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LEED AND THERMAL DESORPTION STUDIES OF SMALL MOLECULES (H2, 02, CO, C02, 

NO, c2H4, c2H2 AND C) CHEMISORBED ON THE RHODIUM (111) AND (100) SURFACES 

by 

D. G. Castner, B. A. Sexton and G. A. Somorjai 

Materials and Molecular Research Division, Lawrence Berkeley.Laboratory 
and Department of Chemistry, University of California 

Berkeley, California 94720 

Abstract 

The chemisorption of H2, 02, CO, C02, NO, c2H4, c2H2 and C has been 

studied on the clean Rh(lll) and (100) surfaces. LEED, AES and thermal 

desorption were used to determine the surface structures. dis-

ordering and desorption temperatures, displacement and decomposition char

acteristics for each specieso All of the molecules studied readily chemi

sorbed on both surfaces. A large variety of ordered structures was ob

served, especially on the (111) surfaceo The disordering temperatures of 

most ordered surface structures on the (111) surface were below l00°C. It 

was necessary to adsorb the gases at 25°C or below in order to obtain well-

ordered surface structures. Chemisorbe~ oxygen was readily removed 

from the surface by H2 or CO gas at crystal tempeh3tur~above 50°C. co2 
was found to dissociate to CO upon adsorption on both rhodium surfaces as 

indicated by the identical adsorption characteristics of these two molecules. 

c2H4 and c2H2 also had very similar adsorption characteristics and it is 
formed by . 

likely that the adsorbed species I both molecules is the same~ Decompo-

sition of ethylene produced a sequence of ordered carbon surface structures 
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a 
on the {111) face as a result of/bulk-surface carbon equilibrium. The chemi-

sorption properties of rhodium appear to be generally similar to those of 

iridium, nickel and palladium. 

I. Introduction 

Rhodium is one of the most versatile metal industrial catalystso It 

is employed to reduce nitrogen oxides in the exhaust of internal combustion 

engines, for hydroformylation {addition of CO and H2 to a en olefin to pro

duce a Cn+l aldehyde) and for the production of methane and higher molecular 

weight hydrocarbons from CO and H2• Unlike platinum, rhodium readily breaks 

C=O bonds in addition to H-H, C-H and C-C bonds and is capable of inserting 

CO molecules into hydrocarbons -- a process that finds many applications in 

the chemical technology. Rhodium also has a rich organometallic chemistry 

and in cluster form is used in solution as a homogeneous catalyst. 

Despite the chemical importance of rhodium surfaces, their chemisorption 

characteristics are not well documented. Early work by Tucker(l-J) investi

gated the adsorption of oxygen and CO on the (100), (110) and (210) crystal 

faces. However, it was not clear whether these studies were carried out on 

initially cle~n metal surfaces and he reported the existence of many surface 

structures that could not be verified. Grant and Haas( 4) reported briefly 

on the adsorption of CO, co2 and o2 on Rh(lll). 

In this paper we report the results of a systematic survey of the 

chemisorption properties of several small molecules {H2, 02, CO, co2, NO, 

c2H4, c2H2 and carbon} on the clean Rh(lll) and Rh(lOO) crystal faces. Low

energy electron diffraction {LEED} was employed to determine the surface 

structures that form upon exposures of 1-103 Langmuirs {1 Langmuir=ll=l0-6 
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torr-sec} at pressures of 10-8-10-5 torr* and at surface temperatures of 

0°-300°Co Auger electron spectroscopy (AES) was used to determine the sur

face compositiono Thermal desorption and displacement reactions were used 

to obtain information about the binding of the various molecules to the 

rhodium surfaceo 

We have found that all of these molecules readily chemisorb and form 

at least one but often several ordered surface structures on both rhodium 

surfaces. Chemisorbed oxygen is very reactive. and is readily removed from 

the surface by H2 or CO at temperatures above 50°C. Upon adsorption carbon 

dioxide is dissociated to CO by rhodi'um and its chemisorption behavior was 

identical to that of CO. The carbon chemistry on Rh(lll} fs also in-

teresting as saturation of the near surface region with carbon (obtained 

by the decomposition of ethylene} established conditions for the formation 

of an interesting sequence of ordered carbon surface structures. These 

structures were interconvertible by adding or removing carbon from the near 

surface layers and their presence shows the importance of bulk-surface 

equilibria in carbon-rhodium surface chemistry. 

A comparison of chemisorption characteristics of Rh, Ni, Pd and Ir · 

reveal interesting similarities although the carbon and oxygen chemistry 

of rhodium exhibit unique features which could have a bearing on rhodium's 

catalytic properties. 

li. Experi menta 1 
The experiments were conducted in two different LEED-AES systems. The 

first was a conventional UHV ion-pumped system and the second was a diffusion 

* In the investigation of CO adsorption the crystals were exposed to CO 

pressures of up to 800 torr by using a high pressure isolation cell. (S) 
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pumped chamber with a high pressure isolation cell.(S) With the second 

system, it was also possible to expose the clean Rh surfaces to adsorption 

pressures up to 800 torr and then re-expose to vacuum in less than a minute. 

This facility is particularly useful to probe pressure domains of interest 

to catalytic chemists. The crystal heating leads on both systems were LN2 
cooled so the adsorptions could be carried out at temperatures between 0 and 

25°C. This cooling was important, especially on the (111) surface, as the 

formation of well-ordered LEED patterns was best observed at temperatures 

below 25°C. 

After orienting a rhodium single crystal rod of >99.9% purity to within 

±1/2° (111) and (100) slices were cut 1 mm thick and 7 mm in diameter by 

spark erosion then mechanically polished to '.05~ on a syntron. Three (111) 

and two (100) crystals were investigated to eliminate errors due to defects 

and impurities in the metal, as well as vacuum preparation and cleaning 

methods. 

Cleaning in vacuum was accomplished by a combination of ion bombardment 

(500-2000 eV), annealing and o2JH2 cycles to remove carbon, sulfur, phos

phorus and boron. After cleaning no carbon or sulfur could be detected by 

AES. It should be noted that although sulfur adsorption was not studied 

two ordered surface structures, a (2x2) and C(2x2), were observed for sulfur 

on the (100) surface during the course of these experiments. A very small 

amount of phosphorous remained on the surface after cleaning. Boron, a signi

ficant bulk impurity (17 ppm), segregated onto both surfaces and could be 

detected by its ordered LEED structures and a 180 eV peak in the AES spectrum. 

Either ion bombardment (500 eV) at 25°C followed by a 400°C anneal in vacuo 

or flashing to l000°C in 5xl0-7 torr of oxygen followed by heating in hydrogen 
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were found to be good methods of temporary removal of boron from both faces. 

As boron depleted from the bulk, it ceased segregating to the surface. 

Each gas was adsorbed at pressures between lxlo-8 and lxlo-5 torr and 

near room temperature (<25°C). CO was also adsorbed at pressures up to 

800 torr by using the high pressure isolation cell. Every gas studied 

produced at least one ordered structure on these surfaces. The structures 

were observed both with increasing exposure and after the gas was pumped 

away. The disordering temperatures for these structures were detennined 

by slowly heating the crystal to 300°C in the presence of the gas. 

Thermal desorption analyses were done by plotting a particular mass 

from the quadrupole mass filter (UTI lOOC) while linearly ramping the cry

stal temperatureo The crystals were heated resistively and the temperatures 

monitored with chromel-alumel thermocouples. For thennal desorption ana

lyses it was found necessary to mask off the rear and sides of the crystals 

with tantalum foil to suppress desorption from these surfaceso 

III. Results and Discussion 

lo Clean Surfaces 

The LEED patterns of the clean Rh(lll) and (100) surfaces shown in 

Fig. 1 exhibit the (lxl) synrnetry characteristic of the unreconstructed 

clean surfaces. These LEED patterns have sharp intense spots and low back

ground intensity. The AES spectrum of these surfaces is shown in Fig. 2. 

The small residual P peak was the lowest obtainable with the cleaning method 

used, and is estimated to be <5% of a monolayer. We believe that this 

did not affect the chemisorption behavior of any of the species studiedo 
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2o Surface Structures~ Thermal Desorption, Ordering and Displacement 

Characteristics of Adsorbates on the Rh(lll) and Rh(lOO) Surfaces 

The adsorption of H2, o2, CO, CO~, NO, c2H4 and c2H2 gases were investi

gated. The LEED structures observed upon adsorption of these gases on the 

Rh(lll) surface along with those produced by carbon are summarized in Table 

Io Also included in Table I are the reported structures for these molecules 

adsorbed on the hexagonal faces of Pd, Ni, Ir, Pt and Ru. Similarly in 

Table II .the surface structures we observed for these adsorbates on Rh(lOO) 

are compared with previously reported structures of these adsorbates on the 

(100) fac~s of Pd, Ni, Ir and Pt. 

Based on the rate of formation of the ordered surface structures and 

thermal desorption experiments H2, o2, CO, co2, NO, c2H4 and c2H2 all were 

found to have high sticking probabilities on both Rh(lll) and (100). For 

adsorption pressures between lxlo-8 and lxlo-5 torr and at crystal temper

atures between 0° and 25°C the average "sticking" probabilities of these 

small molecules are all between Dol and 1.0. 

On the (100) face, the disordering temperatures of the ordered surface 

structures were in excess of 100°C, while for the (111) face most dis-

ordering temperatures were below l00°C. Table III shows the estimated dis-

ordering temperatures for the various adsorbates. Because of the low dis- ~ 

ordering temperatures on the (111) surface, it was necessary to perform the 

adsorptions at 25°C or below to obtain rapid formation of well ordered LEED 

patterns. 

2Ao Hydrogen 

Hydrogen did not noticeably alter the (lxl) clean surface LEED pattern 

on either surface, although it was adsorbed, as indicated by thermal desorption 
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spectra. The H2 surface structures are therefore designated (lxl). Hydrogen 

desorbed at about 150°C from Rh(lll) and the spectra as a function of ex-

posure are shown in Fig. 3ao The peak maximum shifts to lower temperatures 

with increasing exposure which suggests second order desorption kineticso 

Hydrogen was one of the more weakly adsorbed species and was readily dis

placed byCO, NO, 02, c2H4 or c2H2o No evidence for CO-H2 interactions 
. -

were observed during co-adsorption of those gases. 

Since adsorption of hydrogen caused no notkeable change in the (lxl) 

LEED patterns of the clean (111} and (100) rhodium surfaces and hydrogen 

is a weak scatterer, it will be necessary to perform intensity vs voltage 

measurements in order to determine whether hydrogen forms a true (lxl) 

structure as is the case on Pd(lll)(6} or a disordered layer as on Ni(l00).(6) 

The thermal desorption spectra shown in Figo 3a are almost identical to 

those seen on Ir(lll)(l) and are very similar to those seen on Ni(l11) and 

(lOO)(B) and Pt(lll).(JB) The only difference .among rhodium1 nickel and 

platinum is that hydrogen desorbs at temperatures about 75°C higher from 

the rhodium surfaceso The fact that hydrogen has been shown to be dissociated 

on Ni(111),(B) Ni(lOO)(B) and Pt(lll)(J~ 

~~~te~--~h~~:ydrogen is also dissociated by the 

rhodium surfaceso 

2B. Oxygen 

Oxygen adsorbed with a high sticking probability on both the (111} and 

(100) surfaces, forming,a (2x2) structure on the (111) and two structures, 

a (2x2) and a C(2x2), on the (100). On the (100) surface the (2x2) struc

ture was formed at about 1L and then transformed to a C(2x2) structure upon 

increasing the oxygen exposure above 1L. The (2x2} structure could be 
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regenerated from the C{2x2) by either heating the crystal to about 125°C in 

the presence of gaseous oxygen or by reaction of the adsorbed oxygen with 

H2 or CO gaso 

Oxygen desorbed from Rh(lll) at temperatures around 700°C, as shown by 

the thermal desorption spectra in Fig. 3bo These spectra shift to lower 

temperatures with increasing coverage. It is likely that oxygen is dis

sociated upon adsorption and desorbs with second order kinetics. Oxygen 

desorption was not seen if carbon was present in the near surface region, 

but instead a CO desorption peak was observed between 600 and l000°C. 

Total removal of the carbon by heating the crystal in oxygen (Sxlo-7 torr, 

l000°C), then flashing the crystal in vacuum, followed by .room temperature 

adsorption of oxygen was necessary in order to obtain the spectra in Fig. 

3b. 

The oxygen structures, when heated above 50°C, were extremely reactive 

with gaseous H2 or CO. All oxygen structures were removed after a few 

seconds of exposure to 5xlo-7 torr of either gas. Oxygen was readily re

adsorbed on the surface after this reaction. The disordering temperatures 

for the oxygen structures may actually be significantly higher than those 

given in Table III as the LEED patterns were susceptible to removal by 

ambient CO and H2 at the temperatures listed in the table. Exposure to NO 

gas did not cause a removal or displacement of the oxygen structures. 

The (2x2) structure produced by chemisorbed oxygen on the Rh(lll) sur

face is in good agreement with previously published results for many of the 

transition metals. Oxygen forms (2x2) structures on Ni(lll),(g) Pd(lll),(lO) 

Pt{lll), (ll) Rh(lll}, <4> Ir(111)( 12 •13) and Ru(OOl). (4) The Rh(lOO) surface 

produced both (2x2) and C(2x2) structures upon oxygen adsorption,which is 

' 
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the same beahvior as found on Ni(lOO)o(g) The peak maxima in the thermal 

desorption spectra for oxygen on the rhodium surfaces are shifted to 

slightly lower temperatures than the spectra reported for oxygen on Ir(lll)o(l 2•13} 

The decrease of the peak maximum with increasing exposure is suggestive of 

second order desorption kineticso This suggestion is supported by photo

emission results which found oxygen to be dissociatively adsorbed on the re

constructed lr(l00}-(5xl) surface.< 14} 

Our results of oxygen adsorption on Rh(lOO) are not in agreement with 

the early work done by Tucker on Rh(lOO}o(J) He found (2x2), (3xl) and (2x8) 

oxygen structures, but no C(2x2) structure. The (2x8} structure was stated 

to be a coincident layer of oxygen having a coverage of 7/8. We examined 

the adsorption of oxygen over a wide range of pressures and temperatures 

and neither the (3xl) or (2x8) structures were ever seen. It is possible 

that his crystals were either misoriented or contaminated. 

2C. Carbon Monoxide and Carbon Dioxide 

CO and co2 formed a series of surface structures on both the (111) and 

(100) surfaces. co2 appeared to dissociate to CO upon adsorption since CO 

and co2 gave identical LEED patterns and thermal desorption spectra, with CO 

the only gas detected during desorption. On both surfaces the gases formed 

an initial low coverage structure which then compressed into a hexagonally 

close packed overlayer of COo In order to observe the CO structures it was 

necessary to keep the crystal temperature below 25°C. The only difference 

between CO and co2 adsorption was that a factor of 5 higher pressure of co2 
gas was needed to form the same structure. Therefore we will present only 

the results of the CO adsorption studies. 

On the (111) surface a ( i 3x i 3) R30° is formed at an exposure of about 
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0.5L. Upon increasing the CO partial pressure to lxlO-G torr, the LEED 

pattern shown in Fig. 4a is obtained. This structure is designated as a 

"split" (2x2) and can be explained by double diffraction from a hexagonal 

overlayer of CO on the (111) surface. This is shown schematically in Fig. 

4b. By a further increase of the pressure to lxlo-5 and with the crystal 

temperature below 25°C, the split (2x2} condensed into a (2x2) structure. 

To produce a (2x2) structure on Rh(lll) from a hexagonal overlayer requires 
0 

a diameter of about 3.2 A for each CO molecule. The real space represent-

ations of the ( /3x/3} R30°, split (2x2) and (2x2) structures are shown in 

Fig. 5. The order-order transition between the split (2x2) and (2x2) struc

tures was reversible. The split (2x2) could be generated from the (2x2} 

by either reducing the CO partial pressure to lxlo-8 torr or heating the 

crystal to 50°C. Exposing the (111} surface to 800 torr of CO by using 

the isolation cell( 5) produced no new surface structures but demonstrated 

the importance of the crystal temperature. If the crystal temperature was 

above 50°C only a split (2x2} was observed, even after the high pressure 

exposure. 

Adsorption of CO on the (100) surface initially forms a C(2x2) struc

ture. At exposures above ll the C(2x2) structure is compressed into a hex-

agonal overlayer of CO Y'ielding the LEED pattern shown in Fig. Ga. This f 

pattern is designated as a "split" (2xl) can again be explained by double 

diffraction. This is diagrammed in F.ig. 6b. Some complex streaking was 

observed as the CO overlayer was compressing from the C(2x2) structure 

into the split (2xl). As in the case of the (2x2) structure on Rh(lll), 

the split (2xl) requires the diameter of CO molecules in the hexagonal over

layer to be about 3.2 A. The real space representations of the C(2x2) and 



' 

' 

-11-

split (2xl) structures are shown in Fig. 7. 

The thermal desorption spectra for CO on the (111) surface are shown 

in Fig. 8a. Molecular CO was the only species detected desorbing and no 

evidence was found for dissociation of CO on either surface. The peak 

maximum decreases from 275°C to 225°C as the CO exposure is increased. A 

similar set of spectra were seen for the (100) surface, the only differ

ence being that the peak maxima occurred at temperatures about 20°C lower. 

As the exposure was increased above ll, a shoulder began developing on the 

left side of the original peak. By an exposure of lOL the shoulder had 

become a resolvable peak. The appearance of this peak was more pronounced 

on the (100) surface and a set of desorption spectra for that surface are 

shown in Fig. 8b. The appearance of this shoulder appears at the same ex

posure as the onset of compression of the CO overlayer observed by LEED. 

As stated previously, thermal desorption spectra for CO and co2 were identi

cal. No oxygen, co2 or extra CO desorption peaks were ever observed from 

co2 adsorption. The extra oxygen atom may penetrate the rhodium lattice 

upon adsorption or heating but further studies are needed to determine the 

face of the oxygen atom. 

Adsorbed CO was not easily displaced by H2, o2 or NO at room temperature. 

· No evidence for changes in either the thermal desorption spectra or LEED 

patterns were found by exposing adsorbed CO to gaseous hydrogen. 

The adsorption of CO on rhodium correlates well with previous adsorption 

studies of CO on other transition metal surfaces. The general pattern of 

CO adsorption is to initially form a low coverage surface structure which 

then compresses into hexagonally close packed overlayer of CO molecules as 

the CO exposure is increased. 
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CO readily adsorbed on both rhodium surfaces as long as they were 

scrupulously clean as determined by AES (Figo 2). On the clean surfaces 

we found no evidence for dissociation of the CO molecules and the struc-

tures formed were stable with respect to the electron beam of the LEED 

gun. If more than 10% of a monolayer of carbon was present on the sur

face, the LEED patterns rapidly disordered when exposed to the electron 

beam. 

The ( {Jx /3) R30° low coverage CO structure (6=1/3) seen on Rh(111) has also 
. f . ( 111) ( 15 ' 32 ) . ( 1 0 ) been observe~ as_ the_ J_o~_c:_ov!!_r_~_9.e_ sJruc:~l:l.!."~ _()r: __ ~o ()_". _N~ .. ________ L____ _ __ _ Pd , ___ _ 

Pt, ( Jg) I r( 111), ( 12 ' 1 J' 17
_>_ ~n~ -~~(001) .-' 4•_16 ) _The sp 1 ~ t (2x_2 )_ struct~-r~ corr~s_P~nos 

to a coverage of 6=0.6 and· has also been observed for CO on Pd(l11). (lO) On 

Pd(lll) the split (2x2) structure is the highest coverage observed which is 

in contrast to Rh(lll) where the split (2x2) condenses into a (2x2) structure 

with a coverage of 6=0.75. Compression of the CO overlayer has been observed on 

Ni ( 11 I), (l£i ·~2 ) Pd( 11.1 ). < ~ ?.>. l't( li l)( ~~r ~nd JrOJl_J .. ( 1:• 13• 1 ~) A __ (~x2) ~tr~c_tlJre 
for CO on Ru(OOl) has been observed,(4) but a more recent study( 16 ) states 

that the (2x2) is electron beam induced and that increasing the coverage 

above the ( { 3x /3} R30° structure produces only disorder in the LEED 

pattern. In a previous study of Rh(lll), Grant and Haas( 4) reported a (2x2} 

structure for CO and a split (2x2) for co2 but offered no explanation of 

these structures. As stated earlier, we found no difference between CO and 

co2 adsorption as both gases gave identical results.· The results of a re

cent study of CO on Rh(lll) by Neumann are in agreement with our resultso(JJ) 

On the Rh(lOO) surface a C(2x2) structure was the low coverage struc-· 

ture (6=0.5) observed for CO adsorption. The C(2x2) structure has also been 

observed as the low coverage structure for CO adsorbed on Ni(lOO)(lB) and 

I 

(.' 

' 
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Cu (1 00), ( 19 ) and on the unre..cons tructed ( 100) faces of I r ( 44) and Pt ( 43). 

On Rh(lOO) the C(2x2) structure compresses into a hexagonal overlayer at higher 

CO exposures to give a split (2xl) pattern with a coverage of e=0.83. The 

C(2x2) structures on Ni(lOO)(lB) and Cu(lOO)(lg) were also found to com-

press into a hexagonal overlayer. CO on Pd(lOO) (20) also has a compression 

structureo Our results are again in disagreement with Tucker's results 

for CO on.Rh(lOO).(.J) As pointed out above, we feel that the cleanliness 

of his sample is questionable. This is reinforced by the fact that his 

diffraction patterns were electron beam sensitive, while we only found that 

to be the case when the adsorption was carried out on a contaminated sur-

face. Our CO structures were stable under the electron beam when_ adsorbed 

on a clean surface. 

The thermal desorption spectra for CO on Rh(lll) and Rh(lOO) are s.imi-, 

lar to spectra published for CO on Ni(lll),< 32 ) Pd{lll),(lO) Ir(lll)(l 2,13,ll) 

and Ru(001).< 16 ) The spectra suggest that CO desorbs with first order kinetics 

but has an activation energy of desorption, Ed' which decreases with in

creasing coverage. This may be expla.ined by the fact that as the CO over

layer compresses the repulsive forces between CO molecules will increase ( 

giving a decrease in Ed. The a~tivation energies of desorption of CO on 

Ni, Pd,- Rh, Ir and Ru are listed in Table IV. These activation energies 

at CO exposures of 5L have been calculated 'following Redhead( 2l) by assuming 
' 

first order desorption kinetics and a pre-exponential factor of 1013 sec-1• 

A~ stated above, we found substantial evidence for the dissociation 

of co2 into adsorbed CO on both rhodium surfaces. This is an important 

first step in the generation of hydrocarbons from co2-H2 gas mixtures over 

metal catalysts. It has previously been shown that rhodium foils produce 

/ 
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CH4 from co2 and H2 at a pressure of 800 torr.< 22 ) 

2D. Nitric Oxide 

NO adsorbed with a high sticking probability on both surfaces at 25°C, 

forming a C(2x2} structure on Rh(lOO} and C(4x2) and (2x2} structures on 

Rh(lll). The C(4x2} structure was formed at about O.lL and then was converted 

to (2x2) structure upon increasing the exposure above lL. During this con

verison complex streaking of the LEED pattern occurred. The Rh(lll}-(2x2} 

structure disordered at a low temperature (50°C} and was best observed at 

room temperature or below. Nitric oxide desorption was complex and is not 

reported here. Coupled with the many LEED structures for NO and its sus

ceptibility to disordering at low temperatures, this system warrants a de

tailed study by itself. 

NO adsorption at 300 K on Rh(lll) was very similar to results of NO 

adsorbed at 200 K on Pd(lll).(lO) As on Rh(lll) adsorption of NO on Pd(lll) 

initially forms a C(4x2) structure which then converts into (2x2) structure 

at higher NO exposures. The model proposed for Pd(lll) (lo) has coverages 

of 8=0.5 for the C(4x2) structure and 8=0.75 for the (2x2) structure with 

the (2x2) structure being a hexagonal overlayer of NO. An initial C(4x2) 

structure has also been seen for NO adsorbing on Ni(lll) at 300 K, which 

is then converted into a hexagonal structure at higher NO coverages.< 23 ) 

The formation of. these· structures are similar to the compression of CO over-

layers on these metals. Because of the above similarities it is likely that 

NO also forms a hexagonal overlayer on Rh(lll)o We could not determine if NO 

dissociates on rhodium surfaces from LEED observations. It was found that 

associatively adsorbed NO on Ni(lll)( 23 ) and Pt(l11)( 24 ) could be dissociated 

by mild heating. NO has also been shown to dissociatively adsorb at l00°C 

I 
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on Ru(olo).< 25 ) 
2E. Ethylene and Acetylene 

The adsorption of c2H4 and c2H2 at 25°C yielded C(4x2) structures on 

Rh(lll) and C(2x2) structures on Rh(lOO). Since c2H4 and c2H2 adsorption 

gave identical LEED patterns and very similar thermal desorption spectra, 

it is likely that the adsorbed species is the same for both molecules. We 

found no evidence for decomposition of either molecule when the crystal 

temperature was below 150°C. Upon heating the crystal to temperatures 

above 150°C both c2H4 and c2H2 decomposed into surface carbon and gaseous 

hydrogen. Hydrogen was the only gas found to desorb in the thermal desorp

tion experiments and carbon was detected on the surface by AES after the 

desorption. The decomposition could also be followed by LEED. On the (100) 

surface the C(2x2) diffraction spots produced by c2H4 and c2H2 adsorption 

were diffuse, but upon decomposition (heating to 200°C) they became very 

sharp, forming a well ordered carbon C(2x2) structure. On the (111) surface 

the C(4x2) structures irreversibly disordered when heated above 150°C. The 

surface carbon generated from the decomposition prevented re-adsorption of 

either c2H4 or c2H2o Upon flashing the crystal to 800°C, the surface carbon 

diffused into the near surface layers and further re-adsorptions were then 

possible. After several doses of the hydrocarbons, the surface region ap

peared to become saturated with carbon and ordered structures appeared on 

the (111) surface. These structures are described in more detail below and 

present an interesting example of an equilibrium between bulk and surface 

carbon. 

Ethylene and acetylene had very similar thermal behavior. Desorption 

of the C(4x2) structures on Rh(lll) produced the spectra in Fig. 3c. Only 

H2 desorption was observed. The desorption spectra have a main peak at 
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225°C followed by a continuous evolution or 11 tail 11 of H2 up to 550°C. The 

desorption temperature of the 225°C peak did not change with exposureo 

Ethylene and acetylene were strongly adsorbed on both surfaces, and were ~ 
the 

not displaced by/other gases. 

The thermal desorption spectra for c2H4 and c2H2 on rhodium are es

sentially identical to spectra published for Ir(lll).(l) Both metal sur-

faces decompose the molecules upon heating, desorbing H2 and leaving sur

face Co A very small amount of c2H4 was found to desorb from Ir(lll) while 

on Rh(lll) no c2H4 desorption could be detected. On Ir(lll)(l) and our 

Rh surfaces, desorption of adsorbed hydrogen occurred at temperatures less 

than 200°C (Fig. 3a)o Since hydrogen desorption from the decomposition of 

c2H4 or c2H2 occurs above 200°C, it is unlikely that any of the peaks in 

decomposition spectra are due to adsorbed hydrogen on the surface. This 

is in contrast to results for c2H4 adsorption on the (100), (110) and (111) 

faces of W. ( 26) c2H4 was found to decompose on all three W surfaces, but 

peaks for desorbing hydrogen from these decompositions generally occurred 

at the same temperature as peaks in the desorption spectra for adsorbed 

hydrogen. The LEED patterns of c2H4 and c2H2 were different for Ir(lll) 

and Rh( 111) o On Ir( 111) ( 7) a diffuse ( 13x 13) R30° structure was observed 

compared to the sharp C(4x2) seen for Rh(lll). (2x2) structures have been 

observed for c2H4 and c2H2 adsorption on Pt(111)( 27 ) and Ni(l11).< 28 •37 ) 

C(2x2) structures due to c2H4 and c2H2 adsorption have also been observed 

on Ni(lOO)(Sl) and Pt(lOO)o( 49 ) 

2F. Car-bon 

The best method of generating carbon surface structures on rhodium was 

to saturate the near surface region with carbon by heating the crystals 
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at 800°C for 10 mins in 5xl0-l torr of c2H4 or c2H2• When the surfaces 

were cooled, -and the hydrocarbon pumped away, graphite rings were seen on 

the (100) face and a (12xl2) coincidence lattice structure on the (111) 

face. If these surfaces were reacted with oxygen (5x10-l torr, 800°C) for 

short periods, the graphite rings on the (100) surface disappeared and the 

C(2x2) structure reappeared as carbon was removed. As carbon was removed 

from the .( 111) surface, a sequence of ordered carbon structures was ob

served and then finally the clean (lxl) pattern. The sequence observed was: 

(12xl2) ++ (2 i3x213 R30°)++ (iT9x ,119 R23.4) ++ (2x2) R30° ++ (8x8) 
coincidence 

·lattice 
++ Clean Rh(lll)-(lxl) 

These patterns are shown in Figo 9o Each structure was stable over a 

range of near surface carbon concentrations, and was only ordered after 

flashing to 1000°C. In fact the sequence of structures was completely 

reversible by either subtracting carbon in the near surface layers by re

action with 02 (5xlo-7 torr, 800°C) or adding carbon by decomposition of 

ethylene (5xl0-l torr, 800°C). Only the near surface layers were parti

cipating in the equilibrium~- A gradual reduction of surface carbon coverage 

and change in the structures was observed after prolonged heating at 1000°C 

(near surface carbon diffusing into the bulk)o 

The (12xl2) structure can be explained by postulating the existence of 

a basal plane of graphite on the rhodium surface. Using a carbon-carbon 

distance of 1.42 A(zg) and a rhodium nearest neighbor distance of 2o69 A(JO), 

it can be calculated that the graphite overlayer will come in registry every 

11 Rh spacingso The predicted (llxll) structure is in good agreement with 

the (12xl2) structure observed experimentally. The coincident (12xl2) 
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lattice would have 13 graphite unit cells over a distance of 12 rhodium 

atomso A drawing of a graphite unit cell on the (111) face of rhodium is 

shown in Fige 10. A (9x9) carbon structure has been seen on Ir(lll).(l) 

A carbon structure has also been observed on Ru(001).( 4) Although it was 

not indexed, from the LEED pattern presented in the paper, it can be esti

mated to be a (12xl2} structure. A (lxl) structure has been observed for 

graphite on Ni(lll). (34 ) Both monolayer and multilayer graphite structures 

were seen on Ni(lll). Intensity vs voltage and line shape of the carbon 

Auger peak were used to show the (lxl) structure was due to a graphite over

layer and not the Ni surface. A summary is given in Table V of the experi

mentally observed structures along with the predicted graphite coincident 

lattices and calculated C-C bond lengthse Table V shows that the experi-

mental results for Rh, Ru, Ir and Ni are in very good agreement with the 

results predicted from a basal plane of graphite on the hexagonal faces of 

these metals. It should be noted that Ir(lll) and Ru(OOl) gave only one 

carbon structure while Rh(lll) produced a series of five ordered structures 

indicating an interesting equilibrium between ordered surface carbon and 

carbon in the near surface region. The lower coverage carbon structures 

are not as easily explained but could be due to remnants of the original 

graphite overlayer. These low coverage carbon structures have not been 

seen on other transition metals. Their existence on the Rh(lll) surface 

show unique and complex aspects of carbon-rhodium surface chemistry. 

In contrast to the (111) face, only two carbon structures, a C(2x2) 

and graphite rings, were seen on (100) face of rhodium. A C(2x2) carbon 

structure has also been generated from c2H4 decomposition on Ir(l00).( 3l) 

A 11 quasi 11 C(2x2) carbon structure and graphite rings have been observed on 
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Hi(lOO)o(JS) Graphite rings have also been observed on Pt(lll} and (100) 

surfaces. ( 41) 

V o Summary 

We have shown that the chemisorption properties of H2, 02, CO, co2, 

NO, c2H4 and c2H2 on the Rh(lll) and (109) surfaces are qualitatively 

similar to those on nickel, palladium and iridium. All the gases readily 

adsorbed and formed at least one ordered surface structure on both rhodium 

surfaces. When the crystal was heated abov~ 50°C, chemisorbed oxygen 

readily reacted with gaseous H2 or CO to form H20 and C02o co2 was found 

to be dissociated into adsorbed CO by both rhodium surfaces. The adsorption 

properties of c2H4 and c2H2 were very similar, indicating the adsorbed 
species4re probably the same for both molecules. Several ordered carbon 

structures were generated on the (111) surface from doping the near surface 

region with carbon from c2H4 decomposition. These structures were inter

convertible by either addition or subtraction of surface carbon and repre

sent an important bulk-surface carbon equilibrium. 

The main purpose of this study was to obtain an overview of the small 

molecule adsorption chemistry which occurs on rhodium surfaces. It is 

hoped that the results presented in this paper will stimulate further de-

tailed investigations into some of these systemso 
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Figure Captions 

Fig. 1 LEED patterns ·of the clean Rh(lll) and (100) surfaces. 

Fig. 2 AES spectrum of the rhodium surfaces shown in Fig. 1. 

Fig. 3 Thermal desorption spectra obtained after the adsorption of (A) 

H2, (B) o2 and (C) c2H4 and c2H2 on Rh(lll)o c2H4 and c2H2 de

composed upon heating and the only gas detected desorbing was 

H2o 

Fig. 4 (A) LEED pattern of the split (2x2) structure of CO on Rh(lll) 

at 71 eV. (B) Diagram of the LEED pattern where • are diffraction 

spots from the rhodium lattice, o are· diffraction spots from the 

CO overlayer and 8 are the double diffraction spots from both. the 

rhodium and CO latticeso 

Figo 5 Real space models for the CO surface structu·res with increasing 
0 

coverage on Rh(lll). The diameter of the CO molecules is 3.2 A 
0 

and the rhodium nearest neighbor distance is 2.69 A. 

Figo 6 (A) LEED pattern of the split (2xl) CO surface structure on Rh 

(100) at 59 eVo (B) Diagram of the LEED pattern where • are 

diffraction spots from the rhodium lattice, o are diffraction spots 

from the CO overlayer and • are the double diffraction spots from 

both the rhodium and CO lattices. There are two domains present 

in this pattern. 

Fig. 7 Real space models for the CO surface structures on Rh(lOO)o The 
0 

diameter of the CO molecules is 3.2 A and the rhodium nearest 
0 

neighbor distance is 2o69A. 

Figo 8 Thermal desorption spectra from CO adsorbed on (A) Rh(lll) and 

(B) Rh(lOO). 
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Figo 9 LEED patterns of the carbon surface structures observed on Rh(lll). 

(l) Clean Rh(lll)-(lxl), (2) (8x8) structure, (3) (2x2) R30° 

structure, (4) ( IT9xiT9) R23.4° structure, (5) (2/3x213) R30° 

structure and (6) (l2xl2) coincidence lattice. 

Fig. 10 Real space model for the unit cell of the graphite basal plane 

on Rh(lll). 
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TABLE I 

Surface structures cf chemisorbed small molecules on the (111) surfaces of Rh~ Pd, Ni, Ir and Pt and the (001) surface of Ru. 
I 

N 
U1 

--· 
i 

Rh ( 111) Pd( 111) Ni(l11) Ir(111) Pt( 111) ! 
Ru(001) 

(This paper) ' 
I 

I 
i --· 

( 1 xl) (1xl)[G] disordered[ 36 ] ( 1 xl) . (lx1)[38] I 
or · or I 

disordered (2x2)[ 3l] disordered[?] 

(2x2) (2x2) [l 0] (2x2)[9,32] (2x2)[12,13] (2x2) [ll] (2x2)[4l] 

( /3x /3) R30o[S3] ( /3x /3) R30°[ 32 ] 

( 13x /3) R30° ( /3x /3) R30°[ 1D] ( /3x/3) R30o[15,32] ( /3x/3) R30o[12,13,17] ( 13x /3) R30°[ 39] ( /3x/3) R30o[4,16] 

split (2x2) C(4x2)[lO] C(4x2)[ 32] (2/1x2/3) R30°[12 •13] q4x2) [ 391 (2x2)[4] 

(2x2) split (2x2)[lO] ( f7t2x /712) R19.1°[ 32 ] split (2/3x2/3) R30°[l 3] "hexagona 1" [ 39 ] disorder[lG] 

( 11x 13) R30° (2x2)[40] - ( !3x/3) R30°[ 4J 

split (2x2) (2x /3)[40] (2x2)[4] 

(2x2} 

C(4x2} .C(4x2}[lO] . C(4x2}[23] (2x2)[ 52 ] 

(2x2) "star" s tructure[l 0 J "hexagona1"[ 23] 

(2x2)[lO] 

C(4x2) (2x2}[ 3l] ( /1x/3} R30°[7] (2x2)[ 2l] 

C(4x2) (2x2)[ 2B] ( /Jx/3) R30°[l] (2x2)[ 2l] 

(Sx8) 
( 1 xl) [34] (9x9)[l] graphite (12x12)[ 4J 

( 2x2} R30° (13§" X /3'9) ( 40 J rings 41] 
I 

( IT9x 119} R23.4° I 
I { 2 /3x2 /3) R30° l _______________ I 

I 
(12x12} 

! 

I ·-··----- --
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TABLE II 

Surface structures of chemi sorbed sma 11 mo 1 ecu1 es of the ( 100) surfaces of Rh, Pd, Ni , I r and Pt. 

Rh(100) 

( 1 x1) 
or 

disordered ' 

(2x2) 

C(2x2) 

C(2x2) 

split (2x1) 

C(2x2) 
I 

split (2xl) I 
C(2x2) I 
C(2x2) 

C(2x2) 

Pd( 100) 

C(4x2) R45° [20] 

compressed [20] 
C(4x2) R45° 

I 
I 

Ni(100) 

disordered[ G) 

(2x2)[9] 

C(2x2)[9] 

C(2x2)[18] 

"hexagona1"[18] 

r 
J C(2x2)[51] 

l C(2x2)[Sl] 
! 

I r( 100) 
( 1 x1 ) 

(2x1)[44] 

C(2x2)[44] 

C(2x2)[44] 

(7x20)[ 44] 

(1xl)[ 48] 

(1xl)[48] 

(5x1) 

(5xl) 
or 

di sorderei 42] 

(2x1)[42] 

(2x2)[44] 

(1x1 )[45] 

(2x2)[44] 

(1x1)(52] 

( 1 xl) [ 48] 

(lx1)[48] 

( 1 X 1) 

(1 xl) 
or 

disordered[43] 

(lx1)[43] 

C(2x2)[43] 

(1x1 )[43] 

Pt(100) (5x20) 

(5x20) 
or 

di sorderei 43] 

not adsorbed[43] 

(1xl)[43] 

C(4x2)[46] 
(2x2)[46] 

(1xl)[47] 

C(2x2)[49] 

C(2x2)[49] 

I I C(2x2) ~~ ~"quasi" C(2x2)[JS] I · -------r- ~~~;(4~i~--------------~ gra~hite rings[4l] ~ 
graphite rings Jgraphite rings[ 3S] 

I I (2x2)[9] 

c 

l ( /7x /7) Rl9o[50] I 

I I 

~-
,. 

I 
N 
0\ .. 
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TABLE III 

Approximate disordering temperatures for various structures on Rh(l11) 

and (100). 

co C02 02 NO C2H4 C2H2 c 

Rh(lll) 75 75 >150 50 >150 >150 800°C 
(decom- {decom- (dissolves) 
poses) poses) 

Rh(lOO) 125 125 >200 >150 >150 >150 800°C 
(decom- (decom- (dissolves) 
poses) poses) 
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TABLE IV 

Activation energy for desorption, Ed, of CO on Ni, Pd, Rh, Ir and Ru •. Calculated 

assuming first order desorption ki,netics and a pre-exponential factor of 

lxlo1j sec-1• The values of Ed are for the highest binding state at ex

posures of SL (ll = lxlo-6 torrosec). 

Surface Ed (kcal/mo1e) Reference 

Ni(lll) 26 ( 32) 

Pd(lll) 30o 1 ( 10) I 
Rh(lll) 31 This paper I 
Rh(lOO) 29 This paper 

Ir(lll) 29o5 (7) 
32 ( 17) 

Ru(OOl) 28 (16) 

--
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TABLE V 

Predicted and experimental graphite structures 

Metal I Crystal Nearest Predicted Experimental Calculated C-C Bond Reference I 
I 

Face Neighbor Structureb Structure Length From Experi- I 

Distance mental Structure ( ) 
I 
I 

(A)a i 
---"1 

Rh I ( 111) 2o69 (llxll) (12xl2) 1 o43 · This paper 
I 

Ru I (001) 2o65 ( 1 3x 13) (12x12) 1 o41 (4) 
I 

. Ir I ( 111) 2o71 (10x10) (9x9) 1 o41 (7) 

Ni I ( 111) 2.49 ( 1 X 1 ) ( 1 X 1) lo44 (34) 
I 

--------- - -------- --- ------------- I 
1-
N 
-.£) 

a) From Reference 30 1 

b) Based on c-c bond length of lo42 A(zg) 
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(A) (/3x./3) R30° (8) split (2X2) 
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Fig. 5 
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