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We have used variable temperature, ultrahigh vacuum scanning tunneling microscopy 
(STM), in both static and time-dependent experiments, to study the chemistry of the 
ethyleneIPt( 111) system. Images of ethylene which exhibit long-range order have been 
obtained at a sample temperature of 160 K. The conversion of ethylene to ethylidyne has been 
observed directly in STM images. This conversion reaction is observed to occur in a 
"patchy" manner across the surface at saturation coverage. As the reaction proceeds, well­
defined islands of unreacted ethylene continue to be clearly observed. Further 
dehydrogenation of the ethylidyne formed from ethylene leads to carbon containing particles 
dispersed randomly across the sample. After annealing the ethylidyne covered sample 
to 500 K, the surface is uniformly covered with carbon containing particles which exhibit a 
bimodal distribution of heights (one and two atomic layers) consisting of an average 
of ten and twenty carbon atoms, respectively. Further annealing to 700 K results in the 
formation of larger particles which appear to be a single atomic layer high and 10-15 
A in diameter in the STM images. These particles contain an average of thirty-four carbon 
atoms. Pt steps do not show any preferential reactivity for these reactions. Annealing 
the carbon particle covered surface to higher temperatures results in the formation of 
monolayer thick graphite islands, which eventually accumulate at the Pt steps. 

INTRODUCTION from the Pt surface at - 350 K leaving ethylidyne as the 
only stable molecular species on the surface at this temper­
ature.6,7,9-II,16,26 The ethylidyne species is stable on the 
Pt(111) surface at temperatures up to 430 K An ordered 
(2 X 2) low-energy electron diffraction (LEED) pattern is 
reported for the room temperature ethylidyne phase. 10,1 1,26 
However, the actual molecular arrangement and coverage 
remains controversial with the LEED (2 X 2) pattern in­
terpreted as a (2X2) structure with an ideal coverage of 
0.25 ML of ethylidyne (ML-here one monolayer is 
taken as a coverage of one molecule per surface Pt 
atom),9,II,19,26,30 or in terms of higher coverage structures, 

Adsorbed ethylene has often been used as a model for 
hydrogenation-dehydrogenation reactions in catalysis 
studies. I,2 In particular, the interaction of ethylene with the 
close-packed Pt ( 111) surface has been investigated by a 
wide variety of surface science techniques.3-3o These stud­
ies have focused on many aspects such as the identity of the 
molecular adsorbates as a function of temperature, kinetics 
of the reactions, and catalytic reactivity of the system. Fig­
ure 1 reviews some of the structural aspects of the adsorp­
tion and decomposition of ethylene. It is known that eth­
ylene adsorbs intact with the C = C bond axis parallel to 
the pte 111) surface at temperatures up to 200 K.6,IO,12 At 
surface temperatures above 230 K, ethylene (C2H 4 ) con­
verts irreversibly to ethylidyne (CCH3) by loss of hydro­
gen. The C-C bond axis of ethylidyne is perpendicular to 
the surface.6,9-12,16,26 The kinetics of this reaction at satu­
ration monolayer coverage have been investigated by sev­
eral methods and have been shown to follow first-order 
kinetics with respect to ethylene coverage.5,7,23,27 Surface 
hydrogen generated in the formation of ethylidyne desorbs 

e.g., three domains of a (2 X 1) structure l4 or a honeycomb 
structurel5,28 with a coverage of 0.50 ML of ethylidyne. 
The LEED pattern observed for ethylene at low tempera­
ture is more complicated and has been reported by some 
researchers as a disordered structure.26 Others report a 
series of several LEED patterns for the ethylene/ 
ethylidyne on the pte 111) system occurring over the tem­
perature range of 100-300 KIO Details of the highly or­
dered structure which we observe by STM will be 
presented in Ref. 29. 
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FIG. 1. A schematic review of what was previously known about the 
adsorption and decomposition of ethylene on Pt( 111). 

Heating the Pt sample above 450 K results in dehy­
drogenation of the ethylidyne and finally at 700 K all of the 
hydrogen has been removed from the surface and only 
carbon remains.7,11,13,18 The carbonaceous species formed 
from the decomposition of ethylidyne and other hydrocar­
bons on Pt in the temperature range 450-700 K is not 
graphitic in nature and has been labeled as "carbidic" car­
bon in the literature. 1,2,7,13,18,20 The intermediate decompo-
sition products are of interest in catalysis as it is the car­
bidic carbon that appears to play an active role in catalytic 
processes and graphitic carbon that acts as a poison to 
catalytic activity,l,2 

It has previously been proposed that surface defects 
such as steps and kinks catalyze adsorption and dissocia­
tion reactions associated with heterogeneous catalysis re­
actions. 21 ,22,25,31 This was concluded from results of sys­
tematic case studies on surfaces with varying step 
densities.32 The actual role and activity of defect sites in 
catalytic reactions, however, is still under debate. Clearly 
this will sensitively depend on the specific reaction. Local 
probe studies such as those described here can provide 
direct information on this topic, 

LEED experiments have been used to detect graphite 
formation on the Pt surface.33

,34 A characteristic graphite 
ring diffraction pattern is observed in LEED experiments 
following annealing of carbon covered Pt surfaces to 
T - 800 K. After annealing to higher temperatures, some 
segmentation of the ring diffraction pattern is observed 
indicating that there is a preferential alignment of the 
graphite with the Pt substrate. STM experiments have pro­
vided detailed information on the alignment and nature of 
the graphite layer.4 LEED studies have led to the develop­
ment of several models for graphite formation on Pt. Mod­
els based on both limited multilayer formation33 and 
growth of the graphite layer on top of an intercalated layer 
of carbidic carbon have been proposed.34 Our STM exper­
iments have shown that decomposition of a hydrocarbon 
monolayer results in the formation of monolayer high is­
lands of graphite on the Pt surface, i.e., a single layer of 
carbon atoms in a graphitic arrangement (graphene layer) 
rests on the Pt(lll) substrate.4 

We report here on STM experiments which result in a 
substantially new understanding of the chemistry of ethyl­
ene, ethylidyne, and carbidic carbon on Pt(ll1). We have 
been able to resolve ethylene molecules in STM images 
recorded at 160 K, anneal the sample at controlled tem­
peratures to 230 K, and observe the conversion of ethylene 
to ethylidyne. Images recorded in situ during decomposi­
tion of ethylene into ethylidyne revealed that the reaction 
occurs preferentially at the perimeter of islands of unre-

acted ethylene. Our experiments also show that further 
decomposition of ethylidyne with annealing above 450 K 
proceeds through a series of carbonaceous particle inter­
mediates to eventually form graphite at temperatures 
above 800 K. STM images obtained after annealing in the 
range 430-700 K show no special reactivity of the Pt step 
edges in the decomposition of either ethylene, or ethyli­
dyne. 

EXPERIMENTAL 

Experiments were performed at the IGV /KFA in Jii­
lich, Germany with a specially designed microscope which 
is based on the "beetle" type STM.35,36 The microscope is 
incorporated in an ultrahigh vacuum (UHV) system with 
standard techniques for sample preparation and character­
ization such as LEED and Auger electron spectroscopy. 
The Pte 111) crystal is mounted in a fixed, ramped sample 
holder. The sample assembly is mounted on a thermally 
insulated copper block which is damped against vibrations 
and contained in a rigid manipulator tube with two degrees 
of freedom, rotation, and translation for easy sample posi­
tioning. The sample can be heated from the back by means 
of a hot filament and the entire sample assembly is in con­
tact with a liquid nitrogen reservoir which can be used to 
cool the sample to 150 K. Sample temperature control is 
possible in all preparation and analysis steps. STM mea­
surements can be performed over a wide, controlled tem­
perature range from 150 to 450 K. Experiments which 
involve sample temperatures above 450 K require that the 
STM be lifted from the sample. This is accomplished in a 
quite facile manner and images can be obtained within 10 
min of a flash anneal to as high as 1200 K. Annealing 
experiments discussed in this paper were accomplished by 
quickly flashing the sample to the desired temperature and 
holding the sample at that temperature for 5 s, if not oth­
erwise indicated. All images were obtained in the constant 
current mode with tunneling currents of 1.5 to 15 nA, and 
typical bias voltages of ± 30 to ± 200 m V applied to the 
tip. A scan frequency of 8 Hz was typically used to obtain 
topographs of 512 X 512 lines. The high quality Pt (111) 
sample is very well oriented and polished and exhibits an 
average terrace width of 2000 A.37 The orientation of the 
Pt crystal in our STM images has been inferred from x-ray 
diffraction measurements. 38 Sample cleaning was accom­
plished by standard procedures of oxygen treatment and 
argon ion bombardment, and checked with Auger electron 
spectroscopy. The clean surface was then exposed to vary­
ing amounts of ethylene by backfilling the chamber. Expo­
sures of 2.5 L (1 L= 1 X 10-6 Torr s) resulted in a satu­
ration coverage of ethylene at 160 K. Room temperature 
exposures were typically over 5 L to ensure saturation. 

RESULTS AND DISCUSSION 

The adsorption and reactions of ethylene adsorbed in 
UHV on Pt (111) have been studied as a function of tem­
perature by STM. STM images recorded on a Pt ( Ill) 
surface after a saturation exposure of ethylene at 160 K, 
with the sample held at this temperature, reveal a regular 

J. Chem. Phys., Vol. 97, No.9, 1 November 1992 

Downloaded 04 Jul 2013 to 141.161.91.14. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



6776 Land et a/.: Observation of surface reactions 

FIG. 2. This 400 AX400 A image was obtained at 160 K after adsorption 
of ethylene at this temperature. On this scale, one does not resolve the 
individual molecules, but rather one observes the overall pattern that is 
formed by the molecular arrangement. The feature in the lower part of the 
image is a Pt step edge. 

pattern fonned by the ethylene molecules as seen in Fig. 2. 
In this 400 A. X 400 A. image, one can see that the regular 
pattern extends over quite large distances. The structural 
aspects of this system will be discussed in detail in a future 
publication.29 

After annealing the sample to 350 K, ethylidyne is the 
only stable surface species.6,7,9-1l,16,26 In STM images taken 
after annealing the ethylene overlayer to 300-350 K, or 
upon exposure of the crystal to ethylene at these tempera­
tures, no discernible structure is resolved (STM images 
were taken at room temperature or at the annealing tem­
perature). It is interesting that no structure is observed by 
STM even though ethylidyne is present and, as we verified 
by LEED experiments in our laboratory, exhibits an or­
dered (2X2) LEED pattern that is stable until 430 K. 
Only cooling of an ethylidyne covered surface does allow 
us to resolve this intermediate. Figure 3(a) and 3(b) show 
200 A. X 200 A. and 400 A. X 400 A. images obtained at 180 
and 230 K, respectively, after fonning ethylidyne at 350 K. 
The origin of this apparent contradiction (probably due to 
low frequency vibrations which blur the corrugation in 
STM images of the close packed ethylidyne at higher tem­
peratures) will be discussed together with structural as­
pects of this adlayer in a forthcoming pUblication.29 

Since, as can be seen from Figs. 2 and 3, we can resolve 
and distinguish ethylene (long-range order and sharper 
pattern) and ethylidyne (rather disordered and fuzzier 
pattern) under reaction conditions, we are now in a posi­
tion to use STM to follow the conversion reaction. Previ­
ous kinetics experiments have shown that the conversion 
from ethylene to ethylidyne begins at 230 K and is nearly 
complete after ~ 10 min at this temperature.7 These exper­
iments have also shown that this reaction follows a rate law 

(a) 

(b) 

FIG. 3. (a) This 200 AX200 A image was obtained at 180 K after 
annealing the ethylene overlayer to 350 K to form ethylidyne and recool­
ing the sample to 180 K. The individual dots seen in the image correspond 
to the ethylidyne molecules. (b) This 400 AX400 A image was obtained 
at 230 K after annealing the ethylene overlayer at 230 K for -15 min 
resulting in complete conversion to ethylidyne. 

which is first order in ethylene coverage.5,7,23,27 In situ 
STM imaging allows us to directly follow the spatial de­
velopment of the decomposition process, converting ad­
sorbed ethylene into adsorbed ethylidyne. This is demon­
strated in the two 400 A. X 400 A. STM images in Fig. 4, 
which were recorded during the reaction process at 230 K. 
The image in Fig. 4(a), was obtained after holding the 
sample for several minutes at this temperature, corre­
sponding to a partially reacted surface. The second image 
in Fig. 4(b) was recorded on practically the same area of 
the surface, but several minutes later. This is demonstrated 
by the two white protrusions in the lower half of Fig. 4 ( a) , 
which are only slightly shifted lower in the image in Fig. 

J. Chern. Phys., Vol. 97, No.9, 1 November 1992 

Downloaded 04 Jul 2013 to 141.161.91.14. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



Land et al.: Observation of surface reactions 6777 

(a) 

(b) 

FIG. 4. These 400 A X 400 A images were obtained as a function of time 
at 230 K. In these images, areas covered by ethylene molecules appear as 
the well-ordered pattern, and areas covered by ethylidyne molecules ap­
pear as a rather disordered pattern. (a) This image was obtained after 
annealing the sample for several minutes at 230 K. (b) This image was 
obtained on the same area of the surface kept for several additional min­
utes at the same temperature after the image shown in (a). 

4(b). In these images, ethylene, which lies parallel to the 
surface, appears as a well-ordered sharper structure as seen 
in the top center, upper left, and middle right edge of the 
image in Fig. 4(a). Ethylidyne, which is perpendicular to 
the surface appears as the somewhat fuzzy less-ordered 
structure seen in the rest of the image [see Figs. 2 and 3(b) 
for comparison]. Clearly the reaction does not proceed ran­
domly over the surface, as one would expect from a 
straightforward interpretation of a simple model of first­
order kinetics. Instead, by comparing the two images, it 
appears that the reaction takes place at the edges of ethyl­
ene islands. While there are various mechanisms by which 

the observed behavior can be consistent with the observa­
tion of first-order kinetics, it is not expected for the simple 
random reaction probability concept normally associated 
with a first-order process. 

Heating of ethylidyne covered Pt ( 111) to tempera­
tures above 430 K results in further dehydrogenation. As is 
known from thermal desorption spectroscopy (TDS) and 
high-resolution electron-energy-Ioss spectroscopy 
(HREELS) experiments, heating the sample to 700 K 
leads to complete dehydrogenation, leaving carbon on the 
surface (see Fig. 1).7,11,13,18 From LEED measurements, 
we know, however, that graphite is not formed unless the 
sample is heated to temperatures above 800 K. The set of 
STM images in Fig. 5, which were taken at room temper­
ature after annealing, show changes in the morphology of 
the adlayer following annealing to temperatures in the 
range 430-700 K. In contrast to the images of the ethyli­
dyne layer taken at room temperature where no structure 
is resolved with the STM, one observes a few small pro­
trusions appearing in the image after annealing the sample 
to 430 K as seen in Fig. 5(a). The rest of the image area is 
still covered with nondehydrogenated ethylidyne. Follow­
ing annealing of the sample to 450 [Fig. 5 (b)] and 500 K 
[Fig. 5 (c)], one sees an increase in the number of protru­
sions with a maximum density of protrusions appearing 
near 500 K. We associate these protrusions with carbon­
aceous particles resulting from dehydrogenation reactions. 
Indeed, the first appearance of these particles corresponds 
to the onset of hydrogen desorption from ethylidyne dehy­
drogenation as seen in TDS experiments. 11,13,18 In contrast 
to ethylidyne which is only visible to the STM with the 
sample at low temperature, the carbonaceous particles seen 
in Fig. 5 are well resolved in the images taken at room 
temperature. This is true even for low initial exposures of 
ethylene (0.15 L) suggesting that the particles are immo­
bile. This is in contrast to the behavior which we observe 
for intact, molecularly adsorbed ethylene, even at 160 K, 
and for naphthalene and azulene at room temperature on 
Pt (111). High quality images of these molecular adsor­
bates are obtained only at near saturation coverages. At 
lower coverages, these molecules are sufficiently mobile on 
the flat pte 111) surface that images cannot be obtained 
due to either thermally induced or tip-induced diffusion. 

TDS experiments show that when the sample is an­
nealed to 700 K, all the hydrogen is removed and only 
carbon remains on the surface.7,11,13,18 As seen in Fig. 6, 
which was obtained at room temperature after annealing 
the sample to 700 K, the carbonaceous particles have be­
come larger and exhibit a more uniform size. Similar im­
ages are also seen after annealing the sample to 770 K. In 
the 1000 Ax 1000 A image in Fig. 6(a), one observes that 
the carbonaceous particles are rather uniform in appear­
ance and are more or less evenly distributed over the sur­
face. In particular, there is no aggregation of the particles 
at step edges. In the 200 A x 200 A image shown in Fig. 
6(b), one observes the appearance of well-resolved parti­
cles of 10--15 A diameter. In the images shown in Fig. 6, 
one sees some areas where the particles appear to line up 
forming elongated clusters. Even the areas which appear as 
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J. Chern. Phys., Vol. 97, No.9, 1 November 1992 

FIG. S. This set of 1000 Axl000 A im­
ages were obtained at room temperature 
after annealing the sample (or5 s to the 
indicated temperature (a) 430; (b) 450; 
and (c) 500 K. The protrusions appearing 
in the images correspond to carbonaceous 
particles resulting from further dehydroge­
nation of ethylidyne with annealing of the 
sample. 
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(c) 

clusters are clearly seen to actually be composed of these 
smaller particles. It is interesting to note that round clus­
ters of particles are not observed. It is important to recog­
nize that the detailed topography of a STM image is a 
convolution of sample and tip effects and is especially sub­
ject to electronic structure effects. The apparent sizes of the 
particles described here may be affected by such phenom­
ena. The in-plane dimensions of the particles were ob­
served to be similar in different experiments involving a 
number of different tips, indicating that they depend little 
on tip size effects. One should note that the individual 
particles which are 10-15 A in diameter are much larger 
than those expected for individual carbon atoms or even 
small carbon clusters. In the past, it has been suggested 
that hydrocarbon decomposition proceeded to individual 
carbon atoms (Ref. 13 and references in Ref. 17). In recent 
secondary ion mass spectroscopy (SIMS) 18 experiments, in 
addition to individual carbon atoms, larger ex fragments, 
where x=2 or 3, have been observed. These results along 
with Auger20 experiments indicate maintenance of the C-C 
bonds above the temperature of the initial dehydrogenation 
of ethylidyne. The bulk of the previous literature which 
discusses the carbonaceous species in this temperature 
range, referred to carbidic carbon which was generally 
thought of as individual carbon atoms adsorbed on the 
surface. 

A better way to determine the actual size of the adpar­
ticles, i.e., the average number of carbon atoms per parti­
cle, is based on a density evaluation. We can estimate the 
number of carbon atoms in each particle since we know the 

Fig. 5 (Continued). 

starting ethylidyne coverage to be ~O.20 ML of mole­
cules,29 and we know that no carbon containing species 
desorb from the surface during ethylidyne dehydrogena­
tion. Also, carbon dissolution into the bulk is not impor­
tant for the temperatures discussed here and is very low in 
any case as Pt forms no interstitial carbides.39 If we assume 
that after annealing to 700 K all surface carbon has been 
converted into adparticles visible in these images, we can 
simply count the number of particles in an imaged area and 
use the known carbon coverage to obtain an average num­
ber of carbon atoms per particle. This analysis leads to an 
average of ~ 34 ± 7 carbon atoms per particle after anneal­
ing the sample to 700 K. Clearly, the existence of such 
large carbonaceous particles indicates that new C-C bonds 
are being formed as the ethylidyne is dehydrogenated. The 
particle size following annealing to 700 K is sufficiently 
large to accommodate the 34 carbon atoms in a single 
layer. 

A more detailed analysis of the particle heights reveals 
interesting differences between the particles formed at 
500 K and those formed at 773 K, where the latter ones are 
essentially identical to those formed at 700 K, which we 
have just described. Figure 7 shows experimental particle 
height distributions obtained from images following an­
nealing of the sample to 500 [Fig. 7(a)] and 773 K [Fig. 
7(b)]. The experimental distributions were obtained by 
tabulating the heights of a large number of particles from 
each image (772 particles for the 500 K image and 295 
particles for the 773 K image). The plots shown in Fig. 7 
contain data from one 773 K image and one 500 K image, 
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(a) 

(b) 

FIG. 6. These two images were obtained at room temperature showing 
the carbon particles which result from annealing the sample to 700 K for 
5 s. (al A 1000 Ax 1000 A image and (bl a 200 AX200 A image. 

however, distributions obtained from other images at these 
temperatures are virtually identical to those shown. The 
height values have been normalized by comparison with 
the height of Pt steps (2.27 A) in the same image. The 
actual geometric height of the adsorbate, of course, is 
mostly determined by electronic effects, i.e., by the local 
modification of the electronic structure in the presence of 
the adsorbate. Often this leads to apparent heights of ad­
sorbates in STM images which are vastly different from 
their actual geometric height. Nevertheless the comparison 
of height distributions after different thermal treatments is 
very informative. Following the 500 K anneal, the distri­
bution is clearly seen to be bimodal, whereas the 773 K 
distribution is single peaked. The solid lines in Fig. 7 are 
Gaussian fits to the data. The 773 K distribution is nicely 

PARTICLE HEIGHTS 500K 
0.15 0.15 

l- • Experimental Count 
Z 0.11 - Gaussian Fit 0.11 ::;) 

0 
() 

..J 

"" I-z 0.08 0.08 
w 
~ a: 
w 

0.04 c.. 0.04 
>< w 

0.00 0.00 
0.00 2.00 4.00 6.00 8.00 10.00 

(a) PARTICLE HEIGHT (ANGSTROMS) 

PARTICLE HEIGHTS 773K 
0.20 0.20 

l- • Experimental Count Z 
::;) 0.15 - Gaussian Fit 0.15 
0 
() 

..J 

"" I- 0.10 0.10 
Z 
w 
~ 
a: 
w 

0.05 0.05 c.. 
>< w 

0.00 0.00 
0.00 2.00 4.00 6.00 8.00 10.00 

(b) PARTICLE HEIGHT (ANGSTROMS) 

FIG. 7. Distributions of heights of carbonaceous particles observed after 
annealing the ethylidyne covered pte 111 l sample to (al 500 and (bl 773 
K. The distributions have been normalized to a total area under the 
distribution function of unity. The experimental points are indicated by 
•. The solid line indicates a fit to the experimental data by two Gaussians 
in the case of the 500 K results and a single Gaussian in the case of the 
773 K results. 

fit with a single Gaussian (mean height=2.3 A, Gaussian 
width=O.7 A). The bimodal distribution obtained at 500 
K can be fit with two Gaussians (mean height=2.2 A, 
Gaussian width=O.7 A; and mean height=4.3 A, Gauss­
ian width=O.7 A). Since we are making observations on 
an atomic scale, the particle heights should, in principle, be 
quantized. In the present case, we assume that these curves 
reflect a single adsorbate species (773 K) or two different 
species (500 K), respectively. The width of the measured 
distributions may possibly reflect an inhomogeneous com­
position of the adparticles, but can be explained by the 
experimental response function. 

The 773 K distribution and the first peak in the 500 K 
distribution are virtually identical. As we discuss more be­
low, the small particles in the 500 K image have substan­
tially smaller lateral dimensions than the 773 K particles. 
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The second peak in the 500 K distribution occurs at a 
particle height which is twice that of the first peak. The 
most straightforward interpretation would be to attribute 
the 773 K adparticles to monolayer islands, which are one 
carbon atom high, whereas at 500 K, there is a distribution 
of one atom high and two atom high particles. Clearly, this 
may be a severe simplification of the actual situation. Also, 
since at 500 K a substantial amount of hydrogen remains 
on the surface,11,13,18 it is likely that the two atom high 
particles are terminated with hydrogen. 

We have carried out an analysis of the number of car­
bon atoms per particle for the 500 K particles in the same 
manner as we described above. As stated earlier, this anal­
ysis assumes that all carbon on the surface is visible in the 
form of particles. This may be less justified at 500 K where 
a significant amount of hydrogen remains on the surface. 
Nevertheless, this analysis is informative for comparison. 
The adparticle density at 500 K is 2.62 times the respective 
density at 773 K as can be easily confirmed qualitatively by 
comparing Figs. 6(a) and 5(c). This analysis results in an 
average of 13 carbon atoms per particle. However, since we 
know the distribution of the two types of particles from the 
data in Fig. 7, we can obtain the corresponding average 
number of carbon atoms for each kind of particle if we 
assume that the two atom high particles consist of twice as 
many atoms as the one atom high particles. The result is 
that the monolayer high particles formed at 500 K have an 
average of ten carbon atoms per particle. The somewhat 
simplistic assumption that the two atom high particles 
have twice the number of atoms as the one atom high 
particles, while approximately correct, is certainly not ex­
act since the two atom high particles in Fig. 5 (c) appear to 
have somewhat larger in-plane dimensions compared to 
the one atom high particles. As we mentioned qualitatively 
earlier, the one atom high particles in the 500 K image are 
substantially smaller (in-plane dimension) than the parti­
cles in the 773 K image. This is consistent with the ten 
atoms per particle figure compared to the 34 atoms per 
particle observed for the 773 K particles. The decrease in 
particle density one observes in comparing the 773 K im­
ages to those obtained following annealing to 500 K also 
indicates significant mass transport and hence mobility of 
carbon containing species. At these temperatures diffusion 
of individual carbon atoms appears unlikely; we rather at­
tribute this to diffusion of molecular, carbon containing, 
fragments or of small carbon particles. 

The question of special reactivity of step edges and 
defects has been the focus of many studies.21 ,22,25,31 The 
STM images in Fig. 5 and 6 allow us to decide on the 
activity of steps on a Pt( 111) surface toward ethylene de­
hydrogenation by direct observation. If the step edges were 
to have an enhanced catalytic influence on the dehydroge­
nation of ethylidyne, then we would expect to see carbon­
aceous particles appearing first and in greater number at 
the step edges than on the terraces. As seen in Figs. 5 and 
6, the carbonaceous particles, which are the result of de­
hydrogenation, appear evenly distributed over the surface 
and do not appear first or with any greater density at the 
step edges than on the terraces. From these observations, 

FIG. 8. A 1000 Ax 1000 A image of the monolayer of graphite formed 
on the Pt( 111) surface after annealing a saturation overlayer of ethylene 
to 1200 K. 

we can conclude that at least for the ethylene/ethylidyne/ 
Pt ( 111) system, there does not appear to be any special 
reactivity toward dehydrogenation associated with the step 
edges. This contrasts results of an early STM investigation 
on ethyleneIPt( 100),40,41 where the reaction was appar­
ently initiated at the step edges and then proceeded by later 
growth of the carbon covered surface areas. In the latter 
case, however, one has to consider the fact that this reac­
tion is connected with a phase transition of the substrate, 
which might well affect or even dominate the reaction pro­
cess. 

Annealing the carbon covered surface to temperatures 
above 800 K results in the formation of graphite on the Pt 
surface as evidenced by the formation of the characteristic 
graphite rings in LEED experiments.33,34 These findings 
were confirmed by experiments in our laboratory. Corre­
spondingly with STM, we observe that the carbon clusters 
such as those shown in Figs. 5 and 6 form graphite islands 
of about 15-30 A in diameter when the sample is annealed 
to 900 K. These islands exhibit the graphite structure con­
sistent with the bulk graphite lattice spacing of 2.46 A and 
are still uniformly distributed over the surface. After an­
nealing to temperatures above 1000 K, the graphite forms 
larger structures on the terraces and gradually accumulates 
at the lower step edges forming a continuous band of do­
mains with different rotational orientations. The formation 
of larger structures at the expense of the smaller ones (Os­
twald ripening) and the accumulation at steps demon­
strates that, above 1000 K, the C atoms become mobile on 
Pt ( 111 ). These effects have been discussed in detail in Ref. 
4 and are illustrated here in the image shown in Fig. 8 
which was obtained at room temperature after annealing at 
1200 K. The honeycomb structure seen in this 1000 A 
X 1000 A image is not the actual graphite lattice, but 
rather a superstructure formed by the higher-order com-
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mensurability of the graphite and Pt lattices at different 
relative rotational orientations producing various periodic­
ity superstructures which range up to 22 .-\..4 

Coinciding with the formation of graphite on Pt fol­
lowing high temperature annealing of the ethylene covered 
surface, the influence of graphite on the Pt surface itself 
can be seen in the STM images. As seen in Fig. 8, areas of 
the Pt step edge which are decorated with graphite appear 
very rough and irregular. This is very different from the 
topography of clean pte 111) surfaces where the step edges 
are straight and smooth. The smooth step edges are main­
tained for ethylene covered Pt (Fig. 2) or even for Pt 
covered with nongraphitic carbon (Figs. 2, 5, and 6), i.e., 
unless the Pt sample is heated above 800 K in the presence 
of carbon. If we use a low initial exposure of ethylene (0.15 
L), we can generate step areas with and without graphite 
to see the effect of graphite on the step edge. Figure 9 was 
taken after annealing a low coverage ethylene overlayer to 
over 1000 K. In areas undecorated by graphite, the step 
edges are smooth and the Pt atoms are free to evaporate 
very rapidly out onto the terrace leading to the creation of 
the interesting, loop-like, deep hollow structures observed 
in the Pt step shown in Fig. 9. One can also see that dec­
oration of the step by graphite results in roughening. The 
observed step roughening could occur if carbon adsorbed 
at the step hindered the 2D evaporation of Pt atoms from 
the Pt step to the terrace. There would then be rapid 2D 
evaporation from clean areas of the step in the neighbor­
hood of step sites pinned by adsorbed carbon leading to 
step roughening. It is also possible that the roughening 

FIG. 9. A 4000 A X 4000 A image showing 
the effect of graphite on the Pt( 111) step 
edge. Areas of the step edge which are dec­
orated by graphite appear rough and irreg­
ular and areas undecorated by graphite ap­
pear clean and smooth. Note that in this 
large scale image, the honeycomb structure 
of the graphite, which is seen easily in 
higher resolution images, is not resolved. 

which we observe is due to a carbon-induced rearrange­
ment of the Pt atoms at the step. 

CONCLUSIONS 

The experiments described here have resulted in sev­
eral significant observations about the chemistry of the 
widely studied ethylene/Pt( 111) system, and the STM im­
aging of the surface species involved. These are summa­
rized below. 

With respect to STM imaging of adsorbed molecules, 
we observe that ethylidyne, the stable product at 300 K 
resulting from the dehydrogenation of ethylene, can be im­
aged only by cooling the sample (to -180 K). The tem­
perature dependence of the ethylidyne STM images and 
the difference in sharpness with respect to ethylene images 
at the same temperature (230 K) are indicative of the 
disturbing effect of low frequency motions in the imaging 
of molecules. 

With respect to the chemistry of the ethylene/Pt ( 111 ) 
system, the following four major points have been revealed: 

( 1) Since we can distinguish ethylene and ethylidyne 
in the STM images under reaction conditions, we have 
been able to watch this reaction as it occurs by reimaging 
an area of the surface as the reaction progresses. These 
experiments have revealed the unexpected result that the 
reaction happens in a "patchy" manner across the sample. 
When the reaction is only partially complete, well-defined 
islands ofunreacted ethylene are clearly identified. Thus, at 
least at saturation coverage, where our experiments are 
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conducted, the detailed reaction mechanism is more com­
plex than has been previously envisioned, on the basis of 
kinetic arguments. 

(2) The dehydrogenation of ethylidyne on Pt ( 111) in 
the temperature range of 430-770 K leads to the formation 
of unexpectedly large three-dimensional carbonaceous par­
ticles on the surface. After annealing to 500 K, the surface 
is uniformly covered with carbonaceous particles which 
exhibit a bimodal height distribution containing roughly 
ten and 20 carbon atoms, respectively. The particles 
formed at 700 K are seen to be much more uniform, are 
one layer thick, and contain approximately 34 carbon at­
oms per particle. This somewhat surprising result means 
that in contrast to most of the previous literature, the car­
bidic carbon does not consist of individual carbon atoms or 
C2 or C3 species adsorbed on the surface, but of small 
agglomerates. It also may shed light on the reactivity of 
this carbon species, which is produced by dehydrogenation 
of many hydrocarbons on transition metal surfaces. The 
reactivity of this form of carbon on transition metals may 
result from the fact that much of the transition metal is still 
exposed in the presence of the three-dimensional carbon­
aceous particles. 

( 3 ) The carbonaceous particles formed in the 
430-770 K range coalesce and form monolayer graphite 
islands when the sample is annealed at or above 800 K. 
Annealing above 1000 K, the initially formed 15-30 A 
graphite islands grow and eventually accumulate at step 
edges. Graphite bonded to the Pt step edges appears to pin 
or even rearrange the step, resulting in a roughening of the 
step in areas which are decorated with carbon. 

(4) The ethylene/ethylidyne conversion, the ethyli­
dyne dehydrogenation to form carbonaceous particles, and 
the initial conversion of these particles to graphite islands 
are not affected by step defects in the Pt surface. We do not 
see any preferential reactivity of the Pt steps for these re­
actions. It is only in the later stages of graphite formation 
where the larger graphite islands are preferentially con­
densed at step edges. 

These experiments show the utility of variable temper­
ature STM for the investigation of surface chemistry. With 
the ability to anneal the sample at controlled temperature, 
and to obtain images on a short time scale after the sample 
temperature is changed, we were able to perform both tem­
perature and time-dependent investigations of chemistry 
on the Pt surfaces. As can be seen from this study, static or 
time-dependent experiments involving measurements at 
different temperatures or following annealing to different 
temperatures can lead to substantial new insight into even 
widely studied reaction systems. 
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