly connected to a pair of Cu blocks, which were then
connected to an electrical feedthrough to heat the crystal
resistively. W-5% Re/W-26% Re thermocouple was spotwe-
Ided to the edge of the crystal for temperature measurement.

The sample was cleaned by exposing it at 1300 K under
10 3 Torr ot O followed by Ar-ion sputtering and annealing
for 60s at 1400 K, repeatedly. Clean surface was contirmed
by AES and LEED. The range of heating rates used for TDS
expetiments was 4 K/s to 10 K/s and the temperature was
increased linearly to 1350 K.

Results and Discussion

Figure 1 shows thermal desorption spectra lor CO
adsorbed on W(lll) with CO exposurcs at 300 K. This
exhibits e state at 410 K and f states in the range of 800 K
1o 1200 K. The three peaks at 850 K. 1000 K. and [150 K in
states were distinguished. and we labeled these peaks as fi.
B. and . respectively. The B; peak started to grow [rom
low CO exposure and reached near saturation coverage afier
CO exposure of 1.5 L. The B and B peaks began 1o appear
affer 1.5L CO exposurc. But although the « statc was
observed even at low CO coverages. the peak inercased mark-
edly only afler saturation of the f ; state with increasing CO
exposures. These spectra are similar with those obtained pre-
viously for W (111).1%-1
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Since the desorption kinetic order and the desorption tem-
perature of « state agrees with the previous work ot others.”
we believe that the « state is due to a molecular species with
an end-on configuration based on the data of photoelectron
spectroscopy.>'*1® Many previous spectroscopic data have
been interpreted in view of dissociation of CO for the f sta-
tes. However, the desorption kinetic order and the shape of
desorption spectra for the f state in Figure 1 suggest non-
dissociative adsorption of CO. Figure 2 shows a seties of
thermal desorption spectra for the fs state, which are easily
separated from the other 8 states by adsorption of CO at
1000 K. Any significant difference in TD spectra between
the f3 state obtained for CO adsorption at 1000 K and that
obtained for the CO adsorbed at 300 K and annealed at
1000 K was not found. These spectra show that the peak
maxima shift to higher temperatures with increasing the CO
exposure. This is significantly different from data obtained
previously. As it is known generally, such a shift indicates
attractive lateral interaction in the adsorbed layer. And the
asymmetric shape of a tail in the low temperature side
agrees well with that of the molecular desorption. This
means that the 5 state consists of non-dissociative species
and that there is an attractive force between adsorbed spe-
cies. Since CO possesses the highest chemical bond
strength of any molecule, we can reject the dissociation
hypothesis and employ a bimolecular isotope exchange
model involving “inclined”™ CO molecules bound via both
C and O atoms to the surface W atoms.

Assuming the first order desorption kinetics, the relation-
ship between the temperature of peak maximum and the
variation of heating rate is expressed from Redhead equa-
tion as follows,*

n(15/B) = EJRL,+ In(E,/vR)
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Figure 1. 'Thermal desorption spectra off CO adsorbed on W({ll1)
with various CO exposures at 300 K.
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Figure 2. A series of thermal desorption spectra Tor S state with
various CO exposures.

where T, is peak maximum temperature, § heating rate, £,
activation energy of desorption, and v pre-exponential factor.
From the temperature maxima with variation of heating rate,
the activation energy ot desorption and pre-exponential fac-
tor can be determined. By taking the heating rate (K/s) of 4,
6. 8, and 10, thermal desorption spectra for 5 L CO exposure at
1000 K were recorded. From the shift of the maximum tem-
perature of desorption spectra with the variation of heating
rate. the plot of In (7,%f) to 1/7,. was shown in Figure 3. The
desorption activation energy and the pre-exponential factor
obtained from the slope and intercept of the plot are 280.3 kl/
mol and 1.5 x 10'2s !, respectively.

According to the Bragg-Williams approximation for a
molecular desorption.’® the desorption rate. rq is written as
follows,

e = —de/dt= N:)exp[—(/':(,4,,—:&4,,;,9)/1(7"]

where is coverage of adsorbed species. £y zero coverage de-
sorption energy. - the number of the nearest adsorbed species
around an adsorbed species. and €x4 lateral interactions between
the adsorbed species. When this equation is compared to Pola-
nyi-Wigner equation for the first order desorption Kinetics,
the desorption activation energy is written as follows,

E, = £k ¢~ €10

Lateral interaction energy can be estimated (rom the slope
ol the plot for the variation ol desorption cnergy with cover-
age. Figure 4 shows desorption cnergics as a function ol the
CO coverage. which are caleulated by Redhead equation [rom
a scries of thermal desorption spectra as shown in Figure 2.
The initial desorption energy at 8- 0 is evaluated to be
272 kJ/imol [rom the intercept. The number ol nearest spe-
cies, z, is taken 1o be 2. because the LEED pattern for Sz state
shows (7x1) structure and the amount ol CO desorbed from
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Figure 4, The desorption energies as a function of coverage.

the frstate is about 1/3 of the total amount of CO desorbed
from W (111} surface. Based on the values for z and 6, the
lateral interaction cnergy. €aa. of —5.7 kJimol (negative for
attraction) is estimated from the slope of the plotted line in
Figure 4. and the desorption energy lor full coverage ol the
B state is evaluated to be 275.8 kl/imol. a value close to that
obtained by the variation of heating rate for the exposure of
3 L CO (280.3 kJ/mol).

To examine whether the adsorption of CO in B state is asso-
ciative or dissociative in detail, the thermal desorption spectra
with increasing CO coverage wete simulated [or a first order
desorption and a second order desotption by combination of
two adatoms, using the following quasi-chemical approxima-
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tion.2-7

For a tirst order desorption (Apg > A{g)).

ra= vexp(—Ea/ki")Bff;“(B, €.1)
where
708,600 = [P exple, /kT)+0.5P,,} /0]
For a sccond order desorption (Aug | Apg — Axg)).
= 1-'exp(—E£,/kT)jf,2)(8, €44}
where
178,80~ Pul{Poiexp(e./kT)+0.5P,,1 /0] 77

and €aa is related to lateral interactions between nearcst-
ncighbor pairs ol adsorbed molecules, Paa is the probability
that the nearest siles are occupied by the pair AA, and Pao is
the probability that one of the nearest sites is occupied by ad-
sotbed species, and the other one remains vacant. The (ollo-
wing parameters have been used in the caleulations: - — 2 {lin-
car structure assumed [rom the LEED pattern), E,— 272 kJ/
mol and v — 1.5 x 10'2s . The simulated spectra is shown in
Figure 5, where (a) is the (irst order desorption and (b) is the
sccond order desorption by recombination of two adsorbed
specics. As shown in Figure 5(a). the peak maxima ol simu-
lated desorption spectra for the fiest order desorption shift
monotonously o higher temperature with incrcasing CO
coverage. On the other hand. the simulated spectra lor the see-
ond order desorption model show that the maximum desorp-
tion temperatures decrease with inercasing CO coverages,
initially, and then increase slowly. The simulated spectra for
the first order desorption are very similar to those obtained
expetimentally for S state. This result strongly suppotts that
CO in B state on W(111) surface is non-dissociative species.
that is. CO in B state adsorbs molecularly rather than disso-
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ciatively.

Two types have been traditionally considered as a model
of adsorbed molecular species of CO. One of them is an end-
on species and the other is a lying-down species. Consider-
ing some attractive interaction between adsorbed species
and a very high desorption energy of about 270 kJ/mol, the
lying-down species tepresents more likely the Bx state. This
model agrees with the fact that no traces of carbon and oxy-
gen were found on the surface after repeated cycles of adso-
rption and desorption in earlier works as well as in our exp-
eriments. Moreover, this lyving-down model agrees well with
the meodel of four-centered bimolecular complex with the
lying-down species. Madey ef al.”® observed a fast isotope
exchange reaction of CO on polyerystalline tungsten surface
at above 850 K when the C'2Q'# and the C'*0' were coad-
sorbed molecularly. To explain the kinetics of this result,
they suggest a four-centered bimolecular complex with lyi-
ng-down configuration. With the lving-down model of CO.,
isotope exchanges of CO in 3 state and isotope substituted
atomic oxygen on W( 100}, (110), and (111) surfaces found by
Anders and Hansen'” can also be explained by the following
surface complex, although they have supported the dissocia-
tive chemisorption of CO without good evidence.

(‘:(:)I()mj — O]xﬂd — [Ol()_C_le] — COI() or COIX

A molceular orbital calculation for interaction of CO on W
(111) surface using the atom superposition and clectron de-
localization molceular orbital method®? shows that the CO
molecule in the lying-down configuration is the most stable
duc 1o the interaction of 5o orbital in CO with sp-band in W
surface. Similar results have been obtained by Mchandru
and Anderson.® Their results also support the lying-down
model proposed in this work. And the lying-down specics is
also supported by the XPS and UPS results performed in our

0.016 . Y . T . . 0.012 . . . r . .
a) ML b) ML
0.014 |- 1.00 1.00
z=2 0.73 0.010 | 2z=2 : 073 .
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Figure 5. The simulated thermal desorption spectra by quasi-chemical approximation. a) first order desorption. b) second order desorption.
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Figure 6. LELD pattemns at 68.3 ¢V, (above) tor clean surlace of
WLLTY, (hottom) tor [ state.

laboratory.? These experimental results show that the clec-
tron binding encrgy of O(1s) and valence band of adsorbed
CO in B state differ from thosc of adsorbed atomic oxyvgen on
W surface. These differences in binding cnergy are exp-
lained in view of non-dissociative adsorption of CO in f;
statc.

A superstiucture was for the first time obscrved in the
LEED pattern for adsorption of CO on W(l11). Even though
adsorption of CO on W(111) al room temperature did not re-
veal any new superstructures for all CO coverages. the origi-
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nal spots of hexagonal structure that represents (1x1) pattern
for the clean W(111) surface showed increasing dillusion with
increasing CO exposures. This means that carbon monoxide
adsorbs irrcgularly on W({l1l) surfacc. But when the adso-
rbed layer formed under exposure of 3 L 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 docs not exhibit any difference in LEED pat-
tern between that observed for CO adsorbed at 1000 K and
that obscrved afier heating the adsorbed CO at roomn temper-
aturc to 1000 K. Becausc the adsorption of 3 L CO at 1000 K
represents the f state in TDS. the superstructure corresponds
1o the S state. Since no measurement of spot intensities with
clectron beam encrgics was performed. the CO adsorption
gecometry for the superstructure could not be determined
here. However. the similar LEED pattern was observed by
Van Hove ct al. for adsorption of CO on Cu(111) surface.>*
They interpreted it as threc equivalent rotated (7x1) struc-
turcs having missing spots in the 1. 3. 4. 7 positions {from
(0.0) spot. Based on the (7x1) structurc. the amount of
adsorbed CO in B state corresponds to about 30 percent of
tungsten surface atoms (fe. 5.1x10Y atoms/cn=). This
agrcees well with the coverage of about (0.3 cstimated from
TDS.

Conclusions

The desorbed CO from the Sz state follows the [irst order
desorption kinctics. This implics that there is a lateral attrac-
tion between the adsorbed specics. This results suggest a
non-di- ssociative Iving-down specics of adsorbed CO in the
B 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 from S state in the
range of 800K to 1200K should bc non-dissociative
adsorbed CO.
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