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SIMS and temperature-programmed oxidation show that CO dissociates on Ru(001) at 520 K.
SIMS studies show that carbon, but not oxygen, accumulates on the surface. Surface carbon begins
conversion to graphite at about 600 K and diffuses into the bulk at temperatures above 800 K.
Interaction of deuterium with carbon deposited by CO dissociation increases the D, thermal de-
sorption peak temperature by more than 100 K and produces an RuCD* peak in the SIMS spec-
trum. The correspondence of the temperature dependence of the RuCD* signal with the D, thermal
desorption, the narrowness of the D, desorption peak, and the absence of RuCD; or RuCD5 peaks

indicate formation of a well-defined C—D species on the surface.

INTRODUCTION

Ruthenium is one of the most active
Fischer-Tropsch synthesis catalysts and
has a unique propensity to yield high-mo-
lecular-weight straight chain paraffins (/-
3). A number of recent studies suggest that
synthesis of hydrocarbons over ruthenium
involves the dissociation of CO followed by
hydrogenation of the résulting carbon and
polymerization of various hydrocarbon in-
termediates. Infrared studies (3—5), for ex-
ample, show that while molecular CO is the
dominant surface species, absorption bands
due to C-H stretch modes are also ob-
served which indicate the presence of hy-
drocarbon intermediates. Tamaru et al. (5)
report that the C—H bands of hydrocarbons
on Ru catalysts correspond to liquid
aliphatic hydrocarbons; a finding consistent
with the high selectivity of ruthenium for
straight chain paraffins.

The dissociation of CO on Ru has also
been examined. Goodman and White (6)
observed the dissociation of CO and the as-
sociated buildup of carbidic carbon on
Ru(110) during exposure to 10 Torr CO.
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They also report the transformation of that
carbon to graphite upon heating above
~600 K. Papagno et al. (7) similarly ob-
served dissociation of CO and formation of
carbidic carbon on Ru(101) following a 90-
min CO exposure at ~7 x 1073 Pa and
transformation of the carbidic carbon to
graphite after heating to 970 K for 2 min.
More recently, Tamaru and co-workers (8)
studied the interaction of CO with Ru(001}
and the stepped Ru(1,1,10) surfaces. On the
stepped Ru(1,1,10) surface they observed a
B-CO state at 580 K in the thermal desorp-
tion spectrum following CO exposures up
to ~60 L at 501 K. This state was shown
to correspond to dissociated CO. Transfor-
mation of carbidic surface carbon to graph-
ite was also observed on the Ru(1,1,10) sur-
face after heating to 840 K. No 8-CO was
found, however, on Ru(001) following the
same treatment. In a separate study that
utilized higher CO pressures and expo-
sures, Tamaru er al. (9) did observe CO
dissociation on Ru(001) following a ~10’-
L CO exposure at a prcssure of 4.2 Pa.
The rate of CO dissociation under the same
conditions was much faster, however, on
the stepped Ru(1,1,10) surface and contri-
bution from the edges of the crystal could
not be ruled out in the Ru(001) experi-
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ments. Negligible CO dissociation on
Ru(001) after small to moderate exposures
has also been reported previously (10-13).
In the most extreme of these attempts, ex-
posures of more than 1000 L CO at 490
K did not produce B-CO on subsequent
thermal desorption (/1). This rules out dis-
sociation which leaves high amounts of car-
bon and oxygen on the surface but does not
rule out CO disproportionation to produce
surface carbon and desorbed CO,, since
small amounts of carbon could not be re-
solved from the Ru signals in either Auger
or X-ray photoelectron spectra (11).

Several studies have shown that carbidic
carbon deposited by CO dissociation on Ru
catalysts can be hydrogenated rapidly,
while graphitic carbon is much less reactive
(14, 15). The carbidic phase is thus thought
to be the active form involved in hydrocar-
bon synthesis, while graphite is associated
with catalyst deactivation. Transient and
isotopic labeling studies show, further-
more, that the rate limiting step in hydro-
carbon synthesis over ruthenium involves
the hydrogenation of surface CH, interme-
diates (5, 16-18).

Less certain is the chemical identity of
the hydrocarbon intermediates and the
mechanism of chain growth. Biloen and
Sachtler (79) suggest that the active hydro-
carbon intermediates consist of a mixture
of CH, CH,, and CH; species in addition to
polymeric hydrocarbons. Bell et al. (20, 21)
report evidence for the presence of CH,
species and suggest that hydrocarbon chain
growth occurs by successive addition of
such methylene intermediates. Direct evi-
dence for the existence of most of these
hydrocarbon synthesis intermediates on Ru
is sparse, however. The only reports to
date that provide direct observation of such
intermediates come from the HREELS
studies of Barteau et al. (22, 23) which
demonstrate the formation of CH species
on Ru(001) when surface carbon formed by
dissociation or hydrogenolysis of ethylene,
or by electron-stimulated dissociation of
CO, was exposed to hydrogen and heated

to 370 K under ultrahigh vacuum (UHV)
conditions.

In this report we examine the dissocia-
tion of CO on Ru(001), the chemical nature
of the carbon deposited by CO dissociation,
and the interaction of that carbon with deu-
terium. Evidence of CO disproportionation
on Ru(001) is obtained directly from SIMS
and temperature-programmed oxidation
(TPO) measurements. The initial chemical
state of the carbon deposited by dissocia-
tion of CO and the transformation of that
carbon to graphite upon heating is also
characterized by TPO. The nature of the
interaction of carbon deposited by CO dis-
sociation with deuterium is examined using
deuterium thermal desorption spectroscopy
(TDS) and SIMS. The utility of SIMS for
directly probing the nature of the C-D in-
teraction is demonstrated.

EXPERIMENTAL

All experiments were carried out in ion-
pumped, stainless-steel, ultrahigh vacuum
chamber with a base pressure of about 1 X
1071 Torr. In SIMS experiments, primary
Ar* ions were generated by a Riber CI 50-
ion gun and secondary ions were detected
with a Riber Q156 quadrupole mass spec-
trometer equipped with a 45° sector energy
prefilter. The mass spectrometer is also
equipped with an ionization filament for re-
sidual gas analysis and thermal desorption
measurements. All experiments were per-
formed with a 5-keV Ar™* ions impinging on
the sample surface at a 45° polar angle mea-
sured form the surface normal. The primary
ion current density was 5 X 1078 A/cm?.

The Ru single crystal was oriented by
Laue X-ray backscattering to within 1° of
the Ru(001) plane, cut by a diamond saw,
and mechanically polished. After being
etched in hot aqua regia for about 15 min,
the crystal was spot welded to two tantalum
heating wires which were connected to two
stainless-steel electrodes on a sample ma-
nipulator. The temperature was monitored
by a Pt/Pt-10% Rh thermocouple which
was spot welded to the back of the crystal.
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In this configuration, temperatures up to
1700 K could be routinely achieved. The
surface cleaning procedure, which was sim-
ilar to that used by Madey et al. (10) in-
volved many heating and cooling cycles up
to 1600 K in 5 X 1077 Torr of oxygen fol-
lowed by heating in vacuum 2-5 times to
1700 K to remove surface oxygen. Surface
cleanliness was verified by AES and SIMS.

RESULTS AND DISCUSSION
Dissociation of CO on Ru(001)

We illustrate first the disproportionation
of CO on Ru(001) and the utility of SIMS
for distinguishing between molecular and
dissociative CO adsorption by comparing
SIMS spectra of Ru(001) surfaces saturated
with molecular C'®0 at 320 K (exposure =
9.0 L) and following a 480-L BCO ex-
posure (5 x 1077 Torr) at 520 K. These
spectra are presented in Fig. 1A and B, re-
spectively. In the Ru* and Ru; mass re-
gions, both spectra are characteristic of the
Ru isotope distribution which runs from
96—104 amu and allows easy identification
of Ru- and Ru,-containing clusters. The ap-
pearance of the cationized C"®O ions,
RuC0*, in Fig. 1A directly reflects the
presence of molecular C'*0O following the
9.0-L C'®O dose at 320 K. This assign-
ment follows from an earlier study (24)
which showed by isotope mixing experi-
ments that CO groups present in the
RuCO™ 10ons form directly from CO mole-
cules that eject intact. The small yields of
RuC* and Ru'®0* in Fig. 1A are derived by
fragmentation of some C'*0O molecules dur-
ing ejection and are not indicative of disso-
ciated C™®O since they disappear together
with RuC®0O" and Ru,C'®O* when the C80
layer is desorbed by heating. In contrast to
C'80 adsorption at 320 K, we do not expect
to see irreversible adsorption of molecular
BCO at 520 K since thermal desorption
measurements (10, 24) show that molecular
CO desorbs rapidly at temperatures above
~425 K. The absence of any molecular
3CO following the 480-L '3CO exposure
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FiG. 1. Positive ion SIMS spectra following (A) 9.0
L C®O at 320 K, (B) 480-L “CO exposure at 520
K. (From Ref. 32; reprinted with permission from the
ACS Symposium Series. Copyright 1985 American
Chemical Society.)

at 520 K is confirmed by the absence of
Ru®*CO* and Ru}*CO* ions in Fig. 1B. We
therefore interpret the appearance of the
Ru®3C* and Ru}’C* ions in Fig. 1B as a di-
rect indication of *C deposition via PCO
dissociation. Also of interest is the absence
of RuO™ and Ru,O* ions in spectrum 1B.
Since these ions are known to be character-
istic of adsorbed oxygen atoms (25), this
result suggests that unlike carbon, oxygen
does not accumulate on the surface during
dissociation of BCO. It therefore appears
that oxygen formed during dissociation of
BCO at 520 K either reacts with molecular
BCO and desorbs as 3CO, or diffuses into
the bulk. We note that the absence of sur-
face oxygen is consistent with the results of
Tamaru et al. (8) who also report an ab-
sence of surface oxygen and 8-CO follow-
ing exposure of Ru(001) to a 90-L CO
dose at ~500 K. Tamaru and co-workers
(8) did not, however, analyze their Ru(001)
surface for carbon following the 90-L CO
dose. We believe that the present work is
the first example of CO dissociation on
Ru(001) under UHYV conditions. While lack
of observation of CO disproportionation in
previous studies can be traced to the ab-
sence of a definitive test for the presence of
surface carbon, assignment of the activity
found in this work to the close-packed sur-
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F16G. 2. Carbon coverage as a function of BCO expo-
sure at 435, 520, and 815 K.

face must be accepted with caution. Our
methods of crystal cleaning and annealing
are identical to those reported in the litera-
ture to give well-ordered surfaces. Further-
more, CO and O, thermal desorption spec-
tra from our crystal are in excellent
agreement with reported results (10, 26).
Nevertheless, known high rates of CO dis-
sociation on steps (8) and the lack of direct
observation of surface order in our experi-
ments make it impossible to rule out an in-
fluence of defect sites.

The amount of carbon deposited on the
surface as a function of *CO exposure and
temperature was determined by measuring
the amount of B¥CO evolved during temper-
ature-programmed titration of the depos-
ited carbon with oxygen. This procedure in-
volved exposing the sample to the desired
dose of B3CO (P = 5 x 1077 Torr) at the
desired temperature. The sample was then
cooled in vacuum to 340 K and exposed to
6.0 L oxygen. The BCO mass spectrom-
eter signal was then monitored while in-
creasing the sample temperature at a linear
rate of 6 K/sec until the evolution of CO
ceased at ~750 K. In all cases the amount
of BC deposited was low enough such that
all of the surface carbon could be removed
in one titration. The complete removal of
BC following this procedure was confirmed
by SIMS. Contributions due to formation of
BCO, were neglected since the rate of 3CO,
formation was determined to be approxi-
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mately 100 times lower than the rate of CO
formation. Figure 2 shows the dependence
of the amount of carbon deposited as a
function of BCO exposure and tempera-
ture. At each of the three temperatures in-
vestigated, the rate of *C deposition ap-
pears to be nearly constant for exposures
up to the maximum investigated, ~480 L.
The rate of carbon deposition is also
seen to decrease with increasing tempera-
ture, which we interpret as being caused by
a decrease in the CO coverage with in-
creasing temperature. The reaction proba-
bilities for deposition of *C per incident
BCO molecule as computed from the slopes
of the curves in Fig. 2 are 4.9 x 1074, 3.7 X
1074, and 2.1 x 10~* at 435, 520, and 815 K,
respectively.

Effect of Temperature on the Chemical
Nature of Surface Carbon

We examine next the influence of tem-
perature on the chemical nature of the de-
posited carbon using temperature-pro-
grammed oxidation (TPQO). In these
measurements, a carbon layer was depos-
ited by exposing the sample to a 480-L
BCO dose at 520 K. The surface was then
annealed by heating in vacuum at a rate of 6
K/sec to the desired temperature and then
cooled to 340 K. The TPO spectra were ob-
tained by exposing the cooled sample to 6.0
L O; and heating at a linear rate of 6 K/
sec while monitoring the *CO mass spec-
trometer signal. As mentioned above, CO,
accounts for less than 1% of the oxidation
so the BCO signal accounts for essentially
all of the carbon removed. The TPO spectra
for various annealing temperatures are pre-
sented in Fig. 3. In the case of the 323 K
spectrum, we note that the sample was
cooled to 323 K following carbon deposi-
tion and was not subsequently annealed
prior to oxygen adsorption. The 323 K TPO
spectrum exhibits a broad peak centered at
~540 K and a second peak at ~615 K. As
the annealing temperature increases to 663
K, the high temperature peak at 615 K dis-
appears and is replaced by a high tempera-
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F1G. 3. Temperature-programmed oxidation spectra
following a 480-L. PCO dose at 520 K, annealing to
the temperatures indicated, and cooling to 340 K.

ture shoulder. An annealing temperature of
814 K produces a new high temperature
peak at ~740 K, while the intensity of the
low temperature peak is reduced signifi-
cantly. Further increases in temperature
above 814 K cause the high temperature
peak to decay rapidly and to shift toward
higher temperature while the low tempera-
ture peak at 540 K decays more slowly and
remains at an essentially constant tempera-
ture. The appearance of the new high tem-
perature peaks at ~740 K and the concur-
rent decline in intensity of the 540 K TPO
peak as the annealing temperature in-
creases above 663 K is analogous to that
observed in our earlier studies of carbon
adlayers formed by dissociation of ethylene
on Ru(001) (27). In that study, the low tem-
perature TPO peak was shown to be associ-
ated with the oxidation of a reactive, low
density (presumably carbidic) form of car-
bon while the high temperature peak was
indicative of the formation of less reactive,
high density graphitic islands. In the
present case, we therefore interpret the de-
cline in intensity of the 540 K TPO peak and
concurrent appearance of the new high
temperature peak at ~740 K as the result of
conversion of carbidic carbon to the graph-
ite phase upon annealing above 663 K. Sim-
ilar conversions of carbidic carbon to the
graphite phase during thermal treatment
have also been reported by Goodman and

White (6) on Ru(110), Papagno et al. (7) on
Ru(101), and by Tamaru et al. (9) on
Ru(1,1,10). The decline in the amount of
B3CO evolved with increasing temperatures
above 814 K is also similar to that observed
when carbon 1s deposited by dissociation of
ethylene on Ru(001) (27) and is indicative of
diffusion of carbon into the bulk. This is
seen more clearly in Fig. 4 which presents a
plot of the amount of *CO evolved in TPO
vs annealing temperature.

Also of interest is the observation that as
the annealing temperature increases above
814 K the intensity of the high temperature
peak associated with the graphite phase de-
clines much more rapidly than the 540 K
TPO peak. In fact, the 1323 and 1406 K
TPO spectra in Fig. 3 show that the high
temperature TPO peak completely disap-
pears before 540 K TPO peak. This behav-
ior was also observed in ethylene-derived
carbon layers in Ru(001) (27) and suggests
that a minimum surface coverage of carbon
is required for the formation of graphite.
This is consistent with the work of Kelley
and Goodman (28) who also find a mini-
mum carbon coverage necessary to pro-
duce graphite on Ru(110) and with the find-
ings of Tamaru et al. (9) who observed that
higher carbon coverage enhances the for-
mation of graphite on Ru(1,1,10).

Finally, we note the appearance of the
615 K TPO peak in the 323 K spectrum and
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F1G. 4. Relative amount of *CO evolved as a func-
tion of annealing temperature in the temperature-pro-
grammed oxidation spectra of Fig. 3.
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its disappearance upon annealing to 663 K.
This behavior is also similar to that of ethyl-
ene-derived carbon on Ru(001) (27). A de-
tailed analysis of the TPO spectra for that
system suggested that the broad low tem-
perature peak results from first-order de-
sorption of CO derived from nonmobile
carbon and oxygen atoms located on adja-
cent sites, while the high temperature peak
appearing in the 323 K TPO spectrum is
associated with the onset of carbon and ox-
ygen mobility and results from surface-dif-
fusion-controlled, second-order desorption
of CO. Loss of the high temperature (~615
K) second-order peak after annealing to 663
K corresponded with the onset of graphite
formation which began slowly at roughly
~600 K. In view of the analogous behavior
of the TPO spectra obtained in this study to
those of our earlier study (27), we interpret
the disappearance of the 615 K peak in Fig.
3 after annealing to 663 K as a sensitive
indication of the onset of graphite forma-
tion. The strong sensitivity of the high tem-
perature second-order ~615 K peak to the
initial stage of the carbidic to graphite
transformation apparent in both studies
suggests that even the small aggregates of
carbon that form during the initial step of
graphite formation have a much lower reac-
tivity toward oxygen than isolated carbon
atoms.

Interaction of Deuterium with Surface
Carbon

Previous studies of coadsorbed H, and
CO indicate no positive interaction be-
tween molecularly adsorbed hydrogen and
carbon monoxide (29, 30). We also find that
CO either displaces preadsorbed H, or
blocks post adsorption of H,, and that ther-
mal desorption peak temperatures are not
perturbed by coadsorption. Furthermore,
SIMS spectra of coadsorbed D,/CO adlay-
ers are the same as those of adlayers con-
taining CO only and thus confirm lack of
interaction of the molecularly adsorbed
species.

The interaction of deuterium with carbon
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FiG. 5. D, thermal desorption spectra from clean
Ru(001) and from surfaces preexposed at 520 K to the
BCO doses indicated. (From Ref. 32; reprinted with
permission from the ACS Symposium Series. Copy-
right 1985 American Chemical Society.)

deposited by disproportionation of CO is
more interesting. The influence of various
amounts of surface carbon deposited by
dissociation of *CO on the deuterium ther-
mal desorption spectrum is shown in Fig. 5.
The spectrum for desorption of deuterium
from the clean surface is also shown for
comparison. The measurements were per-
formed by first exposing the sample to the
desired dose of CO at 520 K. The sample
was then cooled to 425 K and exposed to
720 L D,. Following the deuterium ex-
posure, the sample was heated at a rate of
approximately 65 K/sec by application of a
constant heating voltage while monitoring
the D, mass spectrometer signal. We note
that since molecular CO blocks adsorption
of deuterium, deuterium exposures were
carried out at 425 K instead of room tem-
perature to prevent irreversible adsorption
of CO from the background gas during the
long deuterium exposures. The results seen
in Fig. 5 show that the presence of surface
carbon produces a new D, thermal desorp-
tion peak appearing at a significantly higher
temperature than that for desorption from
the clean surface. The peak maximum of
the new desorption state appears at ~540 K
and is essentially independent of BCO ex-
posure, and hence carbon coverage, al-
though the amount of deuterium that ad-
sorbs increases significantly with carbon
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F1G. 6. D, thermal desorption spectra for the indi-
cated D, exposures at 425 K following a 480-L 13CO
exposure at 520 K.

coverage. We also note that the desorption
peak is relatively narrow and symmetric for
all BCO exposures. The appearance of the
new high temperature desorption state on
the carbon-containing surfaces shows that
the presence of surface carbon creates new
deuterium bonding sites that have signifi-
cantly higher heat of adsorption than those
available on the clean surface. The rela-
tively narrow desorption peaks and the in-
variance of the peak maximum with carbon
and deuterium coverage indicates that the
presence of surface carbon creates only a
single new type of bonding state that has a
specific bonding energy as opposed to a dis-
tribution of new states. This suggests the
possibility that the new state might corre-
spond to the formation of a specific molecu-
lar CD complex of well-defined C-D bond
energy. This possibility is explored in more
detail below using SIMS, but first the deute-
rium TDS spectra as a function of deute-
rium coverage at constant carbon coverage
are discussed.

Figure 6 presents a series of deuterium
thermal desorption spectra for various deu-
terium exposures at 425 K following a 480-
L BCO exposure at 520 K. These results
also show the presence of a single desorp-
tion peak at ~530 K for all deuterium expo-
sures. The observed invariance of the peak
positions with deuterium coverage is indic-
ative of a first-order desorption process and
suggests that the rate limiting desorption

step involves the breaking of deuterium
bonds associated with the high bond energy
sites created by the surface carbon. The in-
dependence of the peak positions with cov-
erage additionally suggests that the heat of
adsorption of deuterium does not vary with
deuterium coverage. This supports the no-
tion that the presence of surface carbon
creates only a single type of adsorption site
since if a distribution of adsorption sites
having different bonding energies were cre-
ated, one would expect the higher bond en-
ergy sites to fill first and the desorption
curve to shift toward lower temperatures as
the coverage increased. The weak signals
obtained in these studies make quantitative
analysis of the desorption peaks difficult.
Estimates from the Redhead analysis (37),
assuming first-order desorption with a pre-
exponential factor of 108 sec™!, give a
value of ~30 kcal/g-mole for the activation
energy of C—D bond breaking. The analysis
of Chan et al. (32) suggests that both the
activation energy and preexponential factor
have lower values.

SIMS

We next use SIMS to examine the nature
of the strong C-D interaction indicated by
the thermal desorption measurements. The
positive ion SIMS spectrum of a surface ex-
posed to 480 L 3CO at 520 K followed
by a 720-L. D, exposure at 425 K is shown
in Fig. 7A. For purpose of comparison, we
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F1G. 7. Positive ion SIMS spectra in the RuC-RuC,
mass region following (A) a 480-L BCO dose at 520 K
followed by a 720-L D, dose at 425 K, (B) a 480-L 3CO
dose at 520 K.
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show in Fig. 7B the SIMS spectrum of a
surface exposed only to 480 L 3CO at
520 K. Both spectra were recorded at 425 K
using an ion current density of 1077 A/cm?.
In these experiments, we are primarily in-
terested in the formation of RuC,D; ions
which might reflect the presence of a
deutero-carbon complex and, therefore,
only the RuC-RuC, mass region was
scanned to minimize ion damage. The ap-
pearance of Ru*C* and Ru*C; ions in both
spectra shown in Fig. 7 indicates the pres-
ence of surface carbon formed by dispro-
portionation of 3CO. Of particular interest
however, is the appearance of the peak at
mle = 119 in spectrum A that does not ap-
pear in spectrum B. This peak corresponds
to the m/e value for an Ru*CD™ ion con-
taining the heaviest isotope (m/e = 104) of
Ru. RuCD* peaks corresponding to lighter
Ru isotopes are masked by isotopic inter-
ference with the Ru'3C peaks. In support of
the assignment of the m/e = 119 peak to an
RuCD™ ion we note that when >CO instead
of BCO is dissociated prior to the 720-L
D, exposure, the resulting SIMS spectrum
shows no peak at m/e = 119. The appear-
ance of the m/e = 119 peak in Fig. 7 thus
specifically requires the presence of both
3BC and D as expected for the formation of
an RuCD" ion.

To obtain additional support for this as-
signment and to probe the relationship of
the m/e = 119 peak to the strong C-D inter-
action indicated by the thermal desorption
spectra, we examine the temperature de-
pendence of the m/e = 119 ion intensity. In
this experiment, the intensity of the m/e =
119 peak was measured after heating the
sample to successively higher temperatures
and cooling to 425 K. Figure 8 compares
the resulting temperature dependence of
the m/e = 119 peak with the deuterium ther-
mal desorption spectrum for the case in-
volving a 480-L BCO exposure at 520 K
followed by a 720-L. D, exposure at 425
K. The result shows that the m/e = 119
peak intensity decreases to essentially zero
over the temperature region of the deute-
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Fi1G. 8. Comparison of the temperature dependence
of the RuCD* ion intensity obtained after heating the
pretreated surface to successively higher temperatures
and cooling to 425 K to the D; thermal desorption
spectrum obtained after a pretreatment consisting of
480 L *CO at 520 K followed by a 720-L D, exposure
at 425 K.

rium thermal desorption peak. We interpret
this result, in combination with the specific-
ity of the m/e = 119 peak to BC and D, as a
strong indication that the m/e = 119 peak
corresponds to an RuCD~ ion that directly
reflects the strong C-D interaction indi-
cated by the thermal desorption spectrum.

In considering the nature of the surface
species responsible for emission of the
RuCD ion and the strong C~D interaction,
we note that molecular surface species are
often emitted intact during ion bombard-
ment and appear directly in the SIMS spec-
trum as the ionized and/or cationized par-
ent molecule (24, 33-38). The appearance
of the cationized CD molecule, RuCD™, in
the SIMS spectrum thus suggests that the
strong C-D interaction might correspond to
the formation of a surface CD molecule.
This is furthermore consistent with the for-
mation of a deuterium bonding state of spe-
cific bond energy, as indicated by the TDS
spectra discussed above, since the distribu-
tion of C-D bond energies among molecu-
lar CD species is likely to be rather narrow.
Another possibility however, is that the
RuCD* ion might be formed by a mecha-
nism involving recombination of C and D
atoms that are emitted independently and
subsequently recombine. Both theory (35,
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38-40) and experiment (27, 34, 35, 37, 41)
indicate that this mechanism will dominate
the formation of RuCD" if C and D are lo-
cated in close proximity to each other with-
out being associated as a bound molecular
CD entity. This latter constraint follows
from the fact that bound molecular entities
tend to eject intact, as discussed above.
We, therefore, expect that RuCD™ ions
formed by such a recombination mecha-
nism would most likely be indicative of
deuterium bonded to high energy metal
sites created by a through-metal type elec-
tronic interaction with carbon, since this
would require close proximity between *C
and D atoms but not a strong C—-D bond.
The formation of such high energy metal
sites is, however, inconsistent with a single
bonding state of specific bond energy at all
carbon and deuterium coverages, as indi-
cated by the TDS spectra, since through-
metal interactions would be likely to pro-
duce a distribution of metal-D bond
energies due to the nonuniform local distri-
bution of carbon and the variation of the
influence of carbon on metal sites with dis-
tance from the carbon atoms. Thus, we
conclude that the TDS and SIMS data,
when considered together, are most consis-
tent with the idea that the strong C-D inter-
action is caused by the formation of molec-
ular CD entities on the surface. This
conclusion is supported by the HREELS
data of Barteau et al. (22, 23) which show
the formation of surface CH species on
Ru(001) when surface carbon is exposed to
hydrogen and heated to 370 K under UHV
conditions. Surface CH species are also re-
ported by Weinberg et al. after decomposi-
tion of C;H, or C;H, on Ru(001) (42, 43). It
is of interest to note that we do not observe
any RuCD; ions which would indicate the
presence of surface CD, species. This is
also consistent with the HREELS data of
Barteau et al. (22, 23) which similarly show
no evidence for surface CH, species follow-
ing exposure of surface carbon to hydro-
gen. It thus appears that deuteration of the
CD species to form CD; is either too slow

to be observed under UHV conditions or
that CD, species are too reactive to be
present on the surface in observable con-
centrations.

CONCLUSIONS

SIMS and TPO studies show that 3CO
dissociates on Ru(001) under UHV condi-
tions resulting in the deposition of surface
carbon. SIMS studies also reveal that un-
like carbon, oxygen does not accumulate
on the surface during dissociation of PCO,
suggesting that oxygen leaves the surface
as 13CO, by reaction with BCO or diffuses
into the bulk. TPO measurements indicate
that the carbon deposited by dissociation of
BCO undergoes a carbide to graphite phase
transition upon heating above ~600 K and
begins to diffuse into the bulk when the sur-
face is heated above ~800 K. TPO mea-
surements also suggest that a minimum car-
bon coverage is required for the formation
of graphite. Deuterium TDS studies of the
interaction of deuterium with carbon de-
posited by dissociation of *CO at 520 K
show that the surface carbon creates a new
deuterium bonding site that has a much
higher bond energy than those available on
the clean surface. SIMS studies of the same
C-D interaction reveal emission of an
RuCD* ion, the intensity of which has the
same temperature dependence as the popu-
lation of the new high energy deuterium
state seen in the TDS spectra. The appear-
ance of the RuCD" ion in the SIMS spec-
trum thus directly reflects the strong *C-D
interaction indicated by the TDS spectra
and illustrates the utility of SIMS for prob-
ing surface chemistry. We interpret the
SIMS and deuterium TDS results as being
consistent with the formation of a surface
molecular CD entity.
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