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Introduction 
When catalysts consisting of group VIII metals supported on 

TiO2 are reduced in H2 at high temperatures (about 770 K), the 
metal capacity to adsorb H2 and CO is suppressed. This metal 
behavior, ascribed initially to a strong metal-support interaction 
(SMSI),1'2 was explained in terms of bonding between titanium 
cations and metal atoms, as deduced from theoretical calculations3 

and XPS, XANES, and EXAFS data.4"1' The other source for 
the SMSI state consists in geometric blocking of metal adsorption 
sites12"20 due to (i) migration of TiO* (1 < x < 2) suboxide species 
onto the metal or (ii) burial of the metal into the support. In 
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particular, it has been shown21 by HRTEM that reduction of 
Rh/Ti02 catalyst at 773 K produces an amorphization of the TiO2 
surface and a migration of TiOx overlayers onto metal particles. 
However, some controversy still exists about the effect of TiOx 
species on adsorption suppression. Thus, some authors22,23 have 
found that the decrease in CO adsorption is proportional to the 
amount of metal surface covered by those species, while others24 

have observed a decrease higher than that expected for only 
geometric blocking. The two considered explanations, electronic 
and physical blocking, are not mutually exclusive for the SMSI 
state, and formation of chemical bondings between the metal and 
TiO1 species has been proposed7'25'26 as the driving force for 
migration of those species onto metal particles. 

In previous works27'28 we have shown that incorporation of 
hydrogen into the metal-support interface decreases hydrogen 
adsorption on rhodium particles. When hydrogen is removed by 
outgassing the sample at 773 K, metal particles recover their initial 
adsorption capacity. Therefore, it seems that different processes 
such as hydrogen incorporation into the support, migration of TiOx 
species onto the metal, and formation of rhodium-titanium 
bondings are involved during establishment of the SMSI state. 
The aim of this work is to analyze the experimental conditions 
in which they are operating and to evaluate their contribution to 
the metal chemisorption suppression. In this way, reduction in 
H2 of an Rh/Ti02 sample as a function of (i) temperature, (ii) 
time, and (iii) type of reduction (static and dynamic) has been 
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Abstract: Establishment of strong metal-support interaction in Rh/Ti02 catalysts has been studied by 1H NMR spectroscopy 
as a function of conditions of reduction in H2: temperature (373-773 K), time, and type of reduction (static or dynamic). 
Two consecutive stages have been identified: one when the catalyst is reduced below 673 K and the other when the temperature 
is above 673 K. In the first stage, elimination of hydrogen incorporated into the metal-support interface, by outgassing at 
773 K, recuperates hydrogen adsorption on the metal. In the second stage, the outgassing treatment does not recover metal 
adsorption capacity. Physical blocking of metal adsorption sites by TiOx species and electronic perturbation of the metal are 
responsible for the irreversible loss of hydrogen adsorption. From analysis of the NMR line assigned to hydrogen adsorbed 
on the metal, the relative contribution of both effects to adsorption suppression has been estimated. 
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Figure 1. 1H NMR spectra of the Rh/Ti02 sample reduced under H2, under dynamic conditions, at the indicated temperatures and outgassed at 423 
K (left) or 773 K (right). After these treatments, the sample was exposed to H2 (35 Torr) at room temperature before NMR spectra were recorded. 

studied. The technique used is 1H NMR spectroscopy, which 
allows differentiation of hydrogen adsorbed on the metal from 
that incorporated into the support.29 In addition, changes in the 
hydrogen-metal interaction detected by this technique have been 
used to follow modifications in electronic properties of the metal 
during reduction treatments.28 

Experimental Section 
The support used was TiO2 (Degussa P-25, mostly anatase, BET area 

= 50 m2/g). The catalyst was prepared by incipient wetness impregna
tion of TiO2 with rhodium trichloride aqueous solution to give 2.5% Rh 
by weight. The resulting precursor, after being dried in air at 385 K, was 
reduced under flowing H2 in two steps (473 K, 2 h; 773 K, 2 h) and 
subsequently stored in air. TEM (transmission electron microscopy) 
revealed metal particles with sizes in the range 2-10 nm. Metal dis
persion (H/Rh ratio) obtained by volumetric measurements (0.14) is 
close to that deduced from the NMR spectra (0.12),2' showing that 
within experimental error 1H NMR spectra can be used to evaluate 
hydrogen adsorption. 

Thermal treatments up to 773 K were carried out by placing the 
sample in Pyrex tubular cells provided with high-vacuum stopcocks. 
These cells allow the flow of gases through the catalyst as well as out-
gassing of the sample. Reduction treatments at different temperatures 
and times were performed in conditions called here either "static" (closed 
cell with H2 pressure of 150 Torr) or "dynamic" (H2 flowing through the 
catalyst at ca. atmospheric pressure). Oxidation of the sample at 473 
or 673 K was always carried out under dynamic conditions. 

The Rh/Ti02 catalyst was first subjected to the standard treatment 
of reduction in flowing H2 at 773 K (1 h) and oxidation in flowing O2 
at 673 K (1 h). The experiments carried out in this paper are of two 
different types: (i) static or dynamic reduction in H2 at different tem
peratures and times, followed by outgassing of the sample at 423 or 773 
K, in order to study establishment of the SMSI state, and (ii) oxidation 
in flowing O2 at 473 (1 h) or 673 K (1 h) after reduction treatments to 
eliminate partly or completely the SMSI effect.30 In all cases, the 
oxidized Rh/Ti02 sample was heated in flowing H2 at 373 K (1 h) and 
outgassed at 423 K to clean metal particles. 

NMR spectra were recorded at room temperature with a SXP 4/100 
Bruker spectrometer. The frequency used was 75 MHz and the number 
of accumulations was chosen to get a signal-to-noise ratio higher than 
20. Intensity determination of NMR lines was made by comparison of 
their integrated intensity with that of an external mica specimen. 

Results 
1H NMR spectra of an Rh/Ti0 2 sample reduced in flowing 

H2 at increasing temperatures and exposed to H2 (35 Torr) at 
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Figure 2. Variation of intensity (/B) and chemical shift (A) of line B vs 
reduction temperature. The Rh/Ti02 sample was reduced in an accu
mulative process at increasing temperatures in static (•) or dynamic 
conditions (•) and outgassed at 423 K after each treatment. Reductions 
were carried out for 1 h in dynamic and 2 h in static conditions at each 
temperature. Open squares and circles correspond to the sample out
gassed at 773 K after reduction in static and dynamic conditions, re
spectively. In all cases, represented values of /B and A were measured 
at /?(H2) = 35 Torr and room temperature. 

room temperature are shown in Figure 1. Two lines are observed: 
line A centered at the resonance frequency and assigned to proton 
species located on the support and line B shifted upfield due to 
adsorbed hydrogen on rhodium particles.29 Hydrogen adsorption 
on the sample deduced from an increment in intensity of NMR 
spectra agrees with that obtained by volumetric measurements.31 

Taking into account that intensity and chemical shift of line B 
depend on H2 pressure29 and reduction extent of the support,27,28 

the NMR spectra were always recorded on the sample exposed 
to the same H2 pressure (35 Torr). This pressure was chosen 
because of (i) the relative high amount of hydrogen adsorbed on 
metal particles and (ii) the high sensitivity of chemical shift to 
reduction treatments. In this figure, when the sample is reduced 
at increasing temperatures and outgassed at 423 K (left) before 
H2 adsorption at 295 K, a decrease in the intensity of lines A and 
B as well as in the chemical shift of line B is observed. When 
the sample reduced at the indicated temperatures is outgassed 
at 773 K (right), the intensity of line A decreases again while the 
intensity and the chemical shift of line B increase as compared 
with those corresponding to the sample outgassed at 423 K. In 
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Figure 3. Top: Variation of intensity (7A) of nonshifted line A against 
reduction temperature. The Rh/Ti02 sample was reduced in an accu
mulative process at increasing temperature in static (•) or dynamic (•) 
conditions and outgassed at 423 K after each reduction treatment. Re
ductions were carried out for 1 h in dynamic and 2 h in static conditions 
at each temperature. Open squares and circles correspond to the sample 
outgassed at 773 K after static or dynamic reductions, respectively. For 
comparison, the intensity variation of 1H NMR spectra of the TiO2 
sample used as support, subjected to dynamic reduction at increasing 
temperatures and outgassed at 423 K, is also represented (o). Intensity 
values were normalized with respect to those obtained for Rh/Ti02 and 
TiO2 samples reduced at 373 K and outgassed at 423 K. Bottom: Effect 
of reduction time on intensity (/A) of line A for different temperatures. 
The Rh/Ti02 sample was previously reduced in static or dynamic con
ditions at increasing temperatures up to 673 K and then reduced again 
at 673, 723, or 773 K for increasing times in static (•) or dynamic (•) 
conditions. After each reduction treatment the sample was outgassed at 
423 K. 

the case of the sample reduced at 773 K and outgassed at 423 
K, line B disappears from the NMR spectrum (SMSI state) and 
outgassing of the sample at 773 K does not recover it. 

Variation of intensity (7B) and chemical shift (A) of line B vs 
reduction temperature for static and dynamic conditions is shown 
in Figure 2. It is observed that /B decreases with reduction 
temperature in the range 373-773 K, showing the progressive 
establishment of the SMSI state. Moreover, the decrease of A 
in this range of temperature indicates a modification in the hy
drogen-rhodium interaction, which has been associated with re
duction of the support.2728 The variation of both parameters is 
more significant for dynamic than static reductions. When the 
sample is outgassed at 773 K (dashed curves), after static or 
dynamic reductions in the range 373-673 K, IB and A increase 
to their initial values, corresponding to the sample reduced at 373 
K. However, for reduction temperatures above 673 K, the same 
outgassing treatment only produces a partial recuperation in /B 

and A values. In the case of dynamic reduction at 773 K, the 
subsequent outgassing of the sample at 773 K does not affect 
appreciably the values of both parameters. Therefore, two stages 
related to different phenomena are detected in the adsorption 
suppression of rhodium particles: one in the range of reduction 
temperatures 373-673 K and the other between 673 and 773 K. 

Intensity variation of the nonshifted line (7A) vs reduction 
temperature is shown in Figure 3. For static and dynamic re
ductions /A decreases between 373 and 573 K (curves a and b), 

Figure 4. Effect of reduction time on intensity (7B) and chemical shift 
(A) of line B for different temperatures. The Rh/Ti02 sample was first 
reduced in an accumulative process up to 673 K and then reduced at 673, 
723, or 773 K for increasing times in static (D) or dynamic (O) condi
tions. After reduction treatments at 673, 723, or 773 K the sample was 
outgassed at 773 K and exposed to H2 (35 Torr) at room temperature. 
Initial values of /B and A (for t = 0) coincide with those obtained at 673 
K (dashed curves of Figure 2). 

which is due to the surface dehydroxylation of the support, as 
observed for the TiO2 sample alone (curve e). Between 573 and 
673 K, /A increases in dynamic reductions and a plateau is ob
served for static conditions. Above 673 K, a decrease of /A is again 
detected in both cases. After each reduction treatment, outgassing 
of the sample at 773 K produces a significant decrease of /A 

(curves c and d). The effect of reduction time on /A is also shown 
in this figure. The Rh/Ti0 2 sample was previously reduced in 
an accumulative process up to 673 K and then reduced at 673, 
723, or 773 K for different times in static or dynamic conditions, 
i.e. initial values of/A (for t = O) coincide with those corresponding 
to static and dynamic reductions at 673 K in the top portion of 
Figure 3. The kinetics at 673 K show that IA increases and its 
variation is similar for static and dynamic reductions. On the 
contrary, when the sample is reduced at 723 or 773 K, /A di
minishes with time, the decrease being faster when reduction is 
done at higher temperatures and under dynamic conditions. 
Therefore, no qualitative differences are found between both types 
of reduction, and the maximum of IA vs T observed for dynamic 
reduction (curve b) must be related to a more important incor
poration of hydrogen below 673 K and a faster elimination of it 
above this temperature. In static reductions, the incorporation 
and elimination of hydrogen species is slower, thus explaining the 
observed plateau (curve a). The opposite trends of /A vs time below 
and above 673 K coincide with the two stages identified in the 
analysis of /B and A (Figure 2). 

In order to study in the second stage the irreversible loss of 
hyrogen adsorption on the metal against the outgassing treatment, 
we have examined /B and A as a function of reduction time for 
different temperatures (Figure 4). The Rh/Ti0 2 sample was 
subjected to an accumulative reduction treatment up to 673 K 
and reduced again at 673, 723, and 773 K for increasing times. 
After these treatments, the sample was outgassed at 773 K to 
eliminate the reversible contribution and exposed to H2 (35 Torr) 
at room temperature. It is observed that /B and A do not change 
appreciably with time for reduction at 673 K, but these parameters 
decrease for increasing times when reduction is carried out at 723 
or 773 K. In the last two cases, at a given reduction time, /B and 
A are lower for higher temperatures, and at the same time and 
temperature, the value of both parameters is lower for dynamic 
than for static reductions. 
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Figure 5. (a) Plot of chemical shift (A) vs intensity (I6) of line B. Values 
of A and /B are taken from Figure 4. The numbers indicate the time 
(min) used in static (squares) or dynamic (circles) reductions at 723 K 
(D, O) and 773 K (B, O). Solid squares correspond to the sample 
oxidized at 473 K after a particular reduction treatment, and they are 
linked with those corresponding to the reduced sample by an arrow. In 
all cases, A and /B values were measured at p(H2) = 35 Torr. The metal 
surface covered by TiO* species (0) has been estimated by subtraction 
of the intensity of line B of the sample oxidized at 673 K (7B0 = 0.128 
H/Rh) from that of the sample oxidized at 437 K after each reduction 
treatment (solid squares). These values were normalized with respect to 
/B0. (b) Plot of 6 vs time used in static (squares) or dynamic (circles) 
reductions at 723 K (D, O) and 773 K (H, O). 

Discussion 

Two stages during establishment of the SMSI state have been 
identified from 1H NMR data (Figures 2 and 3). In the first stage 
(373-673 K), incorporation of hydrogen into the support produces 
a decrease of hydrogen adsorption on the metal, which is higher 
when reduction was carried out under dynamic conditions. Thus, 
at 673 K the adsorption loss is ca. 40 and 60% for static and 
dynamic reductions, respectively. Outgassing of the sample at 
773 K after reduction treatments recovers the metal adsorption 
capacity. From ESR and NMR results, the incorporated hydrogen 
has been assigned27 to hydride-like species placed in oxygen va
cancies at the metal-support interface. In the second stage (above 
673 K), the outgassing treatment only produces a partial recu
peration of /B and A parameters, and the irreversible loss of 
hydrogen adsorption must be related to other phenomena. In this 
stage, a decrease of /A for static and dynamic reductions is also 
observed. The decrease, more significant for longer times and 
higher temperatures, indicates that incorporated hydrogen into 
the support in the first stage is now eliminated. 

In order to correlate the irreversible adsorption loss with 
electronic perturbation of the metal, variation of A vs /B for the 
sample reduced above 673 K is shown in Figure 5a. The sample 
reduced in static or dynamic conditions at 723 and 773 K for 
different times was outgassed at 773 K and then exposed to H2 

(35 Torr) at room temperature. In this figure, A and /B decrease 
with reduction time in agreement with what is observed in Figure 
4. However, different dependences between A and /B are found, 
and the slope of observed variations is higher when reductions were 
carried out in dynamic reductions and at higher temperatures. 
Therefore, a given A value is associated with different /B values 
depending on reduction treatments. When the electronic per-
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Ĵ v 

1 ^H »7.5 \ 
\ 90 
1 
410 

in 

1 O 

1 I - T 1 T 1 1 1 1 

Q) 
K 
y\ V\S\ 

X % > N 
\375 S 
\ \ 2«l\735 \ 

AJ330 N 
\ S 

610X \ " 
\ 

M i \ 
0.2 0.4 0.6 0.8 1 

— i — I — r 

J773K 
; 

723K / 

I / 

T i l l 

1 • — T - T I 

9^73K 

723K 

i i i i 

— I — 

W-

-
-

-

I 
4 8 12 

time (h) 
16 

Figure 6. (a) Plot of intensity (/B) of line B vs metal surface covered by 
TiO1 species (V). /B and 8 values correspond to the sample reduced in 
static (squares) or dynamic (circles) conditions at 723 (D, O) and 773 
K (B, O) for the indicated times (min). (b) Plot of the electronic per
turbation of the metal (A - A0) vs time used in reduction treatments at 
723 and 773 K. Squares and circles correspond to static and dynamic 
reductions, respectively. The electronic perturbation was deduced from 
subtraction of the chemical shift of line B (p(H2) = 35 Torr) of the 
sample subjected to a reduction treatment (A) from that of the sample 
oxidized at 473 K (A0) after the reduction treatment. These values were 
normalized with respect to A0 (-103 ppm). 

turbation is eliminated by oxidation of the sample at 473 K, 
different /B values are also obtained (see the solid squares in the 
horizontal line of Figure 5a). The oxidation treatment recovers 
the starting chemical shift value (A0 = -103 ppm), but the 
maximum hydrogen adsorption is not attained because TiOx 

species remain on the metal blocking adsorption sites.30 Those 
species are only removed from the metal by oxidation of the sample 
at 673 K (point /B0 = 0.128 H/Rh and A0 = -103 ppm in this 
figure). Therefore, the difference between line B intensity of the 
sample oxidized at 673 K (/B0) and that of the sample oxidized 
at 473 K (Z8473) after each reduction treatment can be used30 to 
estimate the hydrogen adsorption loss due to the extent of metal 
surface covered by TiOx species (0). 

The influence of temperature, time, and type of reduction on 
adsorption suppression due to physical blocking of metal adsorption 
sites is shown in Figure 5b. The blocked surface (0) increases 
with (i) reduction time (rapidly for short times and slowly for times 
higher than 4 h) and (ii) reduction temperature. However, 0 is 
not appreciably affected by the type of reduction (static or dy
namic). The value 9 = 1 , corresponding to the total adsorption 
inhibition, seems difficult to attain although an amorphous TiOx 

overlayer on rhodium particles has been observed by TEM.21 This 
fact has been explained on the basis that TiOx overlayers are partly 
porous for hydrogen thus allowing its adsorption on the metal.21'30 

A representation of hydrogen adsorption (7B) vs metal surface 
covered by TiOx species (8) is shown in Figure 6a. It is observed 
that /B decreases for increasing 8. If /B were only affected by the 
extent of covered metal surface, intensity values should decrease 
in a linear manner following the dashed line represented in this 
figure. As the decrease of /B is more significant than that expected 
for only physical blocking, it is necessary to admit other causes 
in order to explain the low /B values. Similar results were obtained 
in the case of CO adsorption on Rh foil covered by TiOx species 
where the presence of an electronic effect has been proposed.24 

In our Rh/Ti02 sample, an electronic perturbation of the metal 
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Figure 7. Plots of electronic perturbation of the metal (A - A0) as a function of adsorption suppression due to (a) physical blocking by TiOx species 
(0) and (b and c) electronic effect (Z8473 - /B). In (b) and (c) adsorption suppression was normalized to hydrogen adsorption on the sample oxidized 
at 673 K (Zg0) and 473 K (/3473), respectively. /30 is the maximum adsorbed hydrogen on the metal while /3473 represents hydrogen adsorption on the 
metal surface not covered by TiO, species. Squares and circles correspond to reductions in static and dynamic conditions respectively at 723 and 773 
K for the indicated times (min). In all cases, chemical shift and intensity of line B were measured at p(H2) = 35 Torr. 

is involved according to variation of the A parameter, and its 
contribution to adsorption suppression should be more significant 
when the sample is reduced under dynamic conditions and at 
higher temperatures. 

Taking into account that changes in chemical shift of line B 
during reduction treatments are mostly associated with a modi
fication in electronic properties of the metal,27,28 the difference 
between the chemical shift of line B of the sample subjected to 
a certain reduction treatment (A) and that of the sample oxidized 
at 473 K after each reduction treatment (A0 = -103 ppm) has 
been used to estimate the electronic perturbation of the metal. 
It is observed that (A - A0) increases with reduction time (Figure 
6b) and the variation is more important (i) for higher reduction 
temperatures and (ii) when reductions were carried out under 
dynamic conditions. Low (A - A0) values correspond to /B values 
close to the dashed line (Figure 6a), while /B values far from the 
dashed line are associated with high (A - A0) values. Therefore, 
modification in electronic properties of the metal seems to be 
related to adsorption suppression besides that due to physical 
blocking. 

In order to ascertain whether electronic perturbation of the 
metal is associated with TiOx species covering metal particles, (A 
- A0) as a function of 6 is represented in Figure 7a. In all cases, 
electronic perturbation of the metal increases with the rising extent 
of covered metal surface for each reduction treatment. However, 
the increase of (A - A0) is more significant at higher temperatures 
and for dynamic reductions. As an example, dynamic reduction 
at 773 K for 12 min and static reduction at the same temperature 
for 15 min produce the same covered metal surface (ca. 8%), but 
electronic perturbation of the metal is much higher when reduction 
is carried out under dynamic conditions. It is clear that although 
electronic perturbation increases with the extent of covered metal 
surface for each reduction treatment, it depends mainly on another 
factor, which is affected by temperature and reduction type (static 
or dynamic). 

On the other hand, the electronic perturbation of the metal has 
been analyzed as a function of adsorption suppression once the 
contribution of physical blocking has been excluded (Figure 7b). 
The adsorption suppression has been obtained from subtraction 
of line B intensity, measured on the sample oxidized at 473 K after 
each reduction treatment (/B473), from that obtained on the reduced 
sample (/B). These values have been normalized with respect to 
the maximum adsorption capacity (7B0 = 0.128 H/Rh). In this 
figure, it is observed that (A - A0) increases with the (Z8473 -
/ B ) / / B 0 ratio, but there is some dispersion in the data. However, 
if the adsorption suppression is referred to the metal surface not 
covered by TiOx species, i.e. to line B intensity of the sample 
oxidized at 473 K after each reduction treatment (Z8473), a good 
linear dependence between both parameters is obtained (Figure 
7c). From these results, it is deduced that electronic perturbation 
of the metal accounts for a part of the detected adsorption sup
pression. The fact that electronic perturbation and physical 
blocking are operating in the loss of hydrogen adsorption on the 
metal explains why A and /B parameters are not correlated by 

Table I. Relative Contribution of Physical Blocking and Electronic 
Effect to Adsorption Suppression in the Rh/Ti02 Sample Subjected 
to Static and Dynamic Reductions at 723 and 773 K for Different 
Times and Outgassed at 773 K after Reduction Treatments0 

reduction treatments 

type 

static 

static 

dynamic 

dynamic 

temp, 
K 

723 

773 

723 

773 

time, 
min 

60 
135 
375 
735 

15 
30 
90 

240 
330 
510 

30 
60 
90 

5 
7.5 

10 
12 
30 

relative loss of hydrogen 
adsorption (%) 

physical 
blocking 

13 
25 
42 
48 

8 
15 
27 
45 
53 
58 

8 
14 
20 

3 
5 
6 
8 

13 

electronic 
effect 

7 
8 
9 

19 

4 
6 

15 
19 
18 
26 

8 
11 
17 

8 
27 
42 
55 
87 

"The values were deduced from line B intensity of the 1H NMR 
spectra of the sample exposed to H2(35 Torr) at room temperature. 

a unique relationship in Figure 5a. 
On the basis that metal adsorption loss is due to the sum of 

both effects, their relative contribution has been evaluated (Table 
I). In general, adsorption suppression associated with physical 
blocking and electronic effect increases with time and temperature, 
but the contribution of metal electronic perturbation is favored 
in dynamic reductions. Thus, for the sample reduced at 773 K 
this effect is much higher than that of physical blocking. On the 
contrary, when the sample is reduced in static conditions, ad
sorption suppression due to physical blocking increases faster than 
that associated with electronic perturbation of the metal, and the 
first contribution is higher than the second one. As deduced from 
analysis of Figure 3, static and dynamic reductions of the Rh/Ti02 

sample above 673 K produce a dehydroxylation and elimination 
of incorporated hydrogen. These processes lead to oxygen va
cancies near metal particles and rhodium-titanium bonding could 
be formed.7"9,1' In this way, the higher contribution of electronic 
effect detected for dynamic reductions suggests a higher number 
of rhodium-titanium bonds. These bonds would be mainly es
tablished between TiOx species and metal particles; however, we 
cannot exclude their formation at the metal-support interface. 

Conclusions 
Hydrogen adsorption on metal particles decreases progressively 

when Rh/Ti02 catalyst is reduced in H2 at increasing temperatures 
in the range 373-773 K. Although this is a continuous process 
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two consecutive stages have been identified. In the first stage 
(373-673 K), the decrease of hydrogen adsorption is accompanied 
by an incorporation of hydrogen into the support.27 After the 
hydrogen is removed by outgassing of the sample at 773 K, metal 
particles recover their initial electronic properties and adsorption 
capacity.28 In the second stage (above 673 K), the incorporated 
hydrogen is eliminated and two new factors responsible for ad
sorption suppression are operating: (i) physical blocking by TiOx 
species of metal adsorption sites and (ii) electronic perturbation 
of the metal, due to formation of rhodium-titanium bonds between 
metal particles and TiOx species and/or reduced support.7"9,1' The 
effect of both phenomena increases with temperature and time 
of reduction, but their relative contribution depends on reduction 
conditions. Adsorption suppression due to electronic perturbation 
of the metal is enhanced in dynamic reductions while physical 

I. Introduction 
The interaction of hydrocarbons with silicon surfaces forms the 

basis for various technological processes for the production of 
silicon carbide films.1"5 The processes of chemical vapor de
position1"3 and plasma deposition4,5 of silicon carbide films involve 
elementary chemical reactions which have not been elucidated 
in detail, even for simple hydrocarbon reactants. 

While chemical vapor deposition (CVD) involves the interaction 
of gas-phase reactants with surfaces which are heated, it is im
portant to study adsorption at low surface temperatures in order 
to separate reactions of low activation energy (such as surface 
migration and adsorption) from reactions of higher activation 
energy (such as C-H and C-C bond scission in the chemisorbed 
species). AU of these reactions are involved in CVD processes 
at high temperatures. 

At low temperatures, silicon interacts differently with the C-C 
ff-bonds of saturated hydrocarbons and the C-C ir-bonds of un
saturated hydrocarbons.6 Saturated hydrocarbons do not chem-
isorb on Si(IOO) at low temperatures. Unsaturated molecules such 
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blocking is not appreciably affected by the type of reduction. In 
static conditions the small electronic contribution makes physical 
blocking the preferentially detected effect. The electronic per
turbation is eliminated by oxidation of the sample at 473 K, but 
removal of TiOx species from the metal requires that oxidation 
be carried out at 673 K.30 In this case electronic properties and 
adsorption capacity of the metal are completely recovered. 
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as ethylene and propylene chemisorb with high probability and 
with strong bonding on Si(IOO).7,8 In this paper we extend the 
study of unsaturated hydrocarbon chemistry on Si(IOO) to 
acetylene. 

Acetylene, like propylene and ethylene, adsorbs with high 
probability on Si(IOO) at 105 K; upon heating, approximately 95% 
of the chemisorbed acetylene thermally dissociates on the surface. 
This is accompanied by the desorption of hydrogen and the re
tention of carbon adatoms which diffuse into the bulk silicon above 
approximately 800 K. The diffusion of carbon adatoms into the 
silicon lattice forms a layer which will be referred to as "Si-C", 
which may be viewed as a precursor to the CVD growth of silicon 
carbide. The remaining 5% of acetylene desorbs without de
composition with an activation energy indicative of strong chemical 
bonding of chemisorbed acetylene. 
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Adsorption and Decomposition of Acetylene on Si(100)-(2X1) 
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Abstract: The adsorption and decomposition of acetylene on Si(100)-(2xl) have been studied in ultrahigh vacuum by Auger 
electron spectroscopy, temperature-programmed desorption, and changes in the partial pressure of acetylene as measured by 
a quadrupole mass spectrometer during the formation of a monolayer. Acetylene was found to chemisorb onto Si(100)-(2X1) 
via a mobile precursor. The difference between the activation energy for desorption from the precursor and that for reaction 
from the precursor into the chemisorbed state was found to be (£d - E,) = 1.9 ± 0.6 kcal mol"1. At a low surface temperature, 
reaction from the precursor state dominates, giving a chemisorption probability of unity at submonolayer coverages. The saturated 
acetylene coverage is measured to be one C2H2 per Si2 dimer. Thermochemical arguments are presented, which indicate that 
acetylene bonds as a di-o- species to dimer sites in which the Si-Si dimer bond has been cleaved. Chemisorbed acetylene was 
found to undergo two thermal reactions. A minor pathway (<5%) involves acetylene desorption, and a major pathway (>95%) 
involves the dissociation of acetylene to produce chemisorbed carbon and H2 (g). At temperatures above 800 K, the surface 
carbon begins to diffuse into the bulk of the silicon crystal. 
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