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Abstract 

Temperature-programmed desorption (TPD) was used to study the interaction of oxygen with both large ( ~  10 nm) and small 
(<2  nm) Rh, Pt and Pd particles supported on :t-A1203(0001 ). The results of this study indicate that O2 desorption from large 
particles of Rh, PI and Pd is similar to that from low-index planes of the respective metal single crystals. Additionally, O z desorption 
from small Rh particles is similar to that from the close-packed planes of bulk Rh. In contrast, 02 desorption from small particles 
of Pt and Pd occurs at a significantly higher temperature than that from the respective, low-index single crystal surfaces despite a 
much higher saturation oxygen coverage on the small particles. Possible explanations for the differences in O2 desorption as a 
function of particle size for the various metals is discussed. ,~) 1997 Elsevier Science B.V. 

Keywords: Catalysis; Models of surface kinetics: Oxygen; Palladium: Platinum; Rhodium; Thermal desorption; Thermal desorption 
spectroscopy 

Although most technologically interesting, pre- 
cious-metal catalysts are composed of small metal 
particles supported on high-surface-area sub- 
strates, the majority of what we know about the 
nature of adsorbed species and the kinetics of 
surface reactions on metals has been determined 
from measurements on metal single crystals. This 
is due primarily to the ease of monitoring adsorp- 
tion and desorption on these well-defined model 
systems. While numerous studies have been per- 
formed to relate the reactivity of bulk, single 
crystals to that of small supported-metal particles, 
mainly through studies of simple adsorbates such 
as CO [1 10], many important questions remain 
concerning the nature of adsorption and reaction 
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on small-metal particles. For CO on precious 
metals, most changes in the desorption kinetics 
with particle size can be related to similar changes 
that occur with variations in exposed crystal plane 
[2-5,7,9]. With Pt, for example, very small par- 
ticles ( ~ 2.0 nm) exhibit temperature-programmed- 
desorption (TPD) features similar to those 
observed for stepped single-crystal surfaces, while 
large particles (> 10 nm) exhibit features similar to 
those for low-index planes such as the ( 111 ) sur- 
face. TPD studies of H2 and NO suggest however, 
that simply equating the adsorptive properties of 
small particles to that of stepped surfaces and 
large particles to that of low-index surfaces is not 
appropriate [10 13]. 

Oxygen is an important molecule for which 
adsorption on small metal particles has not been 
extensively studied. Since, like CO, 02 desorption 
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temperatures are a function of the crystallographic 
orientation of precious-metal surfaces [14-18], 
O2 desorption kinetics may also vary with the 
particle size of supported precious-metals. Metal 
particles smaller than approximately 2.5 nm [19- 
21] do not have the electronic band structure of a 
bulk metal. How this affects the interaction of 
oxygen with small metal particles is largely 
unknown. 

In the present study, the adsorption of 02 on 
small particles of Rh, Pt and Pd supported on an 
inert support, ~-A1203(0001 ), was examined using 
TPD. The use of a flat single-crystal support 
allowed readsorption and diffusion - effects which 
generally complicate the analysis of desorption 
measurements from high-surface-area materials - 
to be neglected [22]. The results of this study 
suggest that, although the interaction of oxygen 
with small metal particles is similar to that of bulk 
metals, particle size can affect the desorption kinet- 
ics possibly by changing the magnitude of adsorba- 
te-adsorbate interactions. 

The ultra-high vacuum (UHV) ,  surface-analysis 
system used in this work was the same as that 
described in our previous studies [23]. The ion- 
pumped vacuum chamber had a base pressure of 
3 × 1 0 - 1 ° t o r r  and was equipped with a mass 
spectrometer and a cylindrical mirror analyzer 
for Auger electron spectroscopy (AES). The 
~-A1203(0001 ) substrate was 3mm in diameter 
and mounted on a Ta foil sample holder which 
could be resistively heated. A thermocouple 
was attached to the back surface of the 
:~-A1203(0001) crystal using a ceramic adhesive 
(Aremco 516). Rh, Pt and Pd were deposited using 
an evaporative metal source. The flux of metal 
atoms reaching the substrate was determined using 
a quartz-crystal, film-thickness monitor. Gases 
were exposed to the samples through directed, 
beam dosers. TPD measurements were carried out 
using a heating rate of 15 K/s. 

After cleaning the ~-A1203(0001) crystal by ion 
bombardment at room temperature, it was 
annealed in 5 × 10 -8 tort  02 for 10 min at 1270 K 
and then oxidized in 5 × 10 s torr 02 for 30 min 
at 770 K. This produced a surface free from impu- 
rities as determined by AES. The metal of choice 
was then deposited onto the substrate, which was 

held at room temperature, followed by ....... ,~ __ 
700 K. Our previous studies have shown that this 
procedure results in the formation of relatively 
uniform spherical particles for all three metals [8- 
13,23]. The average metal particle size was con- 
trolled by varying the amount of metal that was 
initially deposited. Average particle sizes were cal- 
culated from the known metal coverage and satu- 
ration CO coverages as determined by TPD. 
Table 1 lists the metal coverages and the resulting 
metal particle sizes of samples used in this study. 
In the dispersion measurements, it was assumed 
that the adsorption stoichiometry for CO was 
constant with particle size, even though small 
differences are known to exist [24]. Previous work 
comparing particle sizes calculated in this way with 
TEM measurements showed excellent agreement 
[13,23]. 

02 TPD data obtained from large and small 
particles of Rh, Pt and Pd, following a saturation 
exposure of O2 at 300 K, are shown in Fig. 1 3. 
The ratio of the area of the O2 desorption peak to 
that of the CO desorption peak (for a saturation 
CO coverage) is reported in Table l for each 
sample. As shown in Fig. 1, similar results were 
obtained for both the large (10 nm) and small 
(1.6 nm) Rh particles. For the large Rh particles, 
the onset of 02 desorption occurs abruptly at 
850K, has a peak maximum centered at 915 K 
and has a broad tail that extends beyond 1300 K. 
For the small Rh particles, the main desorption 

Table 1 
Summary of the samples used in this study 

Metal Metal coverage Particle size" O2:CO (ratio of  
(monolayers) (nm) TPD peak areas) b 

Rh 0.25 1.6 1.0 
10.0 10.0 0.24 

Pt 0.25 2.0 0.71 
10.0 8.3 0.26 

Pd 0.25 1.6 0.60 
10.0 9.1 0.36 

aCalculated from dispersion measurements  using CO. The metal 
fihns were deposited onto the et-AI203 (0001) crystal at room 
temperature and heated briefly in vacuum to 700 K to form 
particles prior to CO adsorption. 
bRatio of  the areas of  the 02 and CO TPD peaks normalized 
to the ratio for the 0.25 x 1015 Rh/cm 2 film. 
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Fig. 1. 02 TPD data for Rh particles: (a) 10 nm; (b) 1.6 nm, 
supported on ~-A1203(0001 ). The data was obtained following 
a saturation dose of 02 at 300 K. 
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Fig. 2. 0 2 TPD data for Pt particles: (a) 8.3 nm: (b) 2.0 nm, 
supported on :~-A1203(0001 ). The data was obtained following 
a saturation dose of O2 at 300 K. 
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Fig. 3. 02 TPD for Pd particles: (a) 9.1 nm; (b) 1.6nm, sup- 
ported on c~-A1203(0001). The data was obtained following a 
saturation dose of 02 at 300 K. 

feature is somewhat less sharp and has a slightly 
higher peak temperature of  975 K; otherwise, the 
general desorption features are the same. 

The 02 TPD results for the Rh particles are 
similar to those reported previously for Rh par- 
ticles 3-4 nm in size [25]. They are also similar to 
02 TPD curves obtained from R h ( l l l )  [17,26] 
and Rh(100) [ 18]. The data from the single crystals 
also exhibit sharp 02 desorption features near 
900 K, with broad desorption tails which continue 
up to 1400 K. In all cases, the 02 desorption peaks 
from the Rh surfaces do not follow classical 
second-order kinetics. Given that the TPD results 
for the various single crystal surfaces may differ 
in detail, but are largely similar, it is perhaps not 
surprising that particle-size effects on the 02 
desorption results are also minimal. There is some 
controversy over whether oxygen penetrates the 
near-surface region of Rh at temperatures below 
the onset of  02 desorption [17, 18]. If  oxygen does 
go subsurface, the high-temperature shoulder 
could result from diffusion limitations, with the 
lower-temperature features corresponding to 
desorption of surface oxygen in the presence of 
the bulk oxide. Alternatively, the sharp desorption 
features could arise from repulsive interactions 
between adsorbed oxygen atoms. In either case, 
the adsorbed oxygen is apparently in a similar 
chemical environment on both the small Rh par- 
ticles and the single-crystal surfaces. 

The saturation coverage of oxygen on the small 
Rh particles was a factor of  four higher than on 
the larger particles, as shown in Table 1. On 
Rh(111), the saturation coverage of adsorbed 02 
is 0.25 monolayers (ML) and results in a (2 x 2) 
LEED pattern [17]. Assuming that the saturation 
coverage of CO is 1 ML (i.e. the CO adsorption 
stoichiometry is one CO per exposed Rh atom), the 
data in Table 1 indicate that the saturation coverage 
of oxygen on the 10 nm Rh particles is also approxi- 
mately 0.25 ML. This again suggests that the inter- 
action of oxygen with the 10 nm Rh particles is 
similar to that of the low-index planes of Rh. It is 
interesting that the saturation oxygen coverage on 
the 1.6 nm Rh particles is roughly four times that 
on the 10 nm particles. This may result from the 
surfaces of  the smaller particles being more disor- 
dered (i.e. contain more steps and defects) than 
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those of the larger Rh particles. Adsorbate repulsive 
interactions, which limit the saturation oxygen cov- 
erage to 0.25 ML on Rh( 111 ), are likely to be less 
pronounced on the more disordered surfaces of the 
smaller Rh particles, thereby allowing for a higher 
oxygen coverage. 

TPD results for small (2.0nm) and large 
(8.3 nm) Pt particles obtained following a satura- 
tion dose of O2 are displayed in Fig. 2. On the 
larger particles, the desorption peak is rather broad 
and centered near 800K. In a separate set of 
experiments, it was found that, for subsaturation 
02 exposures, the 02 desorption peak shifted to a 
higher temperature. Whilst one would expect an 
upward shift in the peak temperature with decreas- 
ing coverage for second-order kinetics, the 
observed shift was too large to be completely 
accounted for by this effect. For Pt single crystals, 
O2 TPD curves are relatively independent of the 
crystallographic orientation of the surface [27 31] 
although one study has shown an additional low- 
temperature state at 650 K on Pt(100) [16]. The 
activation energy for O2 desorption from Pt single 
crystal surfaces has been shown, however, to 
decrease with coverage, varying from 51 to 
42 kcal/mol on P t ( l l  1 ) [27]. This coverage depen- 
dence has been attributed to repulsive interactions 
between adsorbed oxygen atoms [27]. Since the 
O2 desorption curves from the large Pt particles 
are similar to those reported for P t ( l l l ) ,  the 
variation in the 02 peak temperature with coverage 
is most likely also due to repulsive interactions 
between the oxygen adatoms. 

In contrast to Rh, the results for the large and 
small Pt particles were substantially different. Even 
though the saturation oxygen coverage was almost 
three times higher on the small Pt particles, the 
O2 desorption temperature was 150 K higher on 
the small Pt particles relative to the large Pt 
particles. This suggests that the interaction of 
oxygen with the small particles is stronger than 
that on the large particles or that repulsive inter- 
actions are less important on the more disordered 
surfaces of the small particles. Unfortunately, we 
were unable to study the effect of  the initial oxygen 
coverage on desorption from the small particles. 
If one assumes that repulsive interactions give rise 
to the shape of the desorption curves for the Rh 

particles, it is somewhat surprising th r 
size affects O2 desorption on Pt so much more 
strongly than on Rh. 

Desorption curves for small (1.6 nm) and large 
(9.1 nm) Pd particles are shown in Fig. 3. On the 
large particles, there appears to be two, unresolved 
peaks near 800 and 875 K. When a sample with 
large Pd particles was cooled from 1000 to 300 K 
while being exposed to 10 -7 torr 02, a three-fold 
increase in the 02 desorption peak area relative to 
that obtained following 02 adsorption at 300 K 
was observed, with all of  the additional desorption 
occurring between 600 and 700 K (see Fig. 4). 
Again, TPD curves obtained following subsatura- 
tion O2 exposures gave desorption only at the 
higher temperatures. In contrast, the results for 
the smaller particles exhibit desorption in a much 
narrower temperature window, from 850 to 
1000 K, with a peak maximum near 950 K. 

Comparison of the 02 desorption results from 
Pd, single-crystal surfaces with those obtained here 
for the large Pd particles reveals that the two are 
similar. On P d ( l l  1), O2 desorbs in a single peak 
between 800 and 900 K [14,32], while on Pd(100) 
and P d ( l l 0 ) ,  an additional O2 peak centered at 
700 K is observed [15,33 35]. Therefore, based on 
the single-crystal data, it appears that the more 
open non-close-packed surfaces give rise to higher 
oxygen coverages and additional low-temperature 
features. The fact that this does not lead to low- 
temperature desorption features in the case of the 
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Fig. 4. 02 TPD data for 9.1 nm Pd particles supported on 
~-A1203(0001 ). The sample was cooled from 1000 to 300 K in 
10 v torr of  O2 prior to the TPD experiment. 



small part icles in the present  s tudy is very surpris-  
ing. As noted  above,  one would  expect  the small 
part icles to behave more  like non-c lose-packed  or  
s tepped single-crystal  surfaces. In agreement  with 
this, the relative coverage fol lowing a sa tura t ion  
exposure  o f  02  is significantly higher  on the small  
part icles relative to the large particles.  As was the 
case for Pt, it again  appears  that  ei ther oxygen 
binds  more  s t rongly to the small  part icles,  poss ibly  
by going subsurface,  or  tha t  repulsive in terac t ions  
between oxygen a d a t o m s  are less i m p o r t a n t  on the 
small  part icles.  

Xu  and G o o d m a n  have previously  s tudied 02  
desorp t ion  f rom Pd part icles  fo rmed  fol lowing the 
depos i t ion  o f  5 M L  of  Pd on a silica subs t ra te  
[36]. A l though  this Pd coverage resulted in large 
Pd part icles  ( ~ 5 0 n m ) ,  the desorp t ion  results 
repor ted  by Xu  and G o o d m a n  are s imilar  to wha t  
was observed  for  the small  Pd par t ic les  in the 
present  study.  This is somewhat  surpr is ing but  
m a y  result  f rom the fact tha t  the Pd part icles 
appea r  to be or iented on the silica substrate.  

Cons ider ing  the results ob ta ined  f rom all three 
metals ,  it is clear  tha t  the in terac t ion  o f  oxygen 
with the large meta l  part icles  ( ~ 10 nm) is s imilar  
to tha t  with the low-index planes  o f  the respective 
bulk  metals .  However ,  for very small  par t ic les  
( 1 - 2  nm),  R h  is unique in that  it main ta ins  the 
complex  shape o f  the desorp t ion  curves found  on 
bulk Rh. The T P D  curves for small  part icles  of  Pt 
and  Pd are relat ively featureless and  do  not  exhibit  
the strong, d o w n w a r d  shift in peak  t empera tu re  
one would  expect  for  the high adso rba te  coverages 
found  on these surfaces. 
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