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CO Desorption from Supported Ru Particles 

C. PARK, W. G. DURRER, H. POPPA, AND J. T. DICKINSON~ 

Stanford/NASA-Ames Joint Institute for Surface and Microstructure Research, 
NASA-Ames Research Center, Moffett Field, California 94035 

Received August 10, 1984; revised April 11, 1985 

The low-pressure interaction of CO with small Ru particles supported on ultrahigh-vacuum- 
cleaved mica has been studied using flash thermal desorption, Auger electron spectroscopy, trans- 
mission electron microscopy, and transmission electron diition. Average particle size for these 
experiments varied between 1.2 and 6 run. A careful search for CO decomposition on the Ru 
particles revealed no evidence for dissociation over pressure and temperature ranges of 10-i’ to 
low6 Tot-r and 300 to 55o”C, respectively. Gas and heat treatments caused significant changes in the 
morphology and dispersion of the Ru particles which in turn affected CO desorption. These effects 
were particle-size dependent. Q 198s Academic PESS, LX. 

INTRODUCTION 

Ruthenium is an effective catalyst for a 
number of processes, including CO metha- 
nation and Fischer-Tropsch synthesis. 
Thus, there has been considerable interest 
in CO-interaction studies on both single- 
crystal surfaces (l-6) and supported small 
particles of Ru (7, 8). We present the 
results of studies of the interaction of CO 
with small Ru particles supported on ultra- 
high-vacuum(UHV)-cleaved mica employ- 
ing flash thermal desorption (FTD), Auger 
electron spectroscopy (AES), transmission 
electron microscopy (TEM), and transmis- 
sion electron diffraction (TED). We were 
particularly interested in seeing if during re- 
peated CO FTD cycles, we would observe 
the dissociation of CO that was observed 
earlier. for Pd and Ni particles supported on 
mica (9, 20). As is discussed, our results 
show no evidence for CO dissociation on 
Ru particles. However, we present evi- 
dence for sign&ant morphology changes 
of the particles induced by gas and heat 
treatments which affect CO desorption. 

i Permanent address: Department of Physics, Wash- 
ington State University, Pullman, Wash. 99164-2814. 

EXPERIMENTAL 

In a dual-chamber system, previously de- 
scribed (9), small Ru particles were vapor- 
grown onto high-purity mica (muscovite) 
that was heat-treated and cleaved in UHV. 
During vapor deposition the substrate tem- 
perature and metal flux were held constant 
at 270°C and 0.20 nm/min, respectively. 
The metal flux was measured with a quartz- 
crystal microbalance positioned such that a 
l-Hz change in the crystal oscillation fre- 
quency corresponded to 0.02 nm of Ru de- 
posited on the sample. The pressure during 
deposition was less than 5 x 10m9 Torr, with 
HZ, CO, and Hz0 being the principal spe- 
cies. Deposition times ranged from 30 to 
300 sec. The samples were analyzed by 
AES to determine the relative metal cover- 
ages and the presence of contamination. 
Successive I?I’Ds of CO were used to ob- 
serve the chemisorption properties of the 
particles and to assess changes which occur 
as a result of thermal desorption cycling 
and other gas-thermal treatments. All CO 
desorptions were accomplished by rapidly 
inserting the sample into a cylindrical oven 
which was held at a temperature of 370°C. 
The surface temperature versus time was 
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FIG. 1. Transmission electron micrographs of as-deposited particulate Ru films. (a) 30-sec/$Hz 
deposit: average particle diameter, (d) = 1.2 nm, particle number density, n = 3.7 x 101*/cm2. (b) CO- 
set/25-Hz deposit: (d) = 2.8 nm, n = 3.4 X 101*/cm2. (c) 300~set/SO-Hz deposit: (d) = 6.0 nm, n = 1.3 x 
lO%m*. (d) TED pattern for deposit (b). The sharp reflections are due to diffraction from the mica. 
The more diffuse and slightly arched spots with sixfold symmetry are from Ru; they are in good 
registry with the mica pattern, indicating strong epitaxy. 

deduced from earlier temperature calibra- 
tions using thermocouples embedded into 
the mica (II). The CO desorption flux was 
monitored by a quadrupole mass spectrom- 
eter placed in direct line-of-sight of the 
specimen through a hole in the oven wall. 
Auger spectra were taken immediately after 
the desorption of CO (PC0 < 1 x 1O-9 Torr) 
to avoid CO adsorption from background 
CO and to prevent electron-beam-induced 
contamination of the particle surfaces. Af- 
ter a set of samples was tested, the speci- 
mens were removed from the UHV system 
and evaluated by TEM-TED. 

RESULTS 

Transmission electron microscopy and 
difiraction. As-deposited samples, without 
further gas or thermal treatments, were ex- 
amined by TEM and found to have average 
particle diameters ranging from 1.2 to 6 nm 
for deposition times of 30 to 300 sec. Fig- 
ures la-d show representative micrographs 
for the Ru deposits. The particle number 
density ranged from 1.3 x 1Or2 to 3.7 x 10r2/ 
cm2. For an equivalent metal deposit thick- 
ness, the Ru particles on mica are smaller 
and have a higher number density when 
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FIG. 2. CO desorption spectra for a series of CO 
exposures on a 1%se&O-Hz Ru deposit. The CO ad- 
sorption temperature was 320 K (Tp = temperature of 
desorption peak maximum after saturation CtYdose). 

compared with Pd/mica (9). This increased 
nucleation rate suggests an increased inter- 
action between Ru and mica. TED patterns 
showed all depositions to have hexagonal 
close-packed (hcp) structure. Structural 
modification to face-centered cubic (fee), 
which was observed in the case of small Gd 
particles (12), was not detected here. TED 
showed that all depositions exhibited a high 
degree of epitaxy (see Fig. Id). The ob- 
served epitaxial relationships, expressed in 
terms of standard crystallographic Miller 
indices;-were ( 1010)RJ/(020)~i, or (13O),i,, 
and (2210)a~/(200),,,ri,. The particles were 
predominantly oriented with the Ru (001) 
direction normal to the mica surface. The 
exposed crystal faces depended on the 
three-dimensional particle shapes which 
are not directly discernible from TED; from 
surface free energy considerations, one 
would expect predominantly [loll and [OOl] 
facets, 

CO DESORPTION SPECTRA 

Typical desorption spectra for a 25Hz 
(OS-nm nominal thickness) deposit as a 
function of CO exposure are shown in Fig. 
2. When assigning a temperature scale to 

these curves, the shapes and changes with 
CO exposure are consistent with first-order 
desorption with a coverage-dependent acti- 
vation energy. From the peak position of 
the low-coverage FTD spectrum, we then 
calculate an activation energy of 35 kcal/ 
mole, assuming a preexponential factor of 
10+16 set-l, as suggested by Pfnuer et al. 
(13). (If the usual factor ,of 10+13 set-’ is 
used, an activation energy of 29 kcal/mole 
results.) 

The initial spectra for saturated CO dose 
(6 L) and three different particle sizes [(l) 
1.2-nm, (2) 2%nm, and (3) 6.0~nm average 
diameters] are shown in Fig. 3. As ex- 
pected, the increasing metal surface area 
produces more desorbed CO. Normalizing 
these curves to the same peak height 
showed that the peak shape and positions 
did not differ significantly over this range of 
particle size. Single-crystal studies of CO 
desorption from a number of different crys- 
tal faces show an appreciable amount of 
structure sensitivity for CO desorption 
peak shape (3,5, 30, 31). Our results, 
therefore, suggest that the three-dimen- 
sional shapes of the particles remained rela- 
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FIG. 3. Initial CO desorption spectra for different 
average-particle-size Ru deposits: (1) 1.2, (2) 2.8, and 
(3) 6.0 nm. All CO exposures were 6.0 L. Curve (1) 
has been magnified by a factor of 4 to better show its 
shape and peak position. 
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FIG. 4. Three successive CO FTD spectra for a 300- 
se&O-Hz Ru deposit of(d) = 6.0 nm; CO dose = 6.0 
L. 

tively constant for these various condi- 
tions . 

1. Search for CO Decomposition 

A careful search for evidence of CO de- 
composition on small Ru particles pro- 
duced by CO adsorption/desorption cycles 
was carried out by (a) measuring successive 
CO FTD spectra and looking for decay in 
peak height and peak area owing to carbon 
buildup (if loss of peak area by particle sin- 
tering and/or reconstruction can be ex- 
cluded), and (b) performing AES measure- 
ments on the supported particles after each 
FTD in an attempt to detect C contamina- 
tion. Figure 4 shows a typical set of succes- 
sive spectra recorded using 6-L saturation 
doses of CO. Only slight asymmetric losses 
of area, mainly on the high-temperature 
sides of the first few desorptions, were ob- 
served. This is in contrast to previous 
results for Pd and Ni particles on mica (9, 
10) in which 30-70% area losses were 
found. (In some cases we did observe a sig- 
nificant decay of FTD area on Ru; how- 
ever, these decays were caused by small 
amounts of coadsorbed oxygen due to an 
accidental, small leak in our vacuum sys- 
tem. Once this leak was eliminated, all sig- 
nificant FTD area losses vanished.) 

We also looked for particle coalescence 
effects during repeated CO FTD cycles be- 

cause coalescence with sintering would 
lead to surface area losses and would thus 
cause FTD peak area losses. TEM micro- 
graphs of Ru deposits that had or had not 
experienced several FTD cycles were com- 
pared for this purpose. Measurements of 
particle size and number density showed no 
significant change, suggesting that the ob- 
served small decrease in CO surface area 
cannot be attributed to sintering. 

In addition, a careful search for the pres- 
ence of carbon using high-sensitivity AES 
was carried out, although this was ham- 
pered by difficulties caused by C&u spectra 
overlap. Difference curves of the Ru (273 
eV) peak before and after several FTD cy- 
cles, as well as measurements of ratios of 
the Ru (273 eV) to the Ru (231 eV), and to 
the Ru (200 eV) peaks, yielded no evidence 
of C. We therefore conclude from these 
results that at least for the surface cover- 
ages and temperatures of our experiments, 
no C buildup on the Ru particles was ob- 
served within our detection limit; conse- 
quently, there is no evidence for CO disso- 
ciation on Ru particles. We are thus led to 
the conclusion that the minor loss of FTD 
peak area occurring with repeated CO FTD 
cycles is due only to morphological particle 
changes or to minor particle/support inter- 
actions that occur during CO adsorption- 
desorption cycling. 

2. Effect of Steady-State Heat Treatment 

The changes induced by extended-time 
heat treatments were examined by FTD 
and TEM. After a first CO FTD cycle, the 
sample was annealed at 350°C for 35 min 
and cooled to 50°C and then a second FTD 
cycle was carried out. Additional anneals 
followed by a CO adsorptiotidesorption cy- 
cle were performed. The results for a ~-HZ 
deposit are shown in Fig. 5a, in which a 
decrease in peak area with successive 
flashes is obvious. Note the distinct, asym- 
metric decrease on the high-energy side of 
the peak, suggesting that annealing reduces 
the concentration of high-energy binding 
sites for CO. It was also found that the rate 
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FIG. 5. (a) Effect of repeated heat treatments (35O“C, 35 min) on the CO desorption spectra for a 30- 
se&-Hz Ru deposit; CO dose = 6.0 L. (b) Decay induced by heat treatment (35OT, 35 min) in CO 
FTD peak area (in percentage FTD peak area loss per flash) versus particle size. 

of decay in FTD peak area with successive 
flashes is strongly particle-size-dependent 
as shown in Fig. 5b. As discussed in the 
next section, we attribute these annealing 
effects to a combination of particle coales- 
cence and faceting. The TEM evidence for 
the latter is very strong, as seen in Fig. 6 for 
deposits before and after heat treatment. 
We see that the particles are transformed 
from irregular shapes (Figs. 6a and b) to 
more clearly defined hexagonal shapes 
(Figs. 6c and d). Such changes are accom- 
panied by a reduction in surface irregulari- 
ties such as steps, kinks, edges, and cor- 
ners which are usually correlated with 
lower coordination surface atoms with 
higher adsorption energy. 

3. E#ect of 02 Preexposure 

When a CO F’TD cycle included a 0.3-L 
predose of O2 (5 x 10s9 Torr for 60 set) 
at room temperature, the resulting FTD 
curves (see Fig. 7) showed a clear asym- 
metric decrease, similar to the peak decay 
observed upon annealing (Fig. Sb). With in- 

creasing amounts of predosed 02, the CO 
FTD peak height decreased further and the 
peak shifted substantially toward the lower- 
temperature side; CO adsorption eventu- 
ally was totally blocked by 6 L oxygen as 
can be seen in Fig. 7. Such a strong peak 
shift to a lower temperature suggests a sub- 
stantial decrease of the CO binding energy 
in the remaining adsorption sites, the 
higher-energy sites presumably being occu- 
pied by oxygen. 

However, this CO peak decay was par- 
tially reversible; about 90% of the original 
peak area could be recovered by the stan- 
dard heat treatment (300°C for 35 min). O2 
desorption could not occur at this tempera- 
ture (the activation energy for O2 desorp- 
tion is approximately 80 kcal/mole) (2, 14). 
Oxygen removal by background CO to form 
CO* can also be dismissed because the CO 
oxidation rate at 300°C and CO pressures 
even as high as 10m7 Torr is still very low 
(14). In spite of this, an attempt was made 
to observe the CO2 reaction directly by pro- 
ducing a high CO background pressure of 1 
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FIG. 6. Pairs of transmission electron micrographs illustrating the sintering effect of a heat treatment 
(350°C, 35 min) on the Ru particles for two deposits: (a) + (c) 150 set, 25 Hz; (b) + (d) 300 set, 50 Hz. 
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FIG. 7. The effect of O2 preexposure on standard (6 
L) PTD spectra for a 30-se&-Hz Ru deposit for: (1) no 
O2 (6 L), (2) 0.3 L of 02. (3) 3 L of Or, and (4) 6 L of Or. 
Curve (4) (dashed) peak recovery produced by a heat 
treatment of 35 min at 350°C CO (6 L). 

x IO-’ Torr during standard (300°C) heat 
treatment, but no CO2 was detected. As dis- 
cussed later, a possible fate of the oxygen is 
diffusion into the bulk of the Ru particles. 

However, when the Ru particles were ex- 
posed to oxygen at high temperatures, the 
FTD area losses were irreversible. During 
an exposure of a clean Ru/mica sample to 5 
x 10m9 Torr 02 at 350°C for 35 min, the 
particles were permanently poisoned, inca- 
pable of adsorbing any CO. We suspect that 
the heated particles become partially oxi- 
dized when exposed to oxygen. 

The TEM results for particles heat- 
treated in O2 at 5 x 10e9 Tot-r and at 350°C 
for 30 min (see Fig. 8) support the surface 
oxidation hypothesis. All TED patterns 
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FIG. 8. Transmission electron micrograph showing the effect of heat treatment in O2 (1 x lo-’ Torr 
for 35 min at 35O’C) for two Ru deposits: (a) + (c) 60 set, 10 Hz; (b) -+ (d) 150 set, 25 Hz. 

showed Ru reflections only, and no Ru/ox- 
ide rings were detected. The possibility of 
bulk oxidation is therefore excluded. How- 
ever, the particles are spreading out more 
over the mica surface (wetting). Particulate 
surface oxidation accompanied by in- 
creased wetting of an oxide support has 
been reported for Ni/mica (9), Fe/A&O3 
(15), Pt/A1203 (16), Ir/SiO2, (17), and Pd/ 
MgO (18, 29). 

DISCUSSION AND CONCLUSIONS 

The lack of evidence for CO decomposi- 
tion at low CO pressure on Ru particles 
supported on mica is similar to the case of 
Pt/mica (20), but contrary to what was ob- 
served for Ni/mica (9) and Pd/mica ( 20). 

For Pd and Ni, the strong particle-size ef- 
fect was attributed to the high density of 
edge and comer sites (low-coordination 
sites) on small particles. The same type of 
sites presumably are also present on evapo- 
rated Pt and Ru particles, yet no dissocia- 
tion of CO was observed. This observation 
for Ru disagrees with the general criteria 
for predicting CO dissociation as proposed 
by Broden et al. (21), where one orders the 
transition metals according to their ten- 
dency to dissociate CO (as predicted from 
photoemission studies of adsorbed CO). Ni 
and Pd are further removed from the region 
of transition between low and high CO dis- 
sociation tendency than Ru. Thus, contrary 
to the results of this study, we would ex- 
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pect Ru to have a greater tendency to de- 
compose CO than either Ni or Pd. 

The pronounced particle-size dependence 
of CO decomposition seen on Pd and Ni, 
and the fact that no CO decomposition was 
observed on low-index single-crystal sur- 
faces of Pd and Ni suggest that CO decom- 
position occurs on sites that differ substan- 
tially from those on single-crystal surfaces. 
CO chemisorption bonding is generally ex- 
plained by the donor-acceptor mechanism 
[Blyholder model (22, 23)], in which the 
bond is formed through electron transfer 
from the highest filled orbital of CO (5) to 
the metal and by “back donation” of metal 
electrons to the lowest unfilled orbital of 
CO. This electron transfer into the 27r* or- 
bitals can cause appreciable weakening of 
the carbon-oxygen bond (24). The “spe- 
cial” sites could conceivably lead to CO 
decomposition through their greater ability 
to weaken the carbon-oxygen bond via an 
increased back-donation of electrons. 
Whether the types and numbers of such 
sites on small Ni, Pd, Pt, and Ru particles 
are of comparable nature is an open ques- 
tion at this point because possible differ- 
ences in microstructure and habits have not 
been sufficiently characterized. If similar 
particle habits are assumed, however, the 
density and types of special sites on parti- 
cles of comparable size should be similar 
(24). The discrepancies in the tendencies of 
the various group VIII metals to decom- 
pose CO would then have to be ascribed to 
the differing electronic structures of the 
various metals or to different metal-sup- 
port interactions. 

A survey of previous work on CO de- 
composition on Ru introduces another as- 
pect of the interpretation of our results, 
namely, CO pressure. Goodman et al. (4) 
could not detect any surface carbon after 
heating a Ru (110) surface to 630 K at a CO 
pressure of 2 x 10e3 Torr for 30 min, and 
Madey et al. (I) observed no detectable CO 
dissociation on Ru (001) at temperatures 
and pressures as high as 700 K and 10m4 
Torr, respectively. In high-pressure experi- 

ments, on the other hand, Singh and 
Grenga (25) have reported carbon deposi- 
tion on a polycrystalline Ru sphere exposed 
to 760 Torr of CO at 550 K, and Goodman 
et al. (26) more recently reported carbon 
deposition from CO on a Ru (110) surface 
exposed to 24 Torr of CO. Also, Low and 
Bell (7) found disproportionation of CO at 
high pressure (1 atm) during CO desorption 
on supported Ru particles on alumina. 
Rabo et al. (27) observed similar dispropor- 
tionation of CO on a Ru/SiOz system, and 
McCarty and Wise (8) showed in an iso- 
topic exchange study dissociative chemi- 
sorption of CO at high pressure on alumina- 
supported Ru particles. These results 
indicate that CO pressure may be an impor- 
tant factor in the decomposition of CO on 
Ru. 

All particle sizes studied here showed an 
asymmetric decrease of the CO FTD peak 
following the various heat treatments, ow- 
ing to the loss of higher-energy binding 
sites. The TEM data added clear evidence 
of faceting during heat treatment, which 
also implies the reduction of lower coordi- 
nation surface sites, This conclusion is con- 
sistent with Wulff’s theorem (28) that parti- 
cles will facet in ways to reduce the total 
surface free energy of the particles as they 
approach their equilibrium structure. The 
strong particle-size dependence of these 
changes is probably caused by enhanced 
particle mobility on the support surface and 
particle refaceting (surface self-diffusion). 

The loss of surface oxygen and the subse- 
quent revival of the CO desorption peak 
during annealing of previously oxygen- 
dosed particles is also noteworthy. We 
speculate that during heat treatment, oxy- 
gen (chemisorbed at 50°C) diffuses into the 
bulk of the Ru, producing clean Ru sites 
capable of CO adsorption. This type of oxy- 
gen diffusion has been observed on single- 
crystal Ru by Reed et al. (2) and Lee et al. 
(29). 

In summary, we observed no evidence of 
CO decomposition on particulate deposits 
of Ru on mica at pressures of 10-i’ to lo+ 
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Torr and temperatures of 300 to 550 K, re- 22. 

spectively. However, ive did observe sig- 
nilkant changes in particle morphology and 
degree of particle dispersion induced by gas 13’ 
and heat treatments which strongly inllu- 14. 
ence the adsorption and desorption of CO 
from supported Ru. IS. 
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