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Abstract 

The chemisorption of H
2

, 02' CO, CO2 , NO, C2H
4

, C2H
2 

and C has 

been studied on the clean stepped Rh(755) and (331) surfaces. Low

energy electron diffraction (LEED), Auger electron spectroscopy (AES) 

and thermal desorption spectroscopy (TDS) were used to determine sur

face structures, disordering and desorption temperatures and decompo

sition characteristics for each adsorbate. All of the molecules 

studied readily chemisorbed on both stepped surfaces, and all adsor

bates formed at least one ordered surface structure. The (331) sur

face was much more stable when heated in 02 or C2H4 than the (755) 

surface which readily formed (111) and (100) facets. The LEED 

patterns seen on th~ (755) surfac~ w~re due to the formation of surface 

structures on the (111) terraces, while on the (331) surface the 

steps determined the unit cells of the observed structures. More 

ordered surface structures were formed on the stepped rhodium sur

faces than were seen on the stepped platinum and iridium surfaces. 

Two different types of oxygen surface species were observed and were 

identified by their different reactivities with gaseous H2 • In the 

CO and CO2 TDS spectra a peak due to dissociated CO was observed on 

both surfaces. C2H
4 

and C2H
2 

had very similar adsorption and desorp

tion properties and it is likely that the same adsorbed species was 

formed by both molecules • 
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Introduction 

The chemisorption properties of rhodium surfaces have not been well 

documented until recently (2, 16, 19, 23, 24) despite rhodium's impor-

tance as a versatile industrial catalyst. Rhodium is capable of reduc-

ing nitrogen oxides, inserting CO molecules into hydrocarbons and 

producing methane and other hydrocarbons from CO and H2 . Rhodium differs 

from platinum in that it can readily break c-o bonds in addition to H-H, 

C-H and C-C bonds .. 

Most of the previous chemisorption studies on rhodium single 

crystals have been carried out on the low index faces. Marbrow and 

Lambert (19, 24) have studied 02' CO and NO adsorption on Rh(llO) . 

. 
Grant and Haas (23) reported briefly on the adsorption of CO, CO

2 

and 02 on Rh(111}. We have reported earlier on the chemisorption prop-

erties of H2 , 02' CO, CO2 , NO, C2H4 , C2H2 and carbon on theRh(~ll) and 

(l00) surfaces (2). The lack of chemisorption data on rhodium stepped 

surfaces has prompted us to. investigate the Rh(7551 and (331) surfaces 

to see what effect the presence of steps has on the chemisorption prop-

erties of these small molecules. Oxygen adsorption on Rh(210) has been 

reported in an early paper by Tucker (15). 

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 C) on the clean Rh(755) and (331) crystal faces • 

Low-energy electron diffraction (LEED) was used to determine the sur-

3 face structures that form at exposures of 1-10 Langmuirs (1 Langmuir 

=1L=10-6 torr seconds) in the pressure range of 10-8_10-5 torr and 
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o surface temperatures of 0-500 C. Auger electron spectroscopy (AES) was 

used to monitor tne surface composition. Thermal desorption spectros-

copy (TDS) was used to obtain information about the binding of the 

adsorbates on the rhodium surfaces. 

Step effects were more evident on the highly stepped (331) surface 

(40% step density) compared to the (755) surface (17% step density). 

The LEED patterns observed on the (755) surface were determined by 

the (Ill) terraces, while on the (331) surface the step periodicity 

controlled the type of LEED patterns that were formed. CO and CO
2 

were the only molecules for which TDS spectra for both stepped surfaces 

were different as compared to the TDS spectra on the (Ill) crystal face. 

An adsorption state due to the dissociation of CO at step sites was 

seen on both stepped surfac~s. Step effects on the chemisorpt~on of 

02 and NO were also detectable in the TDS spectra on Rh(33l). The 

stability of the two stepped surfaces in the presence of 02 and C2H4 at 

high temperatures were very different, with the (331) surface being 

much more stable. 

The chemisorption properties of the stepped rhodium surfaces has 

been compare~ with the low index rhodium surfaces and stepped platinum 

and iridium surfaces. The chemisorption properties were generally 

similar on all three metals except that more ordered surface structures 

~ere formed on rhodium and only on the rhodium stepped surfaces was 

dissociated CO detected. 
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Experimental 

The experiments were carried out in a standard ion pumped UHV 

system which has LEED, retarding field AES and TDS capabilities. The 

samples were cut 1 mm thick from a 6 mm diameter rhodium single crystal 

rod of >99.99% purity by spark erosion after the rod had been oriented 

to within ±lo of the desired crystal face. The crystals were then 

mechanically polished with the final polishing done on a syntron con-

taining slurry of 0.05~ A120
3 

in H20. 

The crystals were connected to 1/4 inch square Cu bar supports by 

0.007 inch Ta foil~ with crystals attached to the Ta foil by spot welds. 

The samples were mounted such that the Ta foil masked off the back side 

of the crystals. The h~ating leads outside the vacuum chamber were LN2 

cooled so adsorptions could be carried out at temperatures between 0 

o and 25 C. The crystals were heated resistively and the crystal temper-

ature was monitored by a chromel-alumel thermocouple spot welded to the 

back side of the crystal. 

TOS spectra were taken by plotting the output of a particular 

mass number from the quadrupole mass spectrometer (UTI model 100C) 

verus temperature while the crystal temperature was being increased 

linearly. 

The crystals were cleaned by cycles of argon ion bombardment and 

annealing. Sulfur, boron and carbon were the major impurities detected 

when the crystals were first put in the vacuum chamber. The carbon was 

removed by annealing the crystal at 10000C in vacuum. The sulfur was 
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-5 0 removed by ion bombardment (2000 eV, 5xlO tor~ Ar, 25 C). Boron, 

which is·a major bulk impurity (17 ppm), segregated to the (755) sur

-5 face and required many cycles of ion bombardment (500 eV, 5xlO torr 

o 0 
Ar, 25 C) followed by an 800 C anneal to deplete it from the near sur-

face region. On the (331) surface boron segregation was not a major 

problem and it ceased corning to the surface after a few cycles of ion 

bombardment and· annealing. 

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

o and at temperatures between 0 and 500 C. Surface structures were 

observed both with increasing exposure and after the gas was pumped 

away. The thermal behavior of these surfaoe structures has been studied 

by slowly heating the crystal in the presence of the particular gas to 

determine the disordering temperature of each structure. In the TDS 

experiments a scan of the entire temperature range between 0 and 10000C 

was made for each adsorbate except for oxygen where the range was 

extended to l300oC. 

Results and Discussion 

1. Clean Surfaces 

LEED patterns and real space representations for the clean Rh(755) 
~ 

and (331) surfaces are shown in Figure 1. These patterns exhibit the 

(lxl) symmetry characteristic of an unrecontructed clean surface. The 

AES spectrum of the clean rhodium surfaces is shown in Figure 2. 
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a 
The (755) surface is at an angle of 9.S from a (Ill) surface and 

using Somorjai's notation (I), can be labeled as Rh(S}-[6(111)x(IOO)]. 

This notation is more descriptive of the surface structure since the 

surface is actually made up of a series of six atom wide (Ill) terraces 
o 

separated by one atom high (IOO) steps. Therefore theLEED pattern can 

be thought of as a set of hexagonal spots due to the (Ill) terraces in 

which all spots are split by the step periodicity. The terrace width 

Can be calculated from the splitting observed in the LEED pattern. 

Since the LEED patterns observed on the (755) surface can be easily 

indexed as diffraction spots from structures on the (Ill) terrace 

which have been split by the step periodicity the Rh(S}-[6(III)x(IOO}] 

notation will be used for the remainder of this paper. 

The (331) surface corresponds to a Rh(S}-[3(III}x(III}] surface 

in Somorjai's notation, but since the LEED patterns produced on this 

surface could be most easily indexed using the (331) unit cell vectors 

we will use the (331) notation in the rest of the paper. As can be 

seen from Figure Ib the unit cell of the (331) is oblique and has a 

predicted value of 2.18 for the· ratio o~ the distance between rows over 

the distance between two adjacent spots in a row. The value measured 

from the LEED pattern in Figure Ib is 2.15, which is very close to the 

predicted value. In the real space representation of (331) surface 

shown in Figure lb the oblique unit cell of the surface has been 

drawn in. 
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2. Surface Structures, Thermal Desorption and Ordering Characteristics 

of Adsorbates on the Rh(S)-[6(111)x(lOO)] and (331) Surfaces 

The adsorption of H2 , 02' CO, CO2 , NO, C2H4 and C2H2 gases were 

investigated. The surface structures observed from adsorption of these 

gases on the two Rh surfaces are summarized in Table 1. Also included 

in Table 1 are the structures reported for the same adsorbates on the 

Rh(lll) surface. In Table 2 the surface structures we observed on 

Rh(S)-[.6(111)x(lOO)] surface are compared with surface structures re-

ported for the Pt(S)-[6(11l)x(lOO)] and Ir(S)-[6(11l)x(lOO)] surfaces. The , . . . 

disordering temperatures of the ordered surfaces structures for both 

surfaces are very close to the reported disordering temperatures for 

the Rh(lll) surface (2). These disordering temperatures are listed in 

Table 3. 

2a. Hydrogen 

The chemisorption properties of hydrogen on the two rhodium stepped 

surfaces were very similar to those found for hydrogen on Rh(lll) (2). 

Exposing either stepped surface to hydrogen did not noticeably alter 

their clean (lxl) LEED patterns. Hydrogen was adsorbed as indicated by 

the TDS spectra shown in Figure 3a. The spectra from both surfaces were 

the same so that only the results from the (331) surface are 

. ..' 
As can be seen from Fig~re 3a there is only one 

peak present in the spectra which decreases in temperature as the 

exposure is increased indicating second order desorption kinetics. 
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The peak is slightly asymmetric, tailing on the high 

temperature side. The peak position is also sensitive to the tempera

ture at which the hydrogen is adsorbed. The peak temperature decreases 

and the amount of H2 molecules desorbing increases as the adsorption 

temperature is decreased. This relationship is depicted in Figure 3b. 

The (lxl) LEED pattern observed for hydrogen adsorption on the 

Rh(S)-[6(1l1)x(lOO)] and (331) surfaces has also been observed for 

hydrogen on Rh(lll>' (2). The TDS spectra for hydrogen on these three 

rhodium are very similar except for the presence of a slight high 

temperature tail on the stepped surfaces. 

Because hydrogen is a weak scatterer of electrons the (lxl)LEED 

pattern resulting from hydrogen adsorption could be due to an actual 

(lxl) hydrogen structure or a disordered array of hydrogen on the 

surface. To determine which is the case the intensity vs. voltage 

curves for the clean and hydrogen covered surfaces must be examined. 

Like the Rh stepped surfaces no new LEED patterns are formed by hydrogen 

on the Ir(S)-[6(11l)x(lOO)] surface (3), but half order streaks in the 

LEED pattern have been reported for hyd~ogen on Pt(S)-[6(111)x(lOO)] (7). 

Our TDS results agree well with the published results for hydrogen 

on the [6(111)x(lOO)] surface of Ir (3) where there is one asymmetric 

peak present which follows second order desorption kinetics. TDS of 

the Pt(S)-[6(111)x(lOO)] (4) and [3(111)x(lOO)] (5) surfaces shows the 

presence of an additional peak at a temperature slightly higher than 

the ones present on the Pt(lll) surface. This peak is also detectable 
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on a (Ill) surface which has been roughed by ion bombardment (6). This 

additional peak is due to the more strongly bonded hydrogen that is 

associated with the step sites. It should be noted that in the 

platinum experiments the hydrogen was adsorbed 

below 200
0

K while the adsorption temp-

eratures in the rhodium and iridium experiments were near room tempera-

ture. Since hydrogen desorbs at relatively low temperatures the 

difference in adsorption temperatures could account for the difference 

in the TDS spectra. It would be important to carry out the H2 desorp-

t:!,_on exper~ments on- rhodium after adsorption at temperatures bel.o~ 200
0

K to 

determine if the main desorption peak would be shifted to low enough 

temperatures so that the high temperature tail might become a resolv-

able peak. 

2b. Oxygen 

The oxygen chemisorption properties were markedly different on the 

two. rhodium stepped surfaces. The LEED and TDS results on the Rh(S)-

[6(11l)x(lOO)] surface were very similar to' those found on Rh(lll) , 

while differences between Rh(33l) and Rh(lll) were seen both by LEED 

and TDS. The Rh(33l) surface was also much more stable than the Rh(S)-

[6(111)x(lOO)] surface at high temperatures in the presence of oxygen. 

Exposing the Rh stepped surfaces to 02 produced several ordered 

LEED patterns. The oxygen LEED patterns from the [6(111)x(lOO)] sur-

face are shown in Figure 4. o Chemisorbing a lL of oxygen at 25 C on a 

,. 

t. 
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clean Rh(S)-[6(111)x(100)] surface gave the LEED pattern shown in Figure 

Sb. In, this diffraction pattern all the diffraction spots are split by 

the step periodicity. This chemisorbed oxygen structure was very reac-

tive and the LEED pattern disappeared after a few seconds when the 

crystal was heated to sooe in SxlO-7 torr of H2 or eo. Upon heating 

the [6(111)x(100)] surface in oxygen (lxlO-7 torr, 800oC) two new 

faceted surfaces were seen. First the splitting of both the substrate 

and overlayer doublets decreased to half the value found on the [6 (lll),x (100) ] 

surface. This pattern is shown in Figure 4c. This surface was converted 

back to the clean Rh(S)-{6(111)x(lOO)] by heating in vacuum at 9000 e for 

30 seconds. Further high temperature oxygen treatment followed by a short 

-7 0 
anneal in H2 (2 min., SxlO torr H2 at 500 e) produced the LEED pattern 

shown in Figure 4d. In' this pattern the substrate doublets are 

streaked and the diffraction spots due to the oxygen overlayer are not 

split. The oxygen species present in this structure was not easily 

removed and required high temperature anneals (900oe) in hydrogen to 

regenerate the clean [6(111)x(100)] surface. All the LEED patterns in 

Figure 4 are due to a (2x2) structure on the (Ill) terraces with the 

spot splitting due to the step periodicity of the metal substrate. In 

Figure 4b this splitting is just due' to the [6(111)x(100)], but in 

Figure 4c the splitting is now due to a faceted [12(lll)x2(100)] surface. 

The half order spots that are not split in Figure 4d are due to large 

domains of (Ill) orientation with (2x2) overlayer, while the streaked 

substrate doublets indicate that there are areas of the crystal from 

which the oxygen has been removed and these areas are returning to the 
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[6(111)x(100)] configuration. The oxygen signal detected by AES increases 

as the LEED pa~tern changes from 4b to 4d, which is probably a result of a 

buildup of oxygen in the near surface region. The fact that oxygen diffuses 

into the bulk can be substantiated by AES and TOS. If oxygen is adsorbed 

at 2S
o

C on a clean Rh surface its presence can be detected by AES, but upon 

heating the crystal to lOOOoC no 02 is detected desorbing by TOS. After this 

heating no oxygen signal can be seen in the AES spectrum, therefore the 

oxygen must have diffused into the bulk. After two or three cycles of 

adsorbing oxygen, then flashing the crystal to lOOOoC, oxygen could be 

detected.desorbing from the surface. The TOS spectra for oxygen on 

Rh(S)-[6(lll)x(IOO)] which depict these results are shown in Figure Sa. 

The one peak seen in the spectra has a peak temperature that decreases 

as the oxygen exposure is'increased, indicating second order desorption 

kinetics. 

Exposure of the clean Rh(331) surface to LL of oxygen at 2SoC gives 

rise to half order streaks in the diffraction pattern. This pattern is 

shown in Figure 6b. Heating the crystal at 8000 C for one minute in 

lx10-7 torr of oxygen results in spots forming in the half order streaks. 

Using matrix notation this diffraction pattern, which is shown in Figure 

6c, can be indexed as a I~ ~Istructure. Further heating in oxygen 

(lxI0-6 torr, 8000 C for S min.) results in these spots moving away from 

the half order positions (Figure 6d). Prolonged high temperature oxygen 

treatment results in the more fully developed diffraction pattern shown 

in Figure 6e. This diffraction pattern can be indexed as \; _~I. The 

.' 
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Rh(33l) surface was much more stable in oxygen than the stepped [6(111)x 

(100)] surface and no faceting could be seen on the (331) surface for· 

-5 0 oxygen pressures up to lxlO torr and crystal temperatures up to 1000 e. 

A heavily faceted (331) surface was produced by heating the crystal at 

BOOoe for 15 minutes in ~l torr of oxygen. Immediately after this treat-

ment the LEED pattern had a very high background intensity with almost 

no discernable spots, but by flashing the crystal to gOOOe in vacuum 

the faceted surface shown in Figure 6g was observed. Further reduction 

of the concentration of oxygen in the surface region (as measured by AES) 

by annealing in vacuum at 10000e resulted in converting the faceted sur

face back to a clean (331) surface. During this conversion a I ~ 11 
-2 0 

oxygen structure shown in Figure 6f was also observed. The real space 

unit cells of these oxygen structures are shown in Figure 7. 

The TDS spectra for oxygen on Rh(331) is shown in Figure 5b. By 

comparing the TDS spectra for oxygen on Rh(S)-[6(111)x(100)] to Rh(331) 

(Figures Sa and 5b), two differences are seen. At exposures below 5L 

o oxygen desorbs at temperatures 100 e higher on the (331) surface. At 

exposures of 5L and high the oxygen desorption peak on the (331) 

surface is 1000e broader than the corresponding peak on the [6(111jx 

(100)] surface. These two differences point to the possibility of two 

binding states existing on the Rh(331) surface • 

The disordering temperatures for oxygen on the rhodium surfaces are listed 

in Table 3. ·0 The value of 200 e given for the [6 (lll)x(lOO) ] surface is 

for (2x2) structure on this surface. As was stated this was very reac-

tive and could be readily removed by gaseous H2 or eo. Because of this 
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fact the actual disordering temperature may be considerably higher than 

2000 C since c~emisorbed oxygen is easily removed by the background gases 

at this temperature. This is born out on the (331) surface. The oxygen 

structures formed by heating the (331) surface in oxygen didn't disorder 

until 4S0oC. The structures formed by high temperature o~ygen treat-

ments were already shown to be much harder to remove with H2 or CO than 

the structures formed by chemisorbing oxygen at 2SoC. The disordering 

temperatures of these structures can be determined more accurately for 

these structures since oxygen removal by the background gases is no 

longer a problem. 

The interaction of hydrogen and oxygen on the Rh(331) surface was 

also investigated. After the sequential adsorption of lL of H2 followed 

by lL of 02.' or lL of 02 followed by 1L of H2 , H20 (mass 18), co,-,ld be 

detected desorbing by TDS. The amount of H
2
0 desorbing was two orders 

of magnitude lower than the amount of H2 desorbing after adsorbing only 

1L of H2 • These TDS results are shown in Figure Sc. 

The (2x2) surface structure observed on the (111) terrace of the 

Rh(S)-[6(111)x(100)] has also been seen for o~gen adsorption on Ir(S)-

[6 (111) x (100)] (8), Pt (S) - [9 (111) x (100)] (9) and Rh (111) (2). Half order 

streaks indicating one dimensional order have been observed for oxygen 

on Pt(S)-[6(111)x(100}] (11). No order~d oxygen structures were found 

on Ag(331}, but high exposures of 02 (~2000L) on the Ag(331) surface 

was found to produce a faceted Ag(110}-(2x1)-0 phase (10). Third order 

streaks have been seen on Pt(S}-[3(111}x(100)] (11), a surface which 

differs from the (331) only by the fact that it has (100) oriented steps. 

• 
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From Figure 7 it ,can be seen that the unit cells of the oxygen struc-

,tures qn the (331) surface are related. The first LEED pattern, which ex-

'hibits half order streaking, corresponds to a 2(ld) structure which is a 

one dimensional ordered array with a repeat distance of two Rh atoms par-

allel to the steps. Annealing the surface in 02 produces longer range order 

in the oxygen structures. The first unit cell formed, I; ~I retains the 
, 

two Rh atom periodicity along the step edges, but now also has a repeat 

distance of twice the step peri~dicity. The I~ ~Ithen transforms into 

1
1 21 . 7 -1 structure which has a unit cell 3.75 times larger than the 

1
12 201 

unit cell. Since AES measurements show that more oxygen is present in 

the I; _~I structure it appears reasonable that the oxygen overlayer has 

compressed by a few percent to form the I; _~I structure. It also 

should be noted that a periodicity of twice the step periodicity exists 

in both the I~ ~Iand I~' _~I unit cells and that this is the shortest re

peat distance on the (331) surface perpendicular to the step edge. The 

1 ~2 011 structure d' th 1 f f' th f t d seen ur1ng e remova 0 oxygen rom e ace e sur-

face has a unit cell half the size of the I~ ~Iunit cell and a repeat 

distance of just one step periodicity. ' Since a (331) substrate doesn't 

possess this periodicity it is likely the steps are still somewhat dis-

ordered 'and have not completely returned from the faceted surface to 

their (331) positions. Further removal of oxygen does result in reap-

pearance of the other oxygen structures which possess repeat distances 

of twice the step periodicity. Whereas on the Rh(S)-[6(111)x(100)] sur-

face the LEED patterns are determined by the (Ill) terraces on the Rh(331) 

surface the steps play an important role in both the ordering and type 

of structures formed. 
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The TDS spectra for the -Rh(S)~[6(111)x(100)] surface ~s very similar to 

the previous ~pectra published for the (111) surface. This is in con-

trast to the TDS results on Ir(S)-[6(111)x(100)] (3) and Pt(S)-[6(111)x 

(100)] (4), where- an additional high temperature shou~deris seen on 

the stepped surfaces. The TDS spectra for Rh(33l) doesn't have a re-

solvable shoulder but as stated earlier there is evidence which sup-

ports the existence of two binding states on the (331) surface. From 

the LEED and TDS results for oxygen adsorption it appears that the only 

effect of the steps in the [6(111)x(100)] surface is enlarged diffrac-

tion spots due to smaller domain size, while on the (331) surface the 

step effects in the TDS spectra and the LEED patterns were more marked. 

2c. Carbon Monoxide and Carbon Dioxide 

Carbon monoxide and carbon dioxide had similar adsorption and 

desorption properties on the rhodium stepped surfaces. Therefore, the 

! 

discussion in this section will pertain mainly to co. The small differ-

ences that were detected in the adsorption characteristics of the two 

gases will be pointed out. The chemisorption properties of co and cO
2 

on the two stepped rhodium surfaces were generally the same as those on 

Rh(lll) with one major difference. The presence of dissociated co was 

not seen on Rh(lll) but was detected on the stepped surfaces. On all 

three surfaces co formed a hexagonal overlayer at saturation coverage 

o when adsorbed at 25 C. 

• 
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Both CO and CO
2 

produced an identical sequence of LEED patterns, 

with th~ only difference being that a factor of 5 higher pressure of 

CO
2 

was required to form the patterns seen for co. This is the same 

result that was obtained on the (111) and (100) surfaces (2). 

On the [6(111)x(100)] surface the diffraction patterns formed by 

CO were the same ones previously observed on the (111) surface (2). 

The first diffraction pattern occurs at 3L and is a (lJxlJ)R300 struc-

ture on the (111) terrace, with all the diffraction spots split by the 

step periodicity. Increasing the CO exposure further caused the 

(lJxlJ)R300 pattern to fade and streaks to form in the diffraction 

pattern. -5 Raising the CO pressure to lxlO. torr.caused these streaks 

to coalesce into a (2x2) structure on the (111) terraces. Again all 

the diffraction spots in the LEED pattern are split by the step peri-

. odicity. The diffraction spots formed by the CO structures on the 

[6(111)x(100)] surface were not as sharp as those formed on the (111) 

surface. 

The three LEED patterns observed for CO adsorption on the Rh(33l) 

are shown in Figure B. The LEED pattern in Figure Ba which forms at 

a CO exposure of 3L corresponds to a I;_~I surface structure. Increas

ing the CO exposure to 7L causes the extra diffraction spots to move 

so they are aligned in straight lines. This LEED pattern is shown in 

.Figure Bb and can be indexed as a 11 2\structure. Increasing the CO 
20· 

-5 pressure to lilO torr results in the formation of the LEED pattern 

shown in Figure Bc. This pattern can be attributed to a hexagonal over-

layer of CO on the Rh(33l) if scattering from the overlayer, substrate 
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layer and multiple scattering from both layers is included. The real 

space unit cells of these CO structures are shown in Figure 9. 

The TDS spectra for CO and CO
2 

on the Rh stepped surfaces are 

shown in Figure 10. The CO TDS spectra shown in Figure lOa was the 

same for both stepped surfaces, while the CO2 spectra shown in 

Figures lOb and 10c are slightly different on the two surfaces. As 

can be seen from Figure 10, the CO2 desorption spectra has two peaks 

whereas the CO desorption spectra only has one. Even though only one 

desorption peak was present using AES in conjunction with TDS 
stepped 

evidence for the dissociation of CO by .the rhodium/surfaces was found. 

o If CO was adsorbed on the stepped surfaces at 25 C, 

o after 
flashed to 400 C so that/all the CO had desorbed by 

then the crystal 

TDS a carbon 

signal was still present in the AES spectrum. This carbon signal was 

present until about 8000 C when the carbon diffused into the bulk. By 

pretreating either step surface 
-6 0 

in oxygen (lxlO torr 02 at 800 C) 

this surface carbon desorbed from the surface between 500 and 6000 C as 

CO, giving a TDS spectrum essentially identical to that for CO2 on 

Rh(S)-[6(111)x(100)]. CO was the only gas detected desorbing during 

the CO and CO
2 

TDS experiments. No CO
2 

(mass 44) was seen, even after 

CO2 adsorptions. Hydrogen had no effect on the CO TDS, as exposing the 

surface to 5L of H2 either before or after the CO adsorption resulted 

·in no detectable change in the CO TDS spectrum. 

CO behaves on the Rh(S)-[6(111)x(100)] surface almost exactly the 

same way as it did on the Rh(lll) surface (2). The LEED patterns were 

identical, indicating that the (Ill) terrace controls the ordering of 

.... 
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the CO surface structures. Even in the presence of steps CO forms a 

hexagonal overlayer at saturation coverage, although the long-range 

,order is somewhat affected by the steps since the extra diffraction 

spots are larger on the stepped surface. The CO LEED pat-

terns on the Rh(331)/~¥~f~gE as easily related to the Rh(lll) surface. 

The main similarity between the two surfaces is that adsorbed CO forms 

a hexagonal overlayer at saturation coverage on both surfaces. 

The arrangement of CO in the unit cells of the first two struc-

tures formed on Rh(33l) cannot be assigned as readily as for the 

hexagonal overlayer. By using the results obtained on the Rh(lll) and 

[6(111)x(100)] surfaces a reasonable model can be proposed, however. 

The (/3x/3)R30o su~face structure is the first surface structure 

several metal 
formed by CO on/hexagonal/surfaces (2). Placing CO atoms /3 dis-

tance apart on the (Ill) terraces of the (331) surface as shown in 

Figure 9a gives the I;_~I structure observed for CO. This structure 

has a coverage of 8=0.36. Further exposure of CO causes the (/3x/3)R30
o 

structure to compress into a hexagonal overlayer on several hexagonal 

metal surfaces(2). Since on the (331) surface the highest coverage struc

ture is a hexagonal overlayer, the I~ ~Ico structure observed can be con

sidered an intermediate in the transformation between the I~_~I and 

hexagonal overlayer. A reasonable mechanism would be a compression 

parallel to the steps, giving the structure shown in Figure 9b with a 

coverage of 8=0.41. From this structure further compression along the 

steps would give one of the domains of the hexagonal overlayer (Figure 9c). 
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Compression perpendicular to the steps would give the'other domain 

(Figure 9d) •. Both domains have a coverage of 8=0.71. 

Rhodium seems to be one of a few metals studied whose stepped 

surfaces produce well ordered CO LEEO patterns. No ordered LEEO pat

terns have been observed for Ir(S)-[6(111)x(100)] (8) or the (111) 

vicinal surfaces of Pt (7, 11). Ordered LEEO patterns have been 

observed for CO on some of the Pd stepped surfaces (12). Pd(S)

[9(111)x(111)] was found to have the same LEEO patterns as Pd (111) 

(12), with the extra diffraction spots being more diffuse on the 

stepped surface. This is the same relationship that we found between 

the [6(111)x(100)] and (Ill) Rh surfaces. Ordered (lxl) and (lx2) CO 

structures found on the Pd(2l0) surface have been interpreted as a 

close packed overlayer of CO bn the Pd surface (12). The Pd(31l) 

surface was studied (12), but the only diffraction features observed 

from CO adsorptions were streaks indicating that only one dimensional 

order was present in the CO overlayer. CO adsorption has also been 

studied on Cu(3l1) (13). Initially CO adsorption produces a streaked 

pattern on this surface which transforms into an ordered LEED pattern 

at saturation coverage. 

The TOS results for the stepped rhodium surfaces are similar to 

TDS studies of CO on Re (14). The TOS spectra for CO on rhenium shows 

·two desorption peaks at 2000 C and 550
0

C as was the case for rhodium. 

The major difference between the two metals is that the high tempera

ture desorption is present on both low ,index and stepped rhenium sur

faces while on rhodium it is only present on stepped surfaces and foils 

• 
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(16). The low temperature desorption peak has been seen on several 

transition metals (2) and is due to the desorption of molecular CO 

from the surface. Our results indicate that the high temperature de

sorption peak is due the recombination of carbon and oxygen atoms on 

the surface which then desorbs as co. This high temperature desorp-

tion peak has also been attributed to dissociated co on Re foils 

(25) and Rh foils (16). The reason that the high temperature desorp

tion peak is not seen for CO adsorption on a clean rhodium stepped 

surface is that oxygen prefers to diffuse into the bulk rather than 

recombine with carbon and desorb as co. We found, as was stated in 

the previous section, that upon heating oxygen will diffuse into the 

bulk. This was ~lso the case for oxygen on Rh(llO} (19). This would 

explain why the high temperature co desorption peak is seen only for 

CO adsorption ona surface pretreated in oxygen or for CO2 adsorption 

on a clean surface. There must be an excess amount of oxygen present 

otherwise all the oxygen would diffuse into the bulk. Since the high 

temperature CO desorption peak is seen on rhodium stepped surfaces and 

not the low index faces, it appears that e-o bond breaking occurs at 

the step sites on rhodium. 

2d. Nitric Oxide 

The presence of steps had a major effect on the ordering of NO. 

Only one ordered LEED pattern was observed for NO adsorption on Rh(S)

[6(111)x(lOO}] and no ordered structures were observed for room 
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temperature adsorption of NO on Rh(331). This is in contrast to Rh(lll) 

where two ordered structures were formed by NO adsorption. Exposing 

the Rh(S)-[6(111)x(100)] surface to NO at 2SoC first resulted in the 

appearance of complex streaking which then coalesced into a (2x2) struc

on the (lll) terraces. 
ture/ The extra diffraction spots were split by the step periodicity 

but much larger than those found on the (111) surface. Exposing the 

Rh(331) surface to NO at 2SoC resulted in an increase in background 

intensity due to disordered adsorption. If this disordered layer of 

NO was flashed to SOOoC in vacuum half order streaks formed 

in the LEED pattern. Flashing the (331) surface to 5000C in a back-

-8 ground pressure of 1XlO torr NO resulted in first the appearance of 

the half order streaks which then transformed into the LEED pattern 

shown in Figure 11a. The transformation occurred at 1000 C with the 

spots moving continuously away from the half order position to the 

positions shown in Figure 11a. This LEED pattern can be indexed as a 

/
-1

3 
ol/and the real space unit cell of this pattern is shown in Figure 

ITh. 

In the TDS studies gases were detected desorbing at masses 28(N2)' 
TDS 

30 (NO) , 32(02) and 44 (N20) . The/spectra for N2,NO and N
2
0 are shown 

in Figure 12. The spectra for both surfaces were similar so only the 

[6(111)x(lOO)] data is shown in Figure 12. The N2 spectrum has one' 

o 
domimant peak which occurs at about 200 C, while the NO spectrum initially 

has one peak with a second lower temperature peak growing in at higher NO 

, 
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exposures. No NO was detected desorbing for exposures below IL. The 
in the TDS spectra of 

only difference / the two Rh stepped surfaces that was detected 
. where 

was in the NO spectra / the .prominent low temperature peak seen 

on the [6(11l)x(100)] surface was present only as a very small shoulder 

on the (331) surface. The oxygen TDS spectra from NO adsorPtion were 

qualitatively the same as observed from oxygen adsorption except the 

oxygen desorption peak occurred ISOoC higher from NO adsorption than 

from O2 adsorption. The N20 spectrum has 2 peaks whose relative inten

sities changed with exposure as shown in Figure l2c. 

Again the (111) terrace of the [6(111)x(100)] surface controls the 

type of LEED pattern formed by NO adsorption. The (2x2) structure 

formed on this surface is the same as the highest coverage structure 

formed on the Rh(lll) surface (2). The (2x2) structure has also been 

seen for NO on Pt(S)-[12(111)x(111)] (18). On the (111) faces of Pd 

and Rh the (2x2)-NO structure has been interpreted as a hexagonal 

overlayer of NO (2), analOgous to the CO case. TDS supports this 

. interpretation as NO spectra and CO spectra shown in Figure lOa and 

12b are essentially identical. The amount of compression in the NO 

overlayer appears to be affected by step density. On the [6(111)x(100)] 

surface the full (2x2) structure can still be reached although more 

disorder is present than on the (111) surface, but on the (331) surface 

complete compression could not be attained as shown by the presence of 

only one peak in the mass 30 TDS spectra and the existence of no ordered 

LEED patterns at room temperature. 



-22-

The half order streaks formed during NO adsorption on the (331) 

surface are .due to adsorbed oxygen. The TOS spectra in figure 12 show 

that all of the nitrogen containing species have been desorbed by 5000 C, 

so only adsorbed oxygen is present when the streaks form. The same 

half order streaks were seen when oxygen was adsorbed on the clean (331) 

surface. The \-; ~Isurface structure results from the adsorbed oxygen 

interacting with gase9us NO since both must be present to form the 

structure. Since several different types of adsorbed species could be 

formed from oxygen and NO interactions, further studies are needed in 

order to determine the identity of the adsorbed species present in the 

1
-13 1\ . o structure. 

The TOS spectra are similar to those seen for NO adsorption on 

Rh(llO) (19). As on the stepped surfaces no NO was detected desorbing 

from Rh(llO) at exposures less than IL, but during this time N2 desorption 

• 
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is occurring. Therefore NO appears to initially be adsorbing dissoci-

ative1Y,on both the stepped and (110) rhodium surfaces. At exposures 
lL and higher 

of / NO desorption is observed and appears to follow first order 

desorption kinetics, indicating that molecular adsorption of NO is now 

occurring. This adsorption model has also been proposed for NO Ni(lll} 

where the crossover point to associative adsorption is 6L. The two 

desorption peaks seen in the N2 and N
2

0 TDS spectra correlate with the 

type of NO adsorption occurring. During the dissociative adsorption 

stage only the higher temperature desorption peaks are present, but as 

associative adsorption begins the low temperature desorption peaks ap-

pear and grow rapidly until they dominate the spectrum. The high tem-

perature peaks have reached their saturation value by the time associ-

ative adsorption begins~ Therefore the low temperature N2 desorption 

peak probably results from NO being dissociated as the crystal is 

heated. 

2e. Ethylene and Acetylene 

Ethylene and acetylene had similar 'adsorption and desorption 

properties. On the [6(111}x(100}] surface no ordered structures were 

observed. Two spots near the ({3x{3}R30o position were seen, but even 

ture was seen. The extra diffraction 

On the (331) an ordered I-~ ~Istruc-
the I-~ ~I 

11 ' o structure seen 

spots of 

1

-1 
in the 3 

these were diffuse and streaked. 

, were larger 
hydrocarbon structures/than the spots 

during NO adsorption. The hydrocarbon LEED patterns irreversibly 



-24-

disordered when the crystal was heated to lS0oC. o By 150 C the hydro-

carbons had ~egun decomposing with H2 being the main gas desorbing from 

the adsorbed hydrocarbons. The TDS spectra for H2 desorption from C2H
4 

adsorption on the [6(111)x(100)] surface is shown in Figure 13a. The 

H2 desorption spectra from acetylene adsorption on both stepped sur

faces and ethylene on the (331) surface was the same as the spectra 

shown in Figure 13a. De,sorption of parent C2H4 molecule was also 

detected for C2H4 adsorption, but the amount of C
2
H

4 
desorbed w~s 100 

times smaller than the amount of H2 desorbed. No C2H2 could be detected 

desorbing after C2H2 adsorption, but if C2H2 adsorption was either pre-

ceded or followed by exposure to atomic hydrogen, C2H4 formation could 

be detected on the [6(111)x(100)] surface. This is shown in Figure 13b. 

In these experiments mass 27'~as monitored instead of mass 28 so inter-

ference with CO could be avoided. 

After all the hydrogen had desorbed (~550oC) AES showed that car-

bon was still present on the surface. o By heating the crystal to 900 C 

this surface carbon dissolved into the bulk and further hydrocarbon 

adsorptions could be carried out. After several cycles of hydrocarbon 

adsorption and heating to 9000 C the near surface region became saturated 

with carbon and this resulted in the appearance of new surface structures. 

These structures will be discussed in the next section. 

C2H4 and C2H2 were the only two molecules in this study that did 

not form ordered structures on the [6(111)x(100)] surface. All the 

other adsorbates formed the same structures on the (111) terraces of 

the [6(111)x(100)] surface that they had formed on the Rh(lll) surface. 

~I 
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The diffuse spots observed during C
2
H

4 
and C

2
H

2 
adsorption on the 

[6(111)~{100)] surface were due to C(4x2) structure beginning to form 

on the terraces. The C(4x2) structure never fully developed on the 

[6(111)x(100)] surface, apparently due to the presence of the steps 

since well ordered C{4x2) structures were formed by these hydrocarbons 

on Rh{lll) (2). Poorly ordered (2x2) structures have been seen for 

C2H4 and C2H2 adsorption on Ir{S)-[6{11l)x{100)] (3) and C
2

H
4 

adsorp

tion on Pt{S)-[6{111)x{100)] (7, 21). The TDS spectra from C
2

H
4 

and 

C2H2 adsorption on the stepped surfaces is essentially the same as was 

seen on Rh{lll) (2) and Ir(S)-[6(1l1)x(100)] (3). 

2f. Carbon 

Carbon structures o~ the two stepped surfaces were obtained by 

o -7 decomposing ethylene at 800 C and a C
2

H
4 

pressure of 5xlO torr for 

5 to 10 minutes. The behavior of the two stepped surfaces ur.' r these 

conditions were markedly different. The [6(111)x(100)] surfiic! faceted· 

into large domains of (111) and (100) orientation. There was an increase 

in the background intensity of the LEED'pattern and the formation of a 

poorly ordered (12x12) coincident lattice structure was seen on the 

(Ill) facets. This (12x12) coincident lattice has been seen for carbon 

on Rh (Ill) (2) • 

In contrast to the [6(111)x(100)] surface the (331) surface was 

stable when heated in C
2

H
4

• The C
2

H
4 

decomposition produced a seg

mented carbon ring on the (33l) surface. A picture of the carbon ring 
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·is shown in Figure 14. The' segmented carbon ring indicates the existence of 

a partially disordered graphite overlayer on the surface. The (0,0) beam of 

the carbon ring lies 220 away from the (331) (0,0) beam in a direction per-

pendicular to the step edges. The orientation difference between the (Ill) 

and (331) planes is 220
, which indicates that the graphite overlayer is 

formed on the (111) terraces. Several carbon structures have been observed 

for C2H4 decomposition on the Pt(S)-[6(111)x(100)] surface (21,26) while no 

ordered carbon structur~s were seen on the Ir(S)-I6(lll)x(lOO)] surface (3). 

Carbon deposition also caused the Pt(S)-[6(1l1)x(100)] surface to facet into 

. large domains of (111) orientation (26). A (2x2) carbon structure has been 

seen on the Ni(S)-[7(100)x(133)] surface (22). 

Carbon was not detected desorbing from the surface, but as noted 

above carbon could be dissolved in the bulk by heating the crystal to 

9000 C. To remove large amou~t of carbon the crystal had to be heated 

-6 0 in oxygen (lxlO torr of 02 at 900 C). This lead to a regeneration of 

the clean stepped surfaces. 

Summary 

The chemisorption properties of H2 , 02' CO, CO2 , NO, C2H4 , C2H2 

and carbon have been investigated on the Rh(S)-[6(111)x(100)] and (331) 

surfaces by LEED, TDS and AES. All the gases readily adsorbed on the 

rhodium surfaces and formed at least one ordered surface structure. 

All the LEED patterns formed by these adsorbates on the [6(111)x(100)] 

surface have already been seen on Rh(lll) (2), indicating that the (Ill) 

terraces are controlling the formation of surface structures on this 

crystal face. Two step effects were seen on the [6(111)x(100)] surface 

by LEED, enlarged diffraction spots due to the presence of smaller 

,,' 

• 
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domains and no ordered LEED patterns observed during C
2
H

4 
or C

2
H

2 

adsorp~ion. Except for CO and CO
2 

the TDS results on the [6(III}x(IOO}] 

surface were the same as previous results on Rh(lll}. On the (331) sur

face the steps had a larger affect on the chemisorption properties of 

the absorbates. The steps determined the unit cell of the ordered 

surface structures and the LEED patterns were indexed with respect to 

the (331) unit cell vectors and not the (Ill) terraces. Step effects 

were also seen in the O2 , CO, CO2 and NO TDS spectra. 

The oxygen structures seen in this investigation 

behaved differently with respect to removal by H2 . The chemisorbed 

oxygen structures on clean rhodium surfaces were readily removed by gaseous 

H2 or CO at temperatures above SOOC, while the oxygen structures 

formed by high temperature oxygen treatments required prolonged heat-

ing at high temperatures in H2 for removal. CO
2 

was found. to be dis

sociated into adsorbed CO by both rhodium surfaces. TDS and AES results 

showed that part of the adsorbed CO was dissociated by the step sites 

and this dissociated CO was responsible for the high temperature peak 

in the TDS spectra. Initially dissociqtive adsorption of NO occurred, 

but for exposures above IL NO adsorption was associative. 

The chemisorption properties of C
2
H

4 
and C

2
H

2 
were very similar, 

indicating the adsorbed species was probably the same for both mole

cules. Small amounts of C2H4 could be detected desorbing after either 

C2H4 adsorption or exposing adsorbed C
2
H

2 
to atomic hydrogen. The 

stability of the two rhodium stepped surfaces at high temperatures in 
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oxygen and C
2

H
4 

was markedly different. The [6(1l1)x(100)] surface 

readily face~ed to large (111) and (100) domains while the (331) sur

face only faceted under severe oxidation conditions. 

The main purpose of this paper was to continue the investigation 

of small molecule adsorption chemistry which occurs on rhodium surfaces. 

We have extended our studies of the low index (111) and (100) faces to 

surfaces with 17% and 40% step densities in order to explore what 

effects the presence of steps has on the chemisorption properties of 

small molecules on rhodium. Since chemisorption studies on stepped 

surfaces are far fewer in number than corresponding studies on the low 

index faces, the comparison of stepped rhodium chemisorption properties 

to other transition metal stepped surfaces was not as complete as on 

the (111) and (100) surfaces~ It is hoped that this paper will 

encourage more studies of stepped surface chemisorption properties. 
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TABLE 1. 

Surface Structures of Chemisorbed Small Molecules 

on the (111), [6(111)x(100)] and (331) rhodium surfaces 

Gas Rh(ll1) a Rh(S)-[6(111)x(100)] b Rh (331) c 

(lxl) (lxl) (lxl) 
H2 0:1;' or or 

disordered disordered disordered 

°2 (2x2) ('2x2) 2 (ld) 

I~ ~I 
I; -~I 

CO, ( v3xv3) R300 (v3xv3) R300 

I~ -~I CO2 spli t (2x2)· (2x2) 
(2x2) 

I~ ~I 
"hexagonal" 

NO 
C(4x2) 

(2x2) disordered (2x2) 

C
2
H

4
, 

I-~ ~.I C2H2 
C(4x2) disordered 

(8x8) . 
(2x2) R300 

carbon covered 
C ' (ll9xll9)R23.4° Rh surface facets graphite overlayer 

(2v3x2v3) R300 to (111) and (100) 
(12x12) planes 

a) From reference (2), 
b) Structures indexed with respect to (Ill) terraces. 
c) Structures indexed with respect to (331) unit cell vectors. 
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TABLE 2. 

Surface Structures of Chemisorbed Small 

Molecules on the [6(111)x(100)] Surfaces of 

Rhodium, Iridium and Platinum 

Gas Rh(S)-[6(111)x(100)] Ir(S)-[6(111)x(100)] Pt(S)-[6(111)x(100)] 

(lxl) (lxl) 
H2 or or [3] l(ld) [7] 

disordered disordered 

°2 (2x2) (2xl) [8] 2(ld) [7] 

co (v'3xv'3) R300 

disordered [8] disordered [7] (2x2) 

CO2 
(v'3xv'3)R30o 

(2x2) 

NO (2x2) 

C
2
H

4 disordered (2x2) [3] (2x2) [21] 

C2H2 
disordered (2x2) [3] 

carbon covered I-~ ~I [21] 
C 

Rh surface factes disordered [3] 
to (111) and (100) 

I-~ ;1 planes [21] 

(ll<9xll<9)-R23.4o-[26] 
(ll3xll3)-R13.90 -[26] 
C{39x{39)-R16.1o-[26] 

,{. 

,\ 
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TABLE 3. 

• Approximate Disordering Temperatures of Surface 

Structures on the (Ill), [6(lll}x(lOO)] and (331) 

Rhodium Surfaces. All Temperatures in °c 

°2 CO CO2 
NO C2H4 C2H2 C 

Rh (111) >150 75 75 50 150 150 800 
(decomposes) (decomposes) (dissolves) 

Rh(S)-[6(111)x(100)] >200 75 75 75 
800 - - (dissolves) 

Rh (331) 450 100 100 - 150 150 
"'&,i 
!' 900 

(decomposes) (decomposes) (dissolves) 

l 
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Figure Captions 

Figure 1. lEEO patterns and real space models of the clean rhodium 

stepped surfaces. Cross hatched circles represent step 

atoms and the unit cells of the (755), (331) and step planes 

h~ve been drawn in. Both surfaces have (111) terrace planes. 

(a) Rh( 755 )++Rh( S) - [6 (111 ) x( 1 00)], 90eV; 

(b) Rh(331)++Rh(S)-[3(lll)x(11l)], 13geV. 

Figure 2. AES spectrum of the clean rhodium stepped surfaces shown in 

Figure 1. 

Figure 3. TOS spectra obtained from adsorbing (a) O.Oll to II of 

hydrogen at OOC on Rh(331) and (b) II of hydrogen at 0 to 

1000C on Rh(S)-[6(111)x(100)]. 

Figure 4 .. lEEO patterns for~ed from oxygen adsorption on Rh{S)

[6(111)x(100)]. (a) clean Rh(S)-[6(11l)x(100)] at 90eV; 

(b) (2x2) structure on Rh(S)-[6(11l)x(100)] at 65eV; 

(c) (2x2) structure on Rh(S)-[12(111)x2(100)] at 56eV; 

(d) (2x2) structure on Rh(111) facets at 52eV. 

Figure 5. TOS spectra from oxygen adsorption on (a) Rh(S)-[6(111)x(100)] 

and (b) Rh(331). (c) H20 desorption from Rh(331) after 

sequential adsorption of H2 and O2. 
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Figure 6. LEED patterns formed from oxygen adsorption on Rh(33l). 

(a) clean Rh(331} at 93eV; (b) 2(ld} structure at 68.5eV; 

(c) I~ 61 structure at 46eV; (d) I~ _~I structure forming 

at 66eV; (e) fully developed /1 21 structure at 53eV; 

(f) I~ 61 structure at 43.5eV;7(~J faceted surface at 33.5eV. 

Real space unit- cells of the oxygen surface structures on Figure 7. 

Rh(33l}: (a) I~ 61; (b) I~_~I; (c) I~ 61 .. A and Bare 

the Rh(33l) unit cell vectors. 

Figure 8 .. LEED patterns formed from CO adsorption on Rh(331). 

(a) I~ _~I structure at 25.5eV; (b) 11 61 structure at 82eV; 

(c) hexagonal CO overlayer at 54eV. (d) Schematic of LEED 

pattern (c) where' are diffraction spots from the rhodium 

lattice, 0 are diffraction spots from the CO overlayer and 

.are the multiple diffraction spots from both the rhodium 

and CO lattices. 

Figure 9. Real space models for the CO surface structures on Rh(331). 

The cross hatched circles represent CO molecules, the open 

circles are the rhodium ato~s, A and B are the Rh(331} unit 

cell vectors and the arrows show the direction of compres~ 
o 

sion. The CO molecule diameter is 3.2A and the rhodium 

nearest neighbor distance is 2.69X. (a) I~~~I; (b) 11 61; 

(c) one domain of hexagonal overlayer; (d) second domain of 

hexagonal overlayer. 

Figure 10. TOS spectra from adsorption of (a) CO on Rh(331), (b) CO2 
on Rh(S}-[6(111)x(100}] and (c) CO2 on Rh(331). The only 

species detected desorbing in all three cases was CO. 
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Figure 11. Ca) LEED pattern of Rh(33l)-I-~ 61 structure at 44eV. 

(b) Real space unit cell of 1-111 structure. A and B 
·30 
are Rh(331) unit cell vectors. 

Figure 12. TDS spectra obtained from NO adsorption on Rh(S)-[6(111)x(lOO)] 

for (a) N2 desorption, (b) NO desorption and (c) N20 desorption. 

Figure 13. (a) Hydrogen desorption from C2H4 adsorption on Rh(S)

[6(111)x(lOO)]. (b) C2H4 desorption from C2H4 and H2 plus 

C2H2 adsorption on Rh(S)-[6(111)x(lOO)]. 

Figure 14. LEED patterns of segmented carbon ring on Rh(331) at 47.5eV. 
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