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Abstract: Reflection absorption infrared spectroscopy (RAIRS) and temperature-programmed desorption
(TPD) were used to identify the molecular species formed upon the reaction of hydrogen with surface
carbon that is deposited by exposing acetylene to a Pt(111) surface held at 750 K. At this temperature, the
acetylene is completely dehydrogenated and all hydrogen is desorbed from the surface. Upon subsequent
hydrogen exposure at 85 K followed by sequential annealing to higher temperatures, ethylidyne (CCHs),
ethynyl (CCH), and methylidyne (CH) are formed. The observation of these species indicates that carbon
atoms and C, molecules exist as stable species on the surface over a wide range of temperatures. Through
a combination of RAIRS intensities, hydrogen TPD peak areas, and Auger electron spectroscopy, quantitative
estimates of the coverages of the various species were obtained. It was found that 79% of the acetylene-
derived carbon was in the form of C, molecules, with the remainder in the form of carbon atoms. Essentially
all of the acetylene-derived carbon could be hydrogenated. In contrast, 85% of an equivalent coverage of
carbon deposited by ethylene exposure at 750 K was found to be inert toward hydrogenation.

Introduction There are several examples in the literature where the
L . .. hydrogenation of surface carbon has been characterized with

The characterization of the different forms of carbon that exist ;i agignq| spectroscopy. High-resolution electron energy loss
on transition-metal surfaces is of central importance to a variety spectroscopy (HREELS) has been used to identify the CH
of catalytic processes. In some cases carbon blocks active Site%pecies formed from the hydrogenation of @ Ni(100) and

and poisons the catalyst, while in other processes carbon ream??u(OOOl)“ Smirnov et al. have used HREELS to characterize

Ion the_ Su:ace t?j form thef (:]ezired pLOdUC;S' An example of the the hydrogenation of carbon atoms deposited from the gas phase
atter is the production of hydrocarbons from CO anglly onto a Pt(111) surface held at 1005KAt higher carbon

the FischerTropsch process. A recent kinetic study of selectiv- coverages their method produces.Gspecies, with > 2, and

ity in cobalt-catalyzed FlschefTrppsch synthess. of hydrocar- they are able to detect with HREELS the formation of ethylidyne
bons explored the role of reactive carbon species, although as CCHy), which they attribute to the sequential hydrogenation
is typical in such studies there was no direct spectroscopic of a stable G species. The Cspecies that Smirnov et .
identification of the postulated intermediafe$he formation observe necessarily is the result of C coupling, whereas using

of C—H bonds on platinum surfaces is particularly relevant to isotopically labeled adsorbates we show that the two carbon
hydrocarbon reforming. Few surface science techniques are ableatoms of the G adsorbate produced from acetylene dehydro-
to distinguish between individual adsorbed carbon atoms andgenation originate from the same acetylene molecule. Further-

C, and higher Qentitites, although it is known that the complete more, our study appears to be the first to take advantage of the
dehydrogenation of hydrocarbon molecules eventually leads tohigh sensitivity and high resolution of state-of-the-art RAIRS

graphite mon_ol_ayer%lt IS not known, howeyer, if the _mob|le ___instruments to observe and distinguish several different hydro-
carbon-containing species that aggregate into graphite Cons's%enation products of surface carbon

of carbon alone or of both carbon and hydrogen. The identity

and stability of surface species that contain only carbon is thus Experimental Section
critically important. We recently used reflection absorption
infrared spectroscopy (RAIRS) to show that the dissociative
adsorption of ethylene on Pt(111) at 750 K producgsadich

can then be hydrogenated to methylidyne, THhe results
presented here demonstrate thag@d G can be detected easily  (4) (a) He, H.; Okawa, Y.; Tanaka, kSurf. Sci 1997 376 310-318. (b)

The experiments were performed in an ultrahigh vacuum (UHV)
system with a base pressure under 1071° Torr.8 The platinum crystal
was prepared and cleaned by standard methddse temperature-

and distinguished through the RAIR spectra of their hydrogena- Eg?;afé%-g?s':f_“ége“ P.; Stengl, R.; Broughton, J. Q.; Menzel).D.
tion products. (5) (a) Smirnov, M. Yu.; Gorodetskii, V. V.; Cholach, A. R.; Zemlyanov, D.

Yu. Surf. Sci 1994 311, 308-321. (b) Smirnov, M. Yu.; Gall, N. R.;
Cholach, A. R.; Gorodetskii, V. V.; Tontegode, A. Ya.; Rutkov, E. V;

(1) Bertole, C. J.; Kiss, G.; Mims, C. Al. Catal 2004 223 309-318. Zemlyanov, D. Yu.Catal. Lett.1991, 8, 101-106.

(2) Land, T. A,; Michely, T.; Behm, R. J.; Hemminger, J. C.; ComsaS@f. (6) Brubaker, M. E.; Trenary, MJ. Chem. Phys1986 85, 6100-6109.
Sci. 1992 264, 261-270. (7) Malik, I. J.; Brubaker, M. E.; Mohsin, S. B.; Trenary, Nl. Chem. Phys

(3) Deng, R.; Herceg, E.; Trenary, Mburf. Sci 2004 573 310-319. 1987 87, 5554-5561.
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Figure 1. RAIR spectra of the reaction of surface carbon with hydrogen
on Pt(111). (a) After a 0.5 L £, exposure to the clean surface at 750 K.
(b—g) After dosing with 40 L of H at 85 K followed by consecutive
annealing for 30 s at 250, 300, 400, 500, 550, and 750 K. (h) Following
the 750 K anneal, the surface was cooled to 300 K and exposed to H
again. The IR spectra were recorded at 85 K after each anneal.

programmed desorption (TPD) experiments were conducted with a
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Figure 2. RAIR spectra of the reaction of surface carbon with deuterium.
(a) After a 0.5 L GH, exposure at 750 K. (be) After dosing with 40 L of
D, at 85 K followed by consecutive annealing for 30 s at 250, 300, 400,
and 500 K. The IR spectra were recorded at 85 K after each anneal.

K anneal is the €H stretch of ethynyl (CCH). Annealing to
500 K results in the dissociation of ethylidyne, as indicated by
the disappearance of the ethylidyne peaks, leaving only meth-
ylidyne (2959 cnm?) and ethynyl (3039 cmt) on the surface,
with only the latter still present after a 550 K anneal. After
heating to 750 K, there is no evidence of any remainingHC
bonds. However, upon cooling to 300 K and exposing to an
additional 40 L of H, the ethylidyne and methylidyne peaks
reappear demonstrating that the reactiyeaid G species are
still present. However, in this case no ethynyl is observed.

Balzers QMG112 quadrupole mass spectrometer. The heating rate in . . .
the TPD experiment is 2 K/s. The RAIRS experiments were conducted Methylidyne, ethynyl, and ethylidyne are fgrmed by the react.lon
with a Bruker IFS-66v/S FTIR spectrometer. To obtain the optimum Of surface carbon atoms and @olecules with adsorbed atomic
sensitivity, an InSb detector with a tungsten source was used in the hydrogen. Only atomic, rather than molecular, hydrogen is
2200-4000 cm! range, and a mercupcadmium-telluride (MCT) expected to be present on the surface as various studies indicate
detector with a SiC source was used for the 82000 cnt* range. that H, adsorbs dissociatively on Pt(111), even at temperatures
Each IR spectrum was recorded with a resolution of 2%camd 1024 as low as 85 I8

scans. The Auger electron spectra (AES) were obtained with a single- Figure 2 shows an experiment similar to that of Figure 1,

ass cylindrical mirror analyzer (PHI 10-155 i 2 V pt . .
pmoduIa)t/ion. The clean Pt(l)lll) cEystaI was e)xpLg;ed to acF:etF;/Iene, but using [3 instead of H to hydrogenate the surface carbon.
ethylene, and hydrogen by backfilling the chamber. The acetylene After the surface was annealed at 400 K, peaks at 1127, 1153,
(99.6% purity) was purchased from BOC Gases and was subject to 1248, and 2212 crt appear. The one at 2212 chis the C-D
further purification by several freezepump—thaw cycles before use.  stretch of deuterated methylidyne (CD), whereas the other peaks
Isotopically enriched acetylené*C,H,, 99%) was purchased from  are assigned to deuterated and partially deuterated ethylidyne.
Sigma-Aldrich. Deuterium (99.5% purity) was purchased from Union Thys, the ones at 1127 and 1248%¢rarev(CC) andds(CHDy)
Carbide, Inc., and ethylene (99.99%) and hydrogen (99.9999% purity) o¢ CCHD; and 1153 cmt is »(CC) of CCDs. These vibrational
were purchased from Matheson Tri-Gas Inc. assignments are in agreement with previous stuftfie®eu-
terated ethynyl (CCD) is not detected, presumably because the
C—D stretch of this species is too weak to observe. The
Figure 1 shows RAIRS results after exposing the surface held observation of H-containing species in Figure 2, even though
at 750 K to 0.5 L of GH, (L = Langmuir, 1 L=1 x 10°® the surface is exposed only to;0s due to adsorption of H
Torr s) to produce surface carbon, followed by cooling to 85 from the background. The strong peak at 2075 tis due to
K. The first spectrum, (a), is featureless demonstrating that the adsorption of CO from the background. Although the CO
exposure at 750 K leads to the complete dehydrogenation ofpeak is quite large, because of its intrinsically high intensity
acetylene, a fact confirmed by TPD measurements. However,the CO coverage corresponding to this peak is only 0.02

Results

after subsequent exposure to 40 L of, ldnd then annealing

the surface to the indicated temperatures, several different

species are detected. After annealing to 250 K-&iGstretch
mode at 2969 crt appears, which we have previously assigned
to the methylidyne (CH) speciésifter the surface was further

annealed to 300 K, additional peaks are observed at 1118, 1343

2794, and 2890 cri, which are readily assigned to théCC),
04CHg), 2x0.{CHs), and v{CHsz) modes, respectively, of
ethylidyne. The peak that appears at 3039 twafter the 400

monolayer (ML). This is based on the RAIRS intensity of the

(8) (a) Balescu,,SC.; Jacobi, K.; Wang, Y.; Bédttig, K.; Ertl, G.; Salo, P;
Ala-Nissila, T.; Ying, S. CPhys. Re. B 2003 68, 205401. (b) Bdescu,
S. C.; Salo, P.; Ala-Nissila, T.; Ying, S. C.; Jacobi, K.; Wang, Y.; Betily,
K.; Ertl, G. Phys. Re. Lett 2002 88, 136101.

(9) Steininger, H.; Ibach, H.; Lehwald, Surf. Sci 1982 117, 685-698.

{10) (a) Janssens, T. V. W.; Stone, D.; Hemminger, J. C.; Zaerd, Eatal
1998 177, 284-295. (b) Janssens, T. V. W.; Zaera, F.Phys. Chem
1996 100, 14118-14129. (c) Zaera, F.; Janssens, T. V. W.; Oefner, H.
Surf. Sci1996 368 371-376. (d) Janssens, T. V. W.; Zaera,Jurf. Sci
1995 344, 77—-84.
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Figure 3. RAIR spectra of ethylidyne antC-ethylidyne produced in the
hydrogenation of surface carbon. The surface carbon was formed by meﬁgﬂmfehvdme"aﬁm
exposure to the Pt(111) surface at 750 K to (a) 0.5 L gL (b) 0.5 L of
13C,H,, and (c) 0.5 L of a 1:1 gas-phase mixture8€;H, and 13CH,. 2962
Ethylidyne forms after the surface was dosed with 40,latB85 K followed PR YR [N S S IR R
by annealing to 400 K for 30 s. The spectra were recorded at 85 K. 1000 1200 1400 2800 3000 3200

Wavenumber (cm-1)
on-tpp CQ at a coverage of 0.17 MLSuch a low C_O\/erage of Figure 4. RAIR spectra of the reaction of surface carbon with hydrogen
CO is unlikely to affect any of the surface chemistry reported on Pt(111). (a) After a 1.0 L £1, exposure to the clean surface at 750 K.
here. (b—q) After dosing with 40 L H at 85 K followed by consecutive annealing

. . for 30 s at 250, 300, 400, 500, 550, and 750 K. (h) Following the 750 K
. The observation of ethylidyne and ethynyl upon hydrogena- anneal, the surface was cooled to 300 K and exposed tagHin. The IR
tion clearly shows the presence of thedpecies on the surface.  spectra were recorded at 85 K after each anneal.
These G molecules can originate either from @agments of
the acetylene that was initially exposed to the surface at 750

K, or they can be due to a-&C coupling reaction between Clean P{(111)

carbon atoms, as was observed in the work of Smirnov &t al. /\/\/\W
However, the latter possibility can be excluded definitively by 0.5 L CyH, at 750 K
the spectra of ethylidyne shown in Figure 3 that were obtained
after the hydrogenation of surface carbon formed by exposure
of the Pt(111) surface at 750 K to 0.5 L of (8C.H,, (b)
13C,H,, and (c) a 1:1 gas phase mixture'&€,H, and3C,H,.
The measured full widths at half-maximum (FWHM) of the
v(CC) andd4(CHsz) peaks are 8 and 2.5 crh respectively,
which makes the isotopic shifts easily detectable for both modes. c
If coupling of carbon atoms were responsible for the formation 200 2;0 . 3(')0 3;0 . 4(')0 750
of the G species that gives rise to ethylidyne upon hydrogena- Electron Energy (V)
tion, then peaks due to the miXéaCBCHS and 13C120H3 Figure 5. Auger spectra of surface carbon on Pt(111). The carbon layer
ethylidyne specie_s Wou_ld have been obsgryed. Instead, thewgs prebaredgby OPS L£Ll>and 1.0 and 2.0 L &4 exposdres ata surfacey
spectrum of the mixture is simply a superposition of the spectra temperature of 750 K. The spectra were recorded at 300 K.
of the 12C12CH; and 13C13CHj3 species.

Ethylene provides a possible alternative precursor for generat-

dN(E)/dE

1.0 L Cf, at 750 K

20L C,H, at 750 K

To control for the possibility that the different nature of the
ing surface G molecules, yet the RAIRS data in Figure 4 cgrbon prod_uced from ethylene and acetylene might be_due to
demonstrate that it givés a distinctly different result than d|fferen_ces_ In carbon coverage, AES spectra were obtained as

shown in Figure 5. The carbon peak at 273 eV that results from

obtained with gcetylene. These. spgctra were obtained in AMan exposure of 0.5 L of acetylene is of the same height as that
analogous fashion to the spectra in Figure 1. The Pt(111) surface roduced by a 1.0 L ethvlene exposure. whereas a 2.0 L ethvlene
at 750 K was exposed to 1.0 L of ethylene and then cooled to P ya -l y P X ) y

85 K where spectrum a was obtained. No peaks are obserVedexposure yields about twice the surface carbon. Thus the RAIRS
. P . ) P results in Figures 3 and 4 correspond to approximately the same
in spectrum a, demonstrating that the ethylene was completely

. . overall carbon coverage. The AES results can be used to
dghydrogenated. After exposing to 40 L of &hd annealing tp establish the absolute carbon coverage on the surface based on
higher temperatures only one peak appears, the methylidyne

C—H stretch at 2969 cmi. The methylidyne dissociates by 550 the intensity ratiol»7d12s7 of the carbon peak at 273 eV to the

. o . : t peak at 237 eV. B HiC t id bsolut
K, as is characteristic of this species. The surface was heatedP peaka €V. by use 9f 0 provide an absolule measure
; . of carbon coverage, Davis et &.determined that for sub-
to 750 K, which as expected yields no peaks. However,

subsequent hydrogen exposure again yields a methylidyne peakr‘nonolayers the carbon coverage is given by 0£62(>s7) with

: : - . n uncertainty of£15%. On thi is, th I rbon
showing that reactive species are still present on the surface. an uncertainty of£15%. On this basis, the absolute carbo

(12) Davis, S. M.; Gordon, B. E.; Press, M.; Somorjai, GJAVac. Sci. Technol
(11) Steininger, H.; Hehwald, S.; Ibach, Burf. Sci 1982 123 264-282. 1981, 19, 231-235.
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Figure 6. Hy TPD results from Pt(111) after (a) exposure of 0.5 iHg
at 750 K and 40 L Hat 85 K followed by annealing to 300 K for 30 s, (b)
exposure of 1.0 L gH4 at 750 K and 40 L Hat 85 K followed by annealing
to 300 K for 30 s, (c) exposure to 40 Lokt 85 K followed by annealing
to 300 K for 30 s, and (d) exposure of 5.0 LK at 350 K.

coverages corresponding to the Auger spectra in Figure 5 are

0.34,0.39, and 0.74 for the 0.5 LB, and 1.0 and 2.0 L &4

exposures, respectively. As a test of the accuracy of these values

a carbon coverage of 0.44 0.07 was obtained for a carbon
layer produced from a saturation coverage of ethylidyne. The
ethylidyne-derived carbon layer was obtained by a 5.0,HC
exposure at 350 K followed by heating to 1200 K to completely
dehydrogenate the ethylidyne to form a graphitic carbon layer.
A saturation exposure of ethylene at 350 K is known to give
an ethylidyne coverage of 0.25 ML (a carbon coverage of 0.50
ML).13

In addition to estimating the carbon coverage by Auger,
values for the coverages of the hydrogenated species can b
obtained from both RAIRS and TPD data based on known
values of the saturation coverages of ethylidyne and hydrogen.
A comparison of the ethylidyne RAIRS peak intensities for an
ethylidyne coverage of 0.25 ML with the intensity observed in
Figure 1 indicates an ethylidyne coverage of 0.11 ML. An
independent value for the coverage of ethylidyne produced from
carbon hydrogenation can be obtained from the TPD results of
Figure 6. This figure shows hydrogen desorption from the

hydrogenated carbon layers produced by acetylene and ethylené

exposures at 750 K compared with a saturation coverage of
hydrogen on the clean surface and with hydrogen desorption
associated with the decomposition of 0.25 ML of ethylidyne.
Qualitatively, these results confirm the observations made with
RAIRS that the carbon layer produced from ethylene (b) differs
significantly from the layer derived from acetylene (a). Figure

6a shows hydrogen desorption peaks at 336 and 488 K and a

broader peak around 650 K. The first peak represents the
recombinative desorption of hydrogen adsorbed on the metal
surface. This is confirmed by comparing the hydrogen desorp-
tion from the carbon-free Pt(111) surface, Figure 6¢, which was
produced by dosing the clean surface with 40 b & 85 K
followed by briefly annealing to 300 K. The second peak at

(13) Griffiths, K.; Lennard, W. N.; Mitchell, I. V.; Norton, P. Rsurf. Sci. Lett
1993 284, L389-1L393.

€

488 K in Figure 6a is clearly the desorption of hydrogen from
the dehydrogenation of ethylidyne, as indicted by comparison
with the hydrogen desorption from the saturation layer of
ethylidyne in Figure 6d. The final stage of hydrogen desorption
with a peak temperature of 650 K in Figure 6a is due to the
dehydrogenation of methylidyne and ethynyl, as is the high
temperature shoulder in Figure 6d. We see in Figure 6a that
the amount of this high-temperature hydrogen desorption relative
to the 488 K peak is larger compared with the pure ethylidyne
decomposition case of Figure 6d. This reflects the fact that the
direct hydrogenation of surface carbon produces methylidyne
and ethynyl in amounts greater than those that are formed simply
from the decomposition of the ethylidyne that is also produced.

For the hydrogenation of the ethylene-derived surface carbon,
Figure 6b shows a peak at 336 K and extended higher-
temperature desorption with a peak at around 536 K. As in
Figure 6a, the first peak represents the recombinative desorption
of hydrogen from the metal surface. However, in contrast to
Figure 6a, the higher temperature desorption is due solely to
the decomposition of methylidyne, the only hydrogenation
product of the ethylene-derived surface carbon. This is consistent
with the RAIRS data in Figure 4, which reveals that methylidyne
decomposes at surface temperatures above 500 K.

The dotted lines in parts a and b of Figure 6 represent the
recombinative hydrogen desorption TPD profile taken from
Figure 6¢ but scaled to fit the 336 K peaks. Similarly, the dashed
line in Figure 6a represents the hydrogen desorption due to the
dehydrogenation of ethylidyne taken from Figure 6d but scaled
to fit the 488 K peak. Thus, the fact that the area under the
dashed line in Figure 6a is only 53% of the area of the hydrogen
TPD curve in Figure 6d for 0.25 ML of ethylidyne implies an
ethylidyne coverage due to,@ydrogenation of 0.13 ML. This
is in good agreement with the coverage of 0.11 ML determined
from RAIRS intensities.

Absolute coverages can also be derived from the hydrogen
PD peak areas based on the known absolute hydrogen
saturation coverage on the clean surface. An early ststipws

that, at 150 K, the saturation coverage of atomic hydrogen on
clean Pt(111) is 1.24 0.4) x 10 cm2 (0.8 ML). The peak
area of the dashed curve in part a corresponding to ethylidyne
decomposition is 0.39% of the TPD area for a saturation
coverage of hydrogen implying an ethylidyne coverage of 0.11
ML, consistent with the estimates given above. Hydrogen that
does not originate from ethylidyne decomposition or from
ecombinative desorption from the metal is obtained by sub-
tracting the areas under the dotted and dashed curves from the
total area under the solid curve in Figure 6a. This corresponds
to a hydrogen coverage of 0.09 ML and hence a combined
methylidyne and ethynyl coverage of 0.09 ML. For the
dehydrogenation of the ethylene-derived carbon, the broad peak
at 536 K in Figure 6b is equivalent to an H coverage of 0.06
ML. This is also presumably the methylidyne coverage, since
this is the only species detected with RAIRS.

Although the H TPD peak areas only provide a combined
coverage of ethynyl and methylidyne of 0.09 ML, the use of
RAIRS intensities permits the separate coverage of each species
to be determined. The ratio of the IR peak intensity for theHC
stretch of methylidyne in Figure 1d to that in Figure 4d is about
2/3. The methylidyne observed in Figure 1d corresponds to the

T

(14) Christmann, K.; Ertl, G.; Pignet, Burf. Sci 1976 54, 365-392.
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Table 1. Absolute Coverages (ML?) of Carbon and Hydrogenated the gas phase onto a Pt(111) surface held at 100 K, and then
Carbon Species studied the reactivity of the carbon layer as a function of
carbon coverage CH CCH CCH, annealing temperature with HREELS. They found that temper-
CoHx-derived 0.344£0.05 0.04+0.02 0.05+0.02 0.1140.02 atures greater than 800 K resulted in the formation of unreactive
CoHs-derived  0.39+0.06  0.06+ 0.02 graphite but that hydrogen was still contained in the hydroge-

a1 ML = 1.5 x 10* cm2. P Carbon deposited by exposing surface at nated_ Ia_yer up to 790 K, as determined by TPD. Their resqlts
750 K to 0.5 L of GHa(g). ¢ Carbon deposited by exposing surface at 750 are similar to ours in that no CH bonds were detectable with
K to 1.0 L of GHu(g). HREELS above 550 K. Although Smirnov et%s&tudied the

reactivity as a function of carbon coverage, only their lowest

direct hydrogenation of surface carbon, whereas in Figure 1e,coverages correspond to the coverage that we used. Their
there is additional methylidyne produced from the dehydroge- conclusion that only CH is produced from a surface covered
nation of ethylidyne. Because we only want to quantify the exclusively with C atoms is consistent with our findings. At
methylidyne that is produced from the direct hydrogenation of higher carbon coverages:<C bond formation occurs, and they
the acetylene-derived carbon, the methylidyne RAIRS peak in jdentified the G species through its hydrogenation to ethylidyne.
Figure 1d, rather than in Figure 1e is used. This therefore implies while there have been other repdtist C—C coupling reactions
that, of the 0.09 ML of hydrogen obtained by subtracting out on Pt(111), Smirnov et af.provide a clear case of coupling
the dashed and dotted curves in Figure 6a, 0.04 ML is due to between carbon atoms rather than by way of a, Gpkcies.
methlylidyne and 0.05 ML is due to ethynyl. The acetylene- This is why it was important to consider-& coupling as a
derived carbon coverages corresponding to ethylidyne, ethynyl, possible origin of the £that we detect.
and methylidyne are 0.22, 0.10, and 0.04 ML, respectively. The  we chose a 0.5 L acetylene exposure at 750 K for several
total carbon coverage associated with these species is thus 0.3@easons. First, 750 K is a temperature that is high enough to
ML, compared with the total carbon coverage of 0:84.05 ensure that all of the hydrogen is removed giving a pure carbon
ML determined by AES. This implies that essentially all of the |ayer. Second, based on previous studies it should be low enough
surface carbon produced by a 0.5 L acetylene exposure at 75Go avoid complete formation of unreactive graphite. Third, we
K'is in a form that can subsequently undergo hydrogenation. found that a 0.5 L exposure gives sub-monolayer coverages thus
This is in marked contrast to the ethylene-derived carbon, where ensuring that there is sufficient bare metal surface available for
only 15% of the surface carbon can be hydrogenated to CH. the dissociative adsorption of hydrogen. The surprising observa-
The coverages of the various species are summarized in Tablgjon here is that, for the same carbon coverage and the same
1. exposure conditions, acetylene-derived carbon differs from
ethylene-derived carbon, with the €pecies being detected in
the former case but not in the latter. Prior to the observation of

There are several previous studies that are highly relevant tographitic carbon with STM for annealing temperatures of 800
the findings reported here. Although our focus is on the C K or above, Land et al., observed that carbon was in the form
species produced from acetylene decomposition, other studiesof clusterst’ In their experiment, they annealed a saturation layer
have focused more broadly on the nature of carbon layers onof ethylene to increasingly higher temperatures and observed
metal surfaces and their reactivity. Surface carbon is generally carbon-containing clusters above 500 K with a bimodal distribu-
divided into two types: carbidic and graphitic, with the latter tion of heights. Clusters consisting of 10 atoms had heights of
generally unreactive. Hutson et al. have reviewed the charac-one atomic layer while two layer high clusters contained 20
teristics of the two forms as determined with various electron carbons. Obviously, STM provides no information on the
spectroscopie®. The carbidic layers that they considered were hydrogen content of the clusters nor do the STM results preclude
made either from CO or £, decomposition, and they mainly  the possibility that there are isolated carbon atoms or CH species
discussed layers on nickel surfaces. Although as they and otherson the surface following ethylidyne decomposition. Our obser-
note!® AES line shapes can be used to distinguish different vation that most of the ethylene-derived carbon is unreactive
forms of surface carbon, our spectrometer does not provide toward hydrogen, with the only active form being carbon atoms
sufficient resolution to do so. Nevertheless, Hutson €t alake that form methylidyne, is consistent with both a large fraction
some general statements about the temperature range at whicbf the carbon being in the form of either graphite or carbon
carbidic carbon transforms into graphite, which imply that by clusters. Although Land et al.do not classify their clusters as
750 K, all carbon should be in a graphitic form. Land et*&l.,  graphitic or carbidic, the work of Hutson et*&lmakes it clear
used STM to study the thermal evolution of ethylene to graphitic that there is a range of temperatures where a form intermediate
monolayers on Pt(111) and generally found that a temperaturebetween carbidic and graphitic prevails. Since RAIRS only
of 800 K marked the formation of graphite with lower provides information on the carbon that is reactive, it provides
temperatures giving larger carbon clusters. Perhaps the prioressentially no new information on the ethylene-derived carbon,
work most relevant to our studies is that of Smirnov et al., who most of which is unreactive.
were specifically interested in the reactivity of the surface carbon  The fact that most of the acetylene-derived carbon in our
toward hydrogefs. They deposited carbon atoms directly from experiment is in the form of £ where both carbon atoms are
derived from the same acetylene molecule, indicates that this

Discussion

(15) Hutson, F. L.; Ramaker, D. E.; Koel, B. Surf. Sci1991, 248 104-118. i H
Hutson F. L Ramaker D, E.. Kool B. E. Gebhard, SSGif. Sci 1691 form of carbon is both remarkably stable with respect to
248 119-133.
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dissociation and unreactive toward agglomeration into larger
carbon clusters. However, thesgr@olecules readily react with
hydrogen indicating highly selective chemical properties. Fur-
thermore, as our results on the repeatability of theh@ro-
genatior-dehydrogenation reactions show, there is significant
loss in reactive gafter annealing the hydrogenated acetylene-
derived carbon layer to 750 K. This is not surprising since we
are essentially annealing an ethylidyne layer, which is known
to produce unreactive graphite by 800 K. The fact that the
hydrogen-free glayer shows less tendency than an ethylidyne
layer to form graphitic carbon is likely due to a greater mobility
of the hydrogenated species. It has been demonstrated that
ethylidyne has a high mobilit}? and this may be a general Ho /

feature of hydrogenated carbon species as opposed to bare

carbon clusters. Finally, the most obvious explanation for the . H':' Z

different behavior of ethylene and acetylene upon dosing at 750 B }f\ E,H M

K is that the stronger CC triple bond in the latter inhibits C E

. . : s cC . C

bond cleavage during the dehydrogenation reaction, whereas SR LA

both C-C and C-H bond cleavage occur together for ethylene. £

It would be an interesting study to perform detailed theoretical 85K 400 K

calculations for the activation energies for the relevant steps in Figure 7. Reaction schemes indicating the species formed upon exposing

the decomposition of the two molecules. the surface to acetylene at 750 K (a) and after cooling to low temperature,
exposing to hydrogen, and annealing to 400 K (b).

Summary species upon additional hydrogen exposure. An overall reaction

Upon exposure to a Pt(111) surface held at 750 K, acetyleneSCheme summarizing these findings is given in Figure 7. In

undergoes complete dehydrogenation to produce surface carboifontrast, an equwalent_coy(_arage of carbon producz_ad by ethylene
that is primarily in the form of G molecules with smaller exposure undergoes significantly less hydrogenation and yields

amounts of adsorbed carbon atoms. The C atoms can beonlyalowcoverage of the methylidyne (CH) species, with most

hydrogenated to the CH species, whilgi€hydrogenated to a of the carbon in an unreactive form. The unreactive carbon is
mixture of ethylidyne (CCH) an’d ethynyl (CCH). Isotopic presumably in the form of graphite, as it is well known that

labeling experiments conclusively demonstrate that both carbongraIOhIte monolayers form on P(111) from ethylene decomposi-

atoms of a G molecule originate from the same acetylene tion. The different nature of the carbon layers produced from

molecule. Subsequent annealing of the hydrogenated carborﬁthylene an.d acetylene exposures sgggests that the h[ghgr cc
layer to 750 K leads to complete dehydrogenation, but carbon ond order in acetylene Igads to significantly different kinetics
atoms and & molecules are still present, although at lower in the steps between the intact molecule and the carbon layer.
coverage, as indicated by the reappearance of the CH and CCH  Acknowledgment. This work was supported by the National
Science Foundation under Grant CHE-0135561.
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