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The influence of potassium adatoms on the adsorption and desorption kinetics of hydrogen on the Pt(l 11) single-crystal surface
has been studied by temperature-programmed desorption (TPD). We report measurements of the dissociative sticking coefficient
for H2 on Pt(l 11) over the entire range of coverages of H,a) and K<a) between zero and monolayer coverage. Small amounts
of potassium strongly reduce the dissociative sticking coefficient for H2 on Pt(l 11) and eliminate the influence of a precursor
in the adsorption kinetics. For example, when the K coverage, , is 0.043 (defined relative to the Pt(lll) surface atom
density) the initial sticking coefficient of H2 on Pt(lll) at 150 K is reduced by a factor of 20. However, hydrogen adatoms
on the K-modified surface are thermally stabilized compared to Pt(lll). The peaks observed during H2 TPD occur at
temperatures up to 150 K higher on the K-modified surface than for equivalent hydrogen coverages on K-free Pt(lll).
Comparisons with the Bi-modified surface demonstrate that the influence of K(a) exceeds local site blocking effects. We
explain these observations in terms of a model in which K(a) modifies the electronic structure of the surface Pt atoms in nearby
sites. This has two effects: (i) destabilization of the bonding of H2(a) to the surface and (ii) stabilization of the bonding
of H(a) to the surface. The weaker interaction between H2(a) and the Pt(lll) surface caused by K(a) decreases the role of
a H2(a) precursor in the adsorption kinetics, lowers the initial dissociative sticking coefficient for H2, and causes an increase
in the activation energy for dissociative adsorption of H2. While a slightly increased Pt-H bond strength due to K(a) could
lead in principle to an enhancement of dissociative H2 adsorption, we find that the former effects on H2(a) dominate to strongly
reduce the dissociative sticking coefficient for H2 on Pt(lll) modified by K adatoms.

molecular beam techniques. Their conclusion, supported by
theoretical calculations, was that K(a) increases the activation
energy for dissociative D2 adsorption by increasing the repulsion
between the 1 bonding level in D2 and the s-electrons in Pt due
to a decrease in the local work function of the surface that accompanies K adsorption.
In this paper we extend previous work on the influence of K(a)
on H2 adsorption and desorption onPt(lll) using TPD for a wide
and . Dissociative sticking probabilities for H2
range of
versus
have been measured at several values of , and the
stabilization of H(a) was also studied. Adsorbed K causes a large
decrease in the initial dissociative sticking coefficient for H2 on
Pt(lll) even at very low · This result can be explained by
considering the strong electronic perturbation of the Pt(lll)
surface by K(a) at sites beyond those occupied by K(a). Finally,
our observations of the effect of K(a) on the H2(a) precursor are
consistent with a model in which electronic structure modification
of the surface both decreases the H2 sticking coefficient and
increases the thermal stability of H(a).

Introduction

1.

The interaction between various adsorbates and alkali metals
adsorbed on transitions metals is a subject of much interest. Small

amounts of alkali metals added to transition-metal catalysts as
promoters can cause striking changes in catalytic activity and
selectivity compared to the alkali-free catalyst behavior.' The
origin of these changes is very difficult to explain, however. In
an attempt to isolate the various possible interactions between the
alkali metal, transition metal, and adsorbates, studies of simple
systems under controlled ultra-high-vacuum conditions have received considerable attention.2 In these studies, the interaction
of H2 with alkali-promoted transition-metal surfaces is of important technological interest since H2 is a common reactant and
product in many catalytic reactions, especially hydrocarbon
conversion reactions. An understanding of the mechanism of
promotion and improvements in catalyst design hinge on greater
knowledge of the influence of the alkali modifier on the surface
chemistry of hydrogen, and also of the relevant hydrocarbon
molecules, on transition-metal catalysts.
Fundamental studies have shown that alkali-metal adatoms have
a common effect to reduce the dissociative sticking coefficient of
H2 on the substrate metal, while at the same time thermally
stabilizing the hydrogen that does adsorb. This has been observed
for H2 on K/Pt(l ll),3·4 K/Fe(100),5 Cs/Mo(110),6 K/Ni(100),7
K/Ru(0001),8 Cs/W(100),9 K/W(100),'° and K/Pd(100),“
where K/metal denotes the potassium-promoted metal surface.
In a previous study on K/Pt(l 11), Zhou and White3 observed that
the coverage of deuterium (6D) decreased with increasing K
coverage ( ) and that deuterium desorbed at higher temperatures
than did equal deuterium coverages on K-free Pt(lll). They
suggested that the reduction in the saturation deuterium coverage
was due to each K adatom effectively blocking about 11 adsorption
sites and that thermal stabilization of adsorbed deuterium was
due to an electronic modification of the Pt( 111) surface by K.
While the study by Zhou and White3 illustrated the general effects
of K on the adsorption and desorption kinetics of D2 on Pt(l 11),
a detailed examination of the dissociative sticking coefficient for
and 0D was not explored. Very recently,
D2 as a function of
Brown et al.4 studied D2 adsorption on Pt(l 11) with K(a) using
*

f

2. Experimental Section

The experiments were performed in an ultra-high-vacuum
chamber that has been described previously.12 The base pressure
in the chamber was typically less than 4 X 10~'° Torr. Thermal
desorption measurements were made on a UTI100C quadrupole
mass spectrometer that was line-of-sight with the Pt( 111) crystal
surface. The heating rate during TPD was 7.9 K/s. The crystal
could be cooled to 95 K by using liquid nitrogen or resistively
heated to 1200 K. The temperature was monitored with a
Chromel-Alumel thermocouple spot-welded to the side of the
crystal.
The Pt(lll) crystal was prepared by conventional metallographic techniques as previously reported.13 Argon ion sputtering
and annealing followed by heating to 1000 K in 2 X 10"8 Torr
of 02 was carried out until the surface was free of impurities as
determined by Auger electron spectroscopy (AES). Potassium
was evaporated from a commercial SAES getter source, mounted
on a Cu feedthrough, that was resistively heated to approximately
1000 K. The K source was outgassed prior to use until no carbon
or oxygen was detectable by AES during K deposition. The Cu
feedthrough rods of the doser were cooled externally with liquid
nitrogen to minimize heat conduction from the getter source, which
minimizes outgassing inside the chamber. Annealing a K mul-

Author to whom correspondence should be addressed.
Current address: National Renewable Energy Laboratory, Golden, CO

80401.

0022-3654/92/2096-7056503.00/0

&copy;

1992 American Chemical Society

The Journal

Influence of Potassium on Hydrogen Adsorption

Figure 1. H2 TPD spectra as a function of H2 exposure on clean
at T< 150 K.

Pt(lll)

tilayer to 410 K for 5 s produces one monolayer of K adsorbed
= 0.33
(defined relative to the Pt(l 11) surface
Pt(l 11) with
atom density).12 Submonolayer K coverages were determined by
comparing the 39 amu TPD areas after annealing a K multilayer
(deposited at 100 K) to the specified temperature with the TPD
area obtained after a 410 K anneal. Potassium coverages cor= 0.009 ±
0.003,0.022 ± 0.003, 0.043 ± 0.004,
responding to
0.068 ± 0.01, 0.20 ± 0.01, and 0.33 ± 0.01 were obtained by
annealing multilayers of K deposited at 100 K to 1130,1060,960,
865, 670, and 410 K, respectively, for 5 s.
Hydrogen (99.99%) was passed through a cold trap immersed
in liquid nitrogen and used without further purification. Hydrogen
exposures are reported in langmuirs (1 langmuir = 1 X 10"6 Torn
s), uncorrected for ion gauge sensitivity and possibly a small doser
enhancement factor. From our data, we can estimate an upper
limit for the initial sticking coefficient, So, for H2 on clean Pt(lll)
> 0.05 to exclude possible defect sites) to be S0 = 0.059,
(for
assuming an ion gauge sensitivity factor of 0.46 and no doser
enhancement of the H2 flux to the sample. This is in reasonable
agreement with the value of S0 = 0.045 for H2 adsorption on clean
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Figure 2. H2 TPD spectra after 50-langmuir H2 exposures on K-precovered Pt(lll). Also shown is the H2 desorption after a 100-langmuir
H2 exposure on clean Pt(lll). All H2 exposures were made with the
crystal maintained at T < 150 K.

on

Pt(l 11) at 90 K reported by Poelsema et al.14 Given the inherent

uncertainty in obtaining accurate absolute exposures by the method
these particular experiments, we have chosen to
report changes in the H2 sticking coefficient relative to our
measured value of S0 on clean Pt(lll). These changes can be
precisely measured.
In this paper, surface coverages, , of H(a) and K(a) are defined
=
or
1
relative to the Pt(lll) surface atom density (i.e.,
denotes a coverage of 1 monolayer = 1.505 X 1015 atoms/cm2).

of gas dosing in

3. Results

3.1. H2 Adsorbed on Pt(lll). Thermal desorption of H2 as
of surface coverage of H(a) obtained by H2 exposure
Pt(lll) with the crystal temperature between 130 and 150 K
are shown in Figure 1. Molecular H2 dissocialively chemisorbs
on Pt(lll) and the desorption peak shifts to lower temperature
with increasing
as expected for second-order kinetics. An
exposure of 500 langmuirs of H2 was used to saturate the Pt( 111)
surface with adsorbed hydrogen. Our spectra are in good
agreement with some other H2 TPD spectra reported in the literature, except that the ß state near 200 K in our data is not as
pronounced as in other work.15·16 Desorption of H2 from the ß
state, however, may be partly due to surface defects since the
intensity of the ß state increases significantly when the Pt(lll)
a function
on

surface is sputtered. Increased intensity of the ß state reported
in the literature is probably due to increased defect concentrations
on

different

Pt(lll)

surfaces.17

There is considerable disagreement about the correct value for
the initial (zero coverage limit) desorption activation energy for
H2 from Pt(lll). Values have been reported that vary between
9.4 kcal/mol15 from a stepped Pt(lll) surface up to about 19
kcal/mol for H2 desorption from the terraces of Pt(S)-[9(l 11)X(100)].18,19 We calculate that the activation energy for H2
= 0.05
desorption from Pt(lll) varies between 20 kcal/mol at
=
to 17 kcal/mol at
0.8 using Redhead analysis20 for second-order desorption kinetics and 3.2 X 10~3 molecule"1 cm"2 s'1
for the preexponential factor as previously determined by Gdowski
et al.19 using molecular beam techniques. No attempt was made
to quantitatively separate the H2 TPD peak into ß and ß2 desorption states and therefore the value of 17 kcal/mol represents
an average desorption activation energy for H2 at saturation
coverage.
The saturation coverage of H(a) on Pt(lll) at 150 K has been
= 0.8.15
estimated to be
Recently, the saturation coverage
of D(a, on Pt(lll) has been measured to be QDm = 0.721 and 0D“‘
=
0.922 by nuclear microanalysis. Our results and subsequent
calculations in this paper are reported with “* = 0.8 on Pt(lll)
at 150 K, since this represents a reasonable average value for this
number at this time.
3.2. H2 Adsorption on K-Modified Pt(lll). Figure 2 shows
H2 TPD spectra following exposures of 50 langmuirs of H2 as a
function of potassium precoverage on Pt(lll) at 150 K. In each
=
0.33 experiment, H2 decase, with the exception of the
sorption was complete at a temperature below the temperature
for the onset of K desorption (the annealing temperature for a
given K coverage). In order to gain some insight into the influence
of K(a) on large coverages of H(a), an exposure of 50 langmuirs
of H2 was chosen because it produces a near saturation coverage
of hydrogen ( » 0.7) on clean Pt(lll) and does not produce
large background effects that can occur for larger exposures. For
comparison, the bottom trace shows H2 desorption after a 100=
0.73. Inlangmuir H2 exposure on clean Pt(lll) with
causes an increase in temperature of the H2 desorption
creasing
peak and reduces the amount of hydrogen adsorbed for a given
H2 exposure. These observations are in qualitative agreement with
earlier observations by Zhou and White,3 except that we never
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Figure 5. Initial region of hydrogen uptake at small H2 exposures used
to evaluate 50(6K) on K-precovered Pt(lll).

Figure 3. Hj TPD spectra after 0.5-langmuir H2 exposures on K-precovered Pt(lll). All H2 exposures were made with the crystal maintained at T < 150 K.

Figure 6. Plot of the relative initial dissociative sticking coefficient,
on K-precovered Pt(lll) at 150 K as a

‘S,o(6x)/So(Pt(lll)), for H2
function of .

shifted to higher temperatures and H2 uptake was reduced with
increasing 9K. The initial H2 dissociative sticking coefficient was
reduced by a factor of 20 and the H2 desorption peak occurred
= 0.043. No
at 450 K (£d = 22 kcal/mol) when
significant
additional hydrogen uptake ( < 0.008) nor changes in the H2
TPD spectra were observed at higher 9K using only 0.5 langmuir

Figure 4. Hydrogen uptake on K-precovered

Pt(lll)

for several

.

observed a H2 desorption peak above 470 K.
The H2 desorption peak shifts to 317 K and 0Hsat decreases to
=
0.009. The desorption activation energy calcu0.60 when
=
18 kcal/mol. Desorption of H2 aplated for this state is
from
the
occurs
recombination
of adsorbed H atoms on
parently
Pt(lll) since H2 does not adsorb on K.23 The H2 TPD peak shifts
=
0.022 and a separate desorption feature now
to 338 K when
a
shoulder
on the low-temperature side of the main
appears as
and
peak. This feature is constant in intensity with increasing
is due to H2 desorption from the edges and back of the crystal
(which receive no K).24 The H2 desorption peak shifts to 401 K
is increased to 0.068. A small H2
(£d = 22 kcal/mol) when
= 0.33
(monolayer coverage
peak was observed at 450 K when
=
0.04. This
of K(a)) and the coverage of H(a) was only
desorption peak temperature corresponds to £d = 24 kcal/mol.
Figure 3 shows H2 TPD spectra after dosing with 0.5 langmuir
of H2 as a function of
on Pt(lll). Low H2 exposures can be
used to explore the effects of K(a) on the initial dissociative sticking
coefficient of H2 and also to see more clearly the stabilizing effect
of K(a) on H(a) (the contribution of H2 desorption from the K-free
edges and back of the Pt(lll) crystal is smaller). On clean
Pt(l 11), a single ß2 desorption peak at 340 K was observed. This
corresponds to £d = 19 kcal/mol. The desorption peak maxima

of H2 exposures.
The uptake of adsorbed hydrogen versus H2 exposure onPt(lll)
at 150 K is shown in Figure 4 for several coverages of K(a).
Increasing 9K has three effects: the saturation coverage of hydrogen, 9Hsat, is decreased; the initial H2 dissociative sticking
coefficient, S0, is decreased; and the overall shapes of the uptake
curves are changed. This latter effect is due to changes in the
hydrogen coverage dependence of the H2 dissociative sticking
coefficient on the K-modified surfaces.
Figure 5 is a plot of the hydrogen uptake curves of Figure 4
in the region of low H2 exposure. The slopes of the curves in
Figure 5 were used to calculate the value of S0 for H2 at a given
were determined by comparing the H2 peak
9K. Values of
areas obtained during TPD with the peak area obtained after a

=
saturation H2 exposure on Pt(lll) where
0.8. The H2
is
for
ion
uncorrected
gauge sensitivity and doser enexposure
hancement. A sharp break in the rate of H2 uptake occurs at very
small exposures of H2 on clean Pt(lll), producing
0.05.
=
0.05 probably occurs on defect
Hydrogen adsorption below
sites, since we estimate S0 = 0.35 at these low exposures. A value
of S0 « 1 has been obtained for H2 adsorption on Ir(lll) defects.25
Adsorbed potassium immediately suppresses H2 adsorption on the
defect sites. Adsorption of H2 on defect sites, i.e., very small 9H
values at the start of each uptake curve, is excluded in the following discussion of S0.
Figure 6 shows the variation in the initial H2 dissociative sticking
coefficient with 9K, S0(9K), after normalization to S0(Pt(l 11)).
~
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that a constant H2 dissociative sticking
Figure 9. Plot of the range of
coefficient is maintained as a function of
precoverage on Pt(lll).
Figure 7. Plot of the saturation coverage of H(a),
K and Bi modifier coverage on Pt(lll) at 150 K.

“,

as a

function of

Figure 8. Plot of the relative dissociative sticking coefficient as a function
of , 5(6K)/50(Pt(l 11)), for H2 on Pt(lll) at 150 K at several K
precoverages.

Adsorbed potassium causes a rapid decrease of 50( ) with in=
0.20 and 0.33, values of S0creasing K(a) coverage. For
were
below
0.03.
Modeling of the influence
( )/5,0( (111))
of adsorbed potassium on H2 sticking will be taken up in the next
section.
Figure 7 shows the variation in the saturation values of the
1, as a function of and 13 where
hydrogen coverage,
=
1 0 corresponds to one K or Bi adatom per surface Pt
&copy;modifier
atom. The monolayer coverage of Bi on Pt(lll) is 0Bi = 0.56,13
=
0.33.2,12 Bismuth causes a
and for K on Pt(lll), it is
minimal perturbation of the electronic structure of the Pt(lll)
surface and acts primarily as a site-blocking adatom during
dissociative H2 adsorption, CO adsorption, and C2H4 adsorption
and decomposition on Pt(lll).13,26 The saturation coverage of
than it does
H(a) decreases much more rapidly with increasing
with increasing . These results indicates that the saturation
coverage of H(a) coadsorbed with K(a) is not simply controlled by
the amount of clean Pt(lll) remaining at a given · An additional influence of K in reducing hydrogen coverage due to
modification of the electronic structure of the Pt(lll) surface is
required at sites adjacent to K(a).
Values for the dissociative H2 sticking coefficient as a function
of
for various , 5( ), are shown in Figure 8. These values
=
are normalized to S0(Pt(lll)). Above
0.043, 5( )/
not shown since
below
0.05
and
these
curves
are
was
S0(Pt(l 11))
= 0.043 curve.
The sticking
they essentially lie on top of the
coefficient on the K-free, i.e., clean Pt(l 11), surface is constant
< 0.12-0.17. This suggests that
within experimental error for
dissociative H2 chemisorption occurs initially via a mobile precursor
on Pt(111).27-29 In addition to decreasing S0, coadsorbed K
decreases the range of
over which S remains constant at 50;

Figure 10. H2 TPD spectra for K dosing after H2 exposure on Pt(lll)
= 0.2.
to produce
H2 TPD from clean Pt(lll) is shown in the bottom
curve

for reference.

i.e., the presence of K(a) on the Pt(lll) surface causes a sharp
decrease in the H(a) coverage range for the importance of the H2
precursor state in dissociative H2 chemisorption. This range of
in
where S(6K)/S0(Pt(lll)) is constant is plotted versus
Figure 9. While this range is difficult to quantify by using our
data, the strong effect of K(a) to limit the kinetic importance of
the precursor state occurs at very low , consistent with the range
of the effect of K(a) on the value of 50( )/50( (111)) shown
in Figure 6. We cannot evaluate accurately the
range in Figure
> 0.043 since the
9 for values of
sticking coefficient is reduced
to an extremely small value.
In addition to the indirect influence of K(a) on H2 adsorption
and desorption kinetics by virtue of the modification of Pt, we
have explored the possibility that a direct interaction between H(a)
and K(a) occurs on the Pt(lll) surface. A direct interaction
(suggested to be hydride formation) has been observed on Al(100),30 W(IOO),10 and polycrystalline W.23 To investigate this
possibility on Pt(lll), we have obtained H2 TPD spectra for
conditions where K was dosed onto the Pt(lll) surface after H2
adsorption. Some of these K postdosing results are shown in
is difficult
Figures 10 and 11. Obtaining appreciable values of
> 0.04, because the H2
without large H2 exposures when
dissociative sticking coefficient is very low at these . Dosing
with K after H2 exposure, however, allows small H2 exposures
to be used (minimizing interference from H2 desorption from the
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given alkali adatom coverage, S0(®Aik)> has been modeled for
pure site blocking by the alkali adatoms using the expression
a

s0(eA,k)

TEMPERATURE (K)
TPD
Figure 11. H2
spectra for K dosing after H2 exposure on Pt(lll)
« 0.4. H2 TPD from clean Pt(lll) is shown in the bottom
to produce
curve for reference.

of the crystal) and provides the best conditions to observe
any direct interaction between H(a) and K(a).
Figure 10 shows results from studies that used a constant
exposure of about one-fourth of the saturation coverage of H(a)
( = 0.2) with the relative coverages given as / · The
is shown for
desorption of H2 from clean Pt( 111) at the same
comparison (bottom curve) and occurs with £d = 19 kcal/mol.
Single, narrow H2 TPD peaks were observed in both cases with
coadsorbed hydrogen and potassium. The H2 peak was observed
at 394 K (£d = 22 kcal/mol assuming second order desorption
= 5.6. A much narrower
kinetics) when /
peak was observed
= 0.6. This is the same
at 455 K when /
temperature that
saturation
on K-preoccurs
after
a
H2
exposure
H2 desorption
=
covered Pt(lll) when
0.33, as shown in Figure 2. Assuming
second-order kinetics for the 455 K state yields £d = 25-26
kcal/mol. These spectra can be compared with the H2 TPD
spectra shown in Figure 11 obtained after an H(a) precoverage
of approximately one-half of saturation coverage ( = 0.4). A
single, fairly broad, H2 peak was observed at 341 K when /
= 9.2. The
H2 desorption peak temperature increases to 455 K
with decreasing / . The high-temperature H2 desorption
observed during the K postdosing experiments may be due to a
direct interaction between H(a) and K(a), possibly with the formation of a surface hydride. If so, we can place an upper limit
on the stability of this phase. As a rough and qualitative guide,
treatment of the H2 desorption peak at 455 K assuming first-order
kinetics for the decomposition rate-limited liberation of H2 from
KH yields £a = 27-28 kcal/mol for the decomposition of KH on
edges

Pt(lll).

4. Discussion

4.1. H2 Adsorption Kinetics on K-Modified Pt(lll). The rate
Pt(lll) surfaces at 150 K is
strongly inhibited compared to that on unmodified Pt(lll). One
quantifiable value that reflects this rate is that of the H2 initial
0.043
dissociative sticking coefficient. Our results show that
causes a reduction of S0 to 5% of that on the K-free surface. This
value represents an upper limit for S0(®k = 0.043) due to our
inability to accurately measure smaller values of the sticking

of H2 adsorption of K-modified

-

coefficient.

In previous studies of D2 adsorption on K-precovered Ni(100)7
and H2 adsorption on Cs-precovered Mo(110),6 the observed
decrease in the initial dissociative sticking coefficient for H2 for

=

s0clean(i

-

»eAlk)

(i)

where S0clcan is the initial dissociative sticking coefficient for H2
on the clean surface studied,
( is the absolute alkali adatom
coverage (i.e., alkali/substrate metal atomic ratio), and n is a
fitting parameter used to determine the number of H2 adsorption
sites blocked.6 Modeling S0 by using eq 1 assumes that the
ensemble (number of contiguous sites) for adsorption of H2 is one
site. The linear decrease in S0 versus 0Alk for low 0Alk suggested
the use of this model in past work6'7 and also in our data analysis.
The best fits for the K/Ni(100) and Cs/Mo(110) data were
obtained for n between 5 and 6, suggesting that a single alkali
adatom blocks five or six hydrogen adsorption sites. Zhou and
White3 noted that D2 adsorption on K-precovered Pt(lll) was
=
0.09 and suggested that each K
completely inhibited by
adatom therefore effectively blocks about 11 adsorption sites using
a similar argument. Examination of our data on
“" versus
in Figure 7 also suggest that H2 uptake is completely inhibited
= 0.09. From the above
when
analysis, K^ appears to be twice
as effective at blocking hydrogen adsorption sites on Pt(lll) as
compared to Ni(100). This large difference suggests that K(a)
does not act as a simple physical site-blocking agent in H2 adsorption on metal surfaces.
The £ ( )/5 ( (111)) data in Figure 6 indicate a larger effect
of adsorbed K on the H2 adsorption rate than on the saturation
coverage. Changes in the initial H2 sticking coefficient are usually
a more sensitive measure of the influence of modifiers on dissociative H2 adsorption, since site blocking by H(a) is minimized at
low , but the influence of precursor adsorption kinetics often
complicates the analysis. If each alkali adatom blocks one H2
adsorption site, then “n” in eq 1 will be found to be unity, for
randomly distributed alkali adatoms. Adsorbed K is disordered
< 0.043,32 so this latter condition should be
on Pt(lll) for
met. The decrease in S'ofQxVS'ofPtUll)) shown in Figure 6
=
< 0.043 is modeled well when
between 0 <
35. This range
of influence for each K(a) corresponds to 232 Á2 of the Pt(lll)
surface (the clean surface unit cell area is 6.64 Á2) at 150 K. The
decrease in the
range with constant S(H2) shown in Figure
9 is consistent with this range of influence at low . A recent
molecular beam study4 has also determined that K(a) has an
effective cross section for poisoning D2 adsorption between 73 and
> 0.043.32
430 Á2. Ordering of the K adlayer is observed for
When ordered overlayers are present or lateral interactions occur,
the analysis is more complicated but can be carried out as was
done, for example, in the determination of the site requirements
for dissociative 02 adsorption on the (2X2) O overlayer on Ni(100).31

The large number of sites effectively blocked by K(a) deduced
by analysis of the decrease in 50( ) must include a “long-range”
electronic interaction between K(a) and the Pt(lll) surface.
Adsorbed potassium on the Pt(lll) surface exhibits significant
= 0.13.33
ionic character below
Charge donation by K to Pt
becomes energetically less favorable with increasing
and the
K adatoms depolarize each other and become less ionic. The K
=
0.33) is essentially metallic. This is important
monolayer (
information for interpreting the range of K(a) influence and for
examining how the size of the K adatoms affect H2 adsorption
by simple site blocking of the Pt(lll) surface, since the chemical
nature of K(a) varies between partially ionic and metallic, depending on . The metallic radius of K is 2.42 Á34 and the radius
of the K+ ion is 1.3 Á. Therefore, the radius of K adsorbed on
Pt(lll) varies between 1.3 Á (as an absolute lower limit) and
2.42 Á as a function of coverage. The smaller K+ ion radius is
unlikely for K adsorbed on Pt(lll) even at low coverage, however,
because K is not completely ionized. The radius of a Pt atom in
the Pt( 111) surface is 1.38 A.35 Even if the size of the K adatoms
is assumed to be large (metallic radius), only about 13% of the
Pt(lll) surface will be covered at = 0.043. This is the coverage
of K(a) where the H2 sticking coefficient has decreased by a factor
of 20. Since K adatoms require space on the Pt(lll) surface,
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and are strongly adsorbed in 3-fold hollow sites at low , they
must also block a fraction of H2 and atomic hydrogen adsorption
sites. Potassium will block sites for H2 and H adsorption, and
inhibit H2 dissociation, due to strong direct repulsive interactions
by K(a). It is physically unreasonable, however, that each K
adatom “occupies” 35 adsorption sites as applying eq 1 to the data
in Figure 6 might suggest. A more reasonable interpretation is
the “35 sites” represent a measure of the range of the electronic
influence of K<a) on neighboring H2 adsorption sites on the Pt(l 11)
surface, including the number of H2 adsorption and dissociation
sites occupied by each K adatom.
These site blocking effects can be roughly separated from the
electronic influence of K(a) by comparing the behavior of 9HMt
and 9Bi in Figure 7. Adsorbed Bi acts primarily as a
versus
simple site-blocking adatom on the Pt(lll) surface because of
the smaller amount of charge transfer between Bi and the Pt(l 11)
surface compared to K (Bi is at most 19% as ionic as K at low
coverages on Pt(l 11)26). This conclusion comes from TPD and
HREELS studies of H2, CO, and QH4 adsorption Bi/Pt(l 11).1213
For example, only very small differences are observed between
the desorption temperatures of H2, CO, and C2H4 on Bi/Pt(l 11)
compared to Pt(lll).12,13 Hydrogen adsorption is inhibited to
a much greater extent by K(a) than Bi(a). The difference in size
between the K and Bi adatoms is not sufficient to account for the
differences. The atomic radius of Bi adsorbed on Pt(lll) is
estimated to be 1.86 Á.34 This is intermediate between the metallic
and ionic radii for K(a). Normalization to approximately account
for the different adatom radii can be carried out by using the
monolayer saturation coverages of Bi and K to define 9rel =
^modifier/ ® modifier monolayer coverage· This assumes both adatoms have
their respective metallic radii at all coverages, which is approximate
but is a reasonable assumption for Bi and an upper limit for K.
= 0.066
Applying this approximation to the data in Figure 7 at
and ÓB¡ = 0.11 yields 9rel = 0.20 for both modifiers, but 9H“‘ is
decreased by 82% by K(a) and only 50% by Bi(a) compared to
unmodified Pt(lll). Therefore, the differences between K(a) and
Bi(a) shown in Figure 7 arise primarily from the additional electronic influence of K(a) on the surrounding Pt(l 11) surface. In
the most simplistic view, the 9H“‘ versus 9Bi curve can be viewed
as approximately representing the site-blocking contribution in
the influence of K<a) on H2 adsorption and the difference between
the K and Bi curves as representing the additional electronic effect
of K(a) on sites not actually occupied by the K adatom.
The effect of Bi on the adsorption of H2 on Pt(lll) has been
previously investigated.13,36,37 In one study,37 S0 and 9HMt data
were modeled for H2 adsorption on Pt(lll) at various 9Bi using
a Monte Carlo technique allowing for surface diffusion. Bismuth
adatoms were randomly distributed on a hexagonal lattice and
allowed to mask adsorption sites (Pt atoms). Both the number
of Pt atoms masked (Af) and the size of the adsorbate (A) were
varied. For Bi coverages less than 0.25, the experimental
versus 9Bi data for H2 adsorption were modeled well by the ex=
4; i.e., H2
MQBi)A with A = 1 and
pression 9HMt ® (1
one
Pt
atom
and
each
Bi
adatom
blocks
(site)
adsorption requires
four Pt atoms (sties).37 While these calculations lend important
insight to the ensemble requirements for dissociative H2 adsorption
on Pt(lll) by modeling
data, the model used is invalid for
S0 data because precursor adsorption kinetics are not included.
In related work, investigations of site blocking by Bi adatoms
during cyclic hydrocarbon dehydrogenation onPt(lll) suggests
that each Bi adatom blocks about three Pt atoms.38-41 By analogy
then with the results of Bi/Pt(l 11) studies, each K(a) is expected
to physically block only a few (three or four) Pt atoms on the
surface. Analysis of the data in Figure 6 suggested that each K<a)
“blocked” 35 adsorption sites, and therefore the additional 31-32
sites represents the electronic influence of K(a) on H2 adsorption
on the Pt(lll) surface. The extent that each K<a) actually modifies
the electronic structure of the nearest 35 Pt surface atoms should
vary with distance, but the effective range as probed by H2 adsorption extends at least this far.
The constant dissociative sticking coefficient for H2 on clean
Í 0.12-0.17 shown in Figure 8 indicates that a
Pt(lll) for
-
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mobile precursor is important in the kinetics of H2 dissociation.
This precursor has been suggested to be weakly bound molecular
H2.14,29 With increasing 9K, the range of hydrogen coverage over
which the sticking coefficient is constant becomes smaller due to
a decreased role of the H2 precursor caused by K(a). This change
in precursor behavior may be due to two factors. First, the
probability that the precursor desorbs before finding a site suitable
for dissociation is expected to increase due to decreased precursor
mobility on the K precovered surface. Second, the probability
of H2 adsorption into the precursor state may be reduced due to
changes in the electronic structure of the surface as a result of
interaction between K and Pt.
Theoretical calculations by Harris and Andersson42 for H2
dissociation on metals suggest that increasing the population of
the Pt d-bands will increase the activation energy for molecular
H2 adsorption and thus inhibit H2 dissociation. Model calculations
for H2 dissociation on jellium surfaces indicate that H2 dissociation
occurs because of partial filling of the 1 „ (antibonding) orbital
in H2. This only occurs when the H2 molecule is less than 1.6
Á from the surface. Pauli repulsion between the closed shell of
H2 and the metal s-electrons in the surface, however, will prevent
close approach of the H2 molecule and thereby induce an activation
barrier to dissociation. This microscopic model is consistent with
activated H2 chemisorption observed experimentally on Al,43
alkali-metal,43 and noble-metal (e.g., Cu(llO)44,45) surfaces. On
metal surfaces with unfilled or partially filled d-levels, H2 adsorption is either nonactivated or the activation energy is small,
e.g., 0-1.5 kcal/mol for H2/Pt(lll).46,47 The calculations of
Harris and Andersson42 indicate that s-d transfer (actually a
strong rehybridization) within these metals weakens the Pauli
repulsion and lowers the activation barrier for H2 dissociation on
these surfaces. The precursor adsorption potential well is a result
of a balance between the Pauli repulsion and the van der Waals
attraction between H2 and the surface.42 Within the framework
of the above model, changes of the electronic structure of the Pt
d-bands due to K(a) suppress s-d electron transfer (s-d rehybridization) in Pt and therefore inhibit precursor adsorption by
increasing the Pauli repulsion between the Pt(lll) surface and
H2 relative to this interaction on clean Pt(l 11). This would explain
the precursor behavior shown in Figures 8 and 9 and the increased
activation energy for H2 dissociation in the presence of K(a). This
is in contrast to a rigid band filling model where each K(a) donates
one electron to fill or partly fill 31-32 holes in the Pt d-band.
Rehybridization of the Pt d-band during K adsorption is supported
by UV photoemission experiments where dramatic changes in the
DOS at £F have been observed during K adsorption on Pt(lll)
with increasing 9K.48 The model presented here is somewhat
different than the model presented in ref 4. In ref 4, increased
electron density tailing into the vacuum due to a lowering of the
local work function of the surface by K<a) increases Pauli repulsion
compared to clean Pt(lll). In contrast, we propose no net increase
in Pauli repulsion, but, rather, minimizing the Pauli repulsion
between H2 and Pt is energetically less favorable on the K-modified
surface. Which model best explains the origin of the adsorption
barrier, or if both are needed, is not known at this time.
While the behavior of the H2 adsorption precursor as a function
of 9K can be explained by a model where the magnitude of the
activation barrier is determined by changes in the surface electronic
structure, there appears to be some controversy regarding the
importance of a precursor in H2 adsorption on Pt(lll). In some
studies at 150 K,4,15,47 no precursor was observed during H2 adsorption on Pt(lll). In the study reported here and in other
work,14,49 precursor adsorption kinetics have been observed. The
origin of these differences is not completely clear, but comparison
of these results suggests that precursor behavior is very strongly
dependent on surface temperature and surface defect density, being
more important on defect-free surfaces at very low temperatures.49
Our data for H2 adsorption on clean Pt(lll) suggest a good quality
surface with minimal defects.
We have estimated the activation energy for dissociative H2
adsorption (£adlS!) on K-precovered Pt(lll) by comparison with
our previous study of H2 adsorption on ordered Sn/Pt(l 11) surface

7062

The Journal

of Physical Chemistry,

Vol. 96, No. 17, 1992

alloys.50 Dissociative H2 adsorption was completely suppressed
surface, and we estimated
by the presence of Sn in the
that the barrier to dissociative H2 adsorption (£adiM) had to be
at least 3 kcal/mol for this to occur. On clean Pt(l 11), Ef** varies
between zero47 and 1.0 ± 0.5 kcal/mol.46 Since dissociative H2
< 0.068, £adiss can be
with
adsorption occurs on
estimated to be between 0 < £adiss < 3.0 kcal/mol. We estimate
> 0.20 on Pt(lll).
that £adiss exceeds 3 kcal/mol for
As shown
4.2. H2 Desorption Kinetics on K-Modified
by the increase in the desorption temperature for H2, coadsorption
of K causes a thermal stabilization of H(a). There are several

Pt(lll)

Pt(lll)

Pt(lll).

plausible explanations for this stabilization.
One possibility is that the Pt-H bond strength is increased due
to increased electron density in the Pt-H bond. Zhou and White3
point out that in electronic structure calculations for PtH and
PtH+, Wang and Pitzer51 found significantly more electron density
on the H atom in the case of PtH than for PtH+. Since these
calculations also indicated that the Pt 6s and Pt 5d orbitals are
important in PtH bonding, Zhou and White proposed that charge
transfer from K adatoms to Pt d orbitals strengthens the Pt-H
bond.
However, the Pt-H bond strength may not have been significantly strengthened. The Pt-H bond dissociation energy, D(Pt-H), cannot be reliably determined from the H2 desorption
energetics unless an accurate determination of the activation
energy for dissociative adsorption of H2 is available. This is
because the H2 desorption activation energy is the sum of the
adsorption energy of hydrogen on Pt(lll) and the activation
energy for dissociative H2 adsorption. In some circumstance where
the H2 desorption activation energy increased, a decrease in
Z)(Pt-H) could even occur as long as the activation energy for
dissociative H2 adsorption increased enough. From H2 TPD, an
increase in the desorption activation energy of 4-5 kcal/mol is
observed for H2 desorption from K-precovered Pt(lll), but because of the increase in the barrier to dissociative H2 adsorption,
Z)(Pt-H) is increased by at most 1-2 kcal/mol when coadsorbed
with K(a) compared to H(a) adsorbed on K-free Pt(lll).
As mentioned earlier, in addition to the indirect stabilization
of H(a) by K, there is the possibility of direct interaction between
K(a) and H(a) to form a hydride surface complex. Zhou and White3
looked for evidence of K hydride formation when deuterium was
adsorbed on K-modified Pt(lll) by SSIMS, but found none.
Other authors have suggested that alkali-metal hydride formation
may occur in K/W(100),10 K/W(poly),23 and Cs/Mo(110)6
systems. Hydrides of K and Na have been formed on Al(l 11)43
and Al(lOO)30 surfaces. Molecular hydrogen does not adsorb on
Al, but atomic hydrogen does. Atomic hydrogen also adsorbs on
thin films of K or Na on Al.30,43 In these studies, intense Na(K^H6- dipole active vibrations were observed by electron energy
loss spectroscopy, and Na(K) hydride decomposition was observed
by TPD. Relatively narrow desorption peaks were observed during
H2 and D2 TPD for hydride decomposition with peak maxima at
450 K for NaH/Al(l 11),43 and 480 K for NaH/Al(100),3° and
485 K for KH/A1(100).3°
While we have no direct evidence for KH(a) formation on Pt(111), the results in Figures 10 and 11 show that a narrow H2
< .
desorption state is observed with a peak at 450 K when
=
0.33
In addition, the H2 desorption shown in Figure 2 for
occurs with the high-temperature peak at 450 K. This is very
close to the KH decomposition temperature on Al(100).30 These
observations suggest that, in addition to stabilizing H(a) on Pt(lll)
indirectly, i.e., by modification of Pt(lll) electronic structure,
potassium may interact directly with hydrogen to form a surface
hydride that decomposes near 450 K.
5. Summary and Conclusions

The influence of K<a) on the adsorption and desorption kinetics
on Pt(lll) has been investigated by TPD. Adsorbed K
causes the initial sticking coefficient for H2 to decrease to less
> 0.043. In
than 5% of its value on clean Pt(lll) when
K
increases
the
activation
addition,
energy for
coadsorption
dissociative H2 adsorption and reduces the saturation coverage

of H2

Gebhard and Koel

of H2. Hydrogen that does adsorb is thermally stabilized by the
presence of K(a), with the desorption activation energy being
increased an average of 4-5 kcal/mol, depending on
and .
From our estimate of the barrier to dissociative H2 adsorption,
£ad,ss, of 1-3 kcal/mol, the Pt-H bond dissociation energy, D(Pt-H), is increased by only 1-2 kcal/mol in the presence of K<a).
Our observations of the influence of K(a) on the adsorption kinetics
of H2 cannot be explained by simple K adatom site-blocking
models, as determined by comparisons to studies using Bi adatoms
to block sites. Clearly there is a need to consider changes in the
electronic structure of Pt due to the adsorption of K that increase
the barrier to dissociative H2 adsorption. These changes extend
well over 200 Á2 for each K adatom at low coverages of potassium.
We explain these results by using a model in which changes in
the Pt electronic structure due to the presence of K adatoms
inhibits H2 precursor adsorption by decreasing the ability of the
surface to minimize the Pauli repulsion between the surface and
H2 relative to this interaction on clean Pt(lll).
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Investigation of the Chemical Vapor Deposition of Silicon Carbide from
Tetramethylsilane by in Situ Temperature and Gas Composition Measurements
Nathalie Berlin/ Michel Lefebvre, Michel Péalat,*
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and Jerome Perrin
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F-91128 Palaiseau Cedex, France {Received: September 5, 1991)

The chemical vapor deposition (CVD) of silicon carbide (SiC) from tetramethylsilane Si(CH3)4 (TMS) on a graphite susceptor
at 1200-1500 K is studied in a low pressure (=100 Pa) cold-wall reactor under laminar flow conditions. In addition to material
characterizations (electron microscopy and chemical analysis), the gas-phase temperature distribution and composition are
investigated by combining several in situ and ex situ diagnostics. Coherent anti-Stokes Raman spectroscopy (CARS) on
TMS and H2 (produced from TMS decomposition) in the hot zone of the reactor gives the rotational temperature distribution
of the molecules and their concentrations. Within a few mean free paths from the surface, the H2 gas temperature is lower
than the surface temperature. This is due to a nonunity accommodation coefficient a of H2 on SiC. A simple analytical
model yields a = 0.05 for H2 on SiC. Using gas transport coefficients and the experimental value of a for H2, a two-dimensional
numerical code is used to compute the gas flow and temperature profiles in the reactor. The increase of the H2 concentration
and the decrease of TMS concentration close to the surface reveals that gas-phase pyrolysis of TMS occurs within a few
millimeters from the hot surface. The gas composition at the outlet of the reactor is analyzed by mass spectrometry and
IR absorption spectroscopy. The global gas conversion and material balance between deposited SiC, powders, and exhaust
gases is obtained. Si atoms of TMS molecules are mostly converted into solid SiC and powders. In the gaseous products
a small fraction of trimethylsilane SiH(CH3)3 is detected. Other gases in decreasing order of importance are H2, CH4, C2H4,
and C2H2. These results are compared with predictions of some thermodynamic models and chemical mechanisms reported
in the literature.

I. Introduction

a posteriori. These methods do not

Among the products obtained by low pressure chemical vapor
deposition (LPCVD), silicon carbide (SiC) is of great interest.
In the aerospace industry, SiC finds very important applications
because of its low density, its mechanical properties, and its
chemical stability toward oxidation at high temperature. SiC can
be deposited on various substrates or used in fiber production1
to obtain composite materials. Its semiconducting properties are
also under investigation.2 The synthesis of SiC is often done by
mixing two gases such as SiH4 and CH4, or from one gas containing both Si and C such as Si(CH3)4 (TMS) either by thermal
CVD pyrolysis3·4 or plasma assisted CVD.5 In most cases, CVD
processes are not well-known, and numerous experimental and
theoretical studies are in progress.
These processes were first approached by ex situ diagnostic
techniques, the different gaseous species being characterized before
and after the chemical reaction and the solid deposit analyzed

of gas/surface phenomena. In order to identify the most important
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growth mechanisms, nonperturbative in situ diagnostics are needed.
Temperature gradient and gas concentration measurements can
be obtained by optical methods. Among these, laser induced
fluorescence (LIF)6,7 and spontaneous Raman scattering8 are often
used. Both of them are nonperturbative and allow spatially resolved measurements. LIF has the best sensitivity but is limited
to the detection of species which have radiative excited states.
Coherent anti-Stokes Raman scattering (CARS) has a better
sensitivity than spontaneous scattering and is now used in several
types of CVD reactors.9·10
In the present paper, we present spatially resolved temperature
and concentration measurements obtained by CARS during the
deposition of SiC from TMS pyrolysis in a LPCVD reactor. Other
diagnostics are used to characterize the gas composition and the
solid chemical and structural properties. The first part is devoted
to the presentation of the experimental setup and of the different
diagnostic techniques which have been used. In a second part,
we present a thermal analysis of the different measurements and
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