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CHEMISORPTION AND REACIIVITY STUDIES OF

SMALL MOLECULES ON RHODIUM SURFACES

David G. Castner
Materlals and Molecular Research Division, Lawrence Berkéley Laboratory

and Depdartment of Chemistry, University of California
Berkeley, California 94720

ABSTRACT

The chemisorption of Hz, 02, Co, CO NO, C2H2, C,H, and C has

2° 274

been studied on the clean Rh(111), (100), (755) and (331) surfaces.
Low-energy electron diffraction (LEED),; Auger electron spectroscopy
(AES) and thermal deaorption mass spectroscopy (TDS) were USedvto deter-
mine. the aize and orieotation of the unit.oells, desorption temperatures
and decomposi;ion charac;eriétios for each adsorbate. All of the mol-
ecuies studied readily chemisorbed on all surfaces and several ordered
surface structures were observed. Carbon dioxide appeara to dissociate
to CO upon adsorption on the rhodium surfaces as indicated by the sim-
ilar ordering and desorption characteristics of.CO2 and CO. NO adsorp-

tion was dissociative at low exposures and associative at high exposures.

C2H4 and C2H2 were associatively adsorbed at -60°C. Upon warming the

~adserbed hydrocarbons to room temperature they underwent molecular re-

arrangemerit. The chemisorptioﬁ results indicate that the same adsorbed
species was produced from this rearrangement. Decomposition of C2 4
produced a sequence of ordered carbon surface structures on the (111)

face as a result of a bulk-surface carbon equilibrium. The LEED patterns



seen on the.stepped Rh(755) surface Were duevto the formation of surface
.structures on-the'(lll)pterraces, while:on the stepped Rh(331) surface
_the step periodicityvplayed anvimportant role in:the determinationlofthe
‘unlt cells of the observed structures. ‘When heated invoé or C2H4 the ‘ ‘: o
(331) surface was more stable than the (755) surface which readlly formed |
(lll) and (100) facets. In the CO and 002 TDS - spectra a peak due to dls-

sociated CO was observed on both stepped surfaces. Four dlfferentvoxygen
. species'were_detected during”theuoxidation of the Rh(111) surface. Ini-

tially chemisorbed oxygen atoms were produCedvfrom‘the low temperature

dissociative adsorption_of oxygen .and underVent an activated Ordering

process to'form three domains of a'(2xl> structure. The'chenlsorbed

oxygen was readlly removed by exposure ‘to hydrogen above 50°C. Heating
‘the Rh(lll) crystal in the presence of oxygen resulted in' oxygen dif-

fusing 1nto.thevnear surface region. - Prolonged high temperature anneal-

ing produced an unreactive surface oxide. Thehepitaxial<growth'of Rh203'

(OOOI) on Rh(111) occurredvduring;high temperature anneallng in 1 torr of

(0] " This epitaxial oxide did not adsorb.detectable amounts of either .

9
‘hydrogen'or~CO at 25°C and could be decomposed'by'heatingvthe crystal to

50b°C invvacuuu. Reacting a-3H2:lCO gas mixture.atr300°Cpand 6 atm over

clean polycrystalline Rh:foil or singlehcrystalline‘Rh(lll) produced

primarily methane at an initial rate of 0.15.molec°site-1-sec. 'Preoxida- v g
.tion of the Rh catalysts resulted in changes in‘catalyst activity and B c ‘
selectivity, with oxygenated‘products only formed‘oVer‘the preoxidiZed-" |
catalysts. The major effect of gas phase addltives was to increase the -

. percentage of C hydrocarbons in the product dlstrlbutlon.

3



W

.

-iidi-

TABLE OF CONTENTS

I. INTRODUCTION ¢ v v 4 v v o 4 o o o o o o o o s o o o &

II. EXPERIMENTAL . . . + o ¢« « v v & & e e
A. Surface Characterization by LEED . . . . .
1) Kinematical LEED Theory. . « « « « o « « « o &«

2) Temperature Dependence of LEED
Beam Intensities . . + . +. . . . .

3) The LEED Experiment. . . « . + + o « . .

4) Conversion of the Diffraction Pattern to a
Surface Structure. . .

5) LEED from Stepped Surfaces . . . . . . . .
vB.. Surface:Characterizatioh.by AES. . . . v v v ...
C. Adsorbate Characterization by TDS. . . . . . . . .
D. Crystal Preparation . . . . « ¢ + « « . .
E. Ex?erimental ApParatus . « « « + o + o 4 4 e .

1) Chemisdrption)Experiments. e e e e .

2) Catalysis Experiments. .

ITI.  RESULTS AND DISCUSSION . cea

A. Characterization of the Clean Rhodium(lll), (100),
(755) and (331) Surfaces. . e e e e e e

1) The Clean Rhodium(l11) and (100) Surfaces.

2) The Clean Stepped Rhodium (755) and
(331) Surfaces . . . « ¢ v o o 4000

B. The Chemisorption of Small Molecules on the
Rhodium(111) and (100)Surfaces . .

11

14

18

20

30

32

37

40
43
43
47

52

52

52
65

67



5

-in

o

1) Hydrogen « i e v e e
2) OXygen....v_..'.v...‘._'.".‘...v..-....-, 74
3) . Cérboﬁ Monoxide and éafboﬁ Diogide .. .1; .b; . ?6'
4) Nitric Oxide + + + + . . 89
5) Ethylene and Acetyleme . . . '+ . - . . , ._. Cee92
6) Carbon . . . v v vt v o ... . coe e . . . . 98
The Chemiéérption of Small Molecules on the Stepped .
| Rhodium (755) and (331) Surfaces . . . . . 104
i) Hydrogen . .1104.
2). Oxygen 108
3) Carﬁon.Mohoxidéiand QArboﬁ'Dioxide . e . 117
4) Nitric Oxide . . . . . . .‘...v. N
5)" Ethylene aﬁd Acetylené}, Q - .'; e .‘._ 129
'é) CarBOm « v v e v v e e e e e - 132
Oiidation Studies on the Rhodium(111) Surface. . 134
1) LEED Results of the Oxidation stﬁdy on Rh(111) . . 134
AES Resuiés_af che oxida;i§h scudy on Rh(111). . . 142
'3) TDS Results of the Oxidation Study on Rh(111). . . 145
4) vDiscussi§n éf the Oxidation Studiés . | ) | - 147
. CO Hydrogenation o§er ﬁhédiumvCrystals .« e e e e . 154
1). Clean Polycrystaliihe Rh .Foil and‘Single o
Crystalline Rh(l11) Surfaces . - « « .+ .+ . . 154
2) Preoxidized Rﬂ(lll)'CrySEal. . ...j. .H. "',° .'_ 157
3) Preoxidized Rh Foil. » « v v v o o o w o . o . . 167
4) 'éas ?hasé Addi;iveé. « .. ;-. . coee . C e . 177
vDiséussidn:oflthe’CO Hydrbgenatioﬁ Results . . . 129

4
773

Pr 4



(8

Iv. CONCLUSION .

ACKNOWLEDGMENTS .

REFERENCES

-

189
192

193



¥

n

" methanol

- motive exhausts.

I. INTRODUCTION

Rhodium is -one of the more versatile metal industrial catalysts,
being used both in homogeneous and heterogeneous catalytic reactions.
A number of rhodium-catalyzed homogeneous reactions have been intro-

(1)

duced in recent years. In the hydroformylation and carbonylation
reactions rhodium complexes have replaced.the traditional cobalt com-
plexes because these reactions will proceed af significantly lower pres-
sures over the rhodiﬁm catalysté. Examples of homegenous reactions which
rhodium complexes catalyze are the syntheéis ofvn—butyraldehyde from CO,
hydrogen and propylene(2’3) (hydroformylation), acetic acid from CO and

(4,5) (carbonylation) and ethylene glycol from CO and hydro-

(6,7)

gen. An important héterogeneous use of rhodium catalysts is in the

three-way automotive catalytic converters. Rhodium catalysts have been

shown to be very effective in reducing nitrogen oxides to nitrogen in

(8,9)

the presence of oxygen. Combining a supported 0.002 wt % Rh catalyst

with either a Supported Pt or Pd catalyst producés a three—way catalyst

capable of eliminating NO, CO and HC from. typical model feeds of auto-
(8) |

Rhodium is also a Fischer-Tropsch (FT) catalyst,

producing various hydrocarbons by hydrogenating CO. At low reaction

pressures (1-6 atm) CO hydrogenation over supported Rh/A1203(10) and

h(ll’lz) catalysts primarily produces methane while

(13,14)

unsupported clean R

above 20 atm CO hydrogenation over supported Rh/SiO2 catalysts

. yields a product distribution containing more than 407 C2 chemicals such

as acetic acid, acetaldehyde and ethanol. The large amount of oxygen-

ated hydrocarbons produced by rhodium catalysts is in contrast to other



FT catalysts such as Ni vhich is orimarily a methanation cataIYSt,_
'ije and Co wh1ch produce large amounts of hlgher molecular welght hydro~ - v
rcarbons(lo) and Ru which produces high molecular welght parafflnlc :

waxes.(IS) Some of the other reactions which are.catalyzed by rhodlum : ‘J;
‘ a _) and benzene,(17)
:_ with.hydrocarbons(ls) and NH A9 ketone redUCtion

3’
of hydrogen,(17,20) NH3(21) nd CO. (11? The above‘examples show rho-

deuterium exehange'

(17)

are hydrogenatlon of olefins

and oxidation

dium catalysts do indeed have a‘rich chemistry; readily breaking
'¥N 0, N-H,C-0, C-C C- }land H-H bonds and 1nsert1ng co molecules into hydro—'
carbons.

Thevchemisorption and catalvtic properties of small molecules_
- on rhodium.surfaces have onlyvbeen investigated in recent.vears.with A
_surface_sensitive technidues.b These;investigations have;primarily been
low;energy electron diffraction (LEED)’studies~on lOwbindex crvstal
‘faces. The earllest studles were LEED 1nvest1gatlons of oxygen. and CO

(22-24)

adsorpt1on on the - Rh(lOO), (110) and (210) surfaces. Several

ordered surface structures were observed in these experiments, but since
-Auger electron spectroscopy (AES) was not used to monitor the surface
composition_there is some doubt as whether these structures were due to
the adsorbates or to.surface impurities. Recent experiments have found
that impuritieSVSuch as boron will diffuse to the surface and form
ordered surface structures. A brief LEED and AES investigation of ' %

(25) . |
oxygen, CO and CO2 adsorptlon on Rh(lll) has been reported Only

. one surface structure was observed for each adsorbate and Very little

eXplanat;on of these structures were given. In the last two years’



‘carried out for hydrogen, oxygen and CO

-3-

several investigations of small molecule chemisorption on rhodium single

crystal surfaces have been reported. A systematic survey of the chemi-

sorption properties of HZ’ 02, Co, COz,vNO, CZH4’ C2H2 and carbon have
been investigated by LEED and thermal desorption mass spectroscopy (TIDS)
(26) (27)

on the low index (111) and (100) and stepped (755) and (331)

rhodium surfaces. Further LEED, AES and TDS investigations have been

(28) (29,30) (31)

adsorption on
the Rh(111) surface.' LEED, AES, TDS and surface potential studies have
been‘reported for oxygen, CO and NO adsorption on the Rh(110) sur-
face.(32’33) In the above LEED studies only the_size and shape of the
adsofbate unit cells were reported. To determine such quantities as the
binding site or molecular structure of an adsorbate by LEED requires an
analysis of the diffraction beam intensity vs beam voltage (I-V) curves.
Presently no I—V anélysis have been reportéd for adsorbateson rhodium
surfaces. AES and TDS used in conjunction with the LEED results in the
above investigations did indicate possible érrangments of the adsorbate
on the surface.

 Re¢ently high resolution energy loss spectroséopy (ELS) has been
used in conjunction with LEED and TDS to make definitive assigﬁments of
the adsorbates species p;oduced by adsorption of 92’ co, COZ’ CZHZ and
C2H4 on Rh(lll).(34_36) High resolution ELS is a powerful technique for
probing ﬁhe intefaction of adsorbates with metal single crystal surfaces

because the observed inelastic losses in the ELS spectrum correspond to

the various vibrational modes of an adsorbate. The number of observed

- modes and the energy at which they appear can be used to determine the



e
molecular structure and binding site of the adsorbate. The ELS investi-

‘gations have shown on Rh(lll) that 002

"that adsorbed CZHZ and CZH4 undergo molecular rearrangement.
Several LEED I—V analy31s have been cartried out on the clean o i

v'rhodium (111),(37,) (100)(38 »39) and (110)(40)

is dissociatively adsorbed and .

surfaces. In additionﬂDebye o

41,42
surface temperatures have been determlned for the rhodlum. (111)( )

and (100)(4 ) surfaces. ,These_investigations have shown that the Rh.f'
: surfaces‘dobnot reconstruct and have topmost interlayer spacings with-
in' 5% of the bulk interlayer spacing.

This authorvis only aware of two»investigations of catalytic re-
-actions over Rh single crystal surfaces,hthe reaction’okaz-with adsorbedb
'oxygen to produce H 0( 0 and the hydrogenatlon of . CO to produce hydro-
carbons.(_ ) Both of these reactions were carrled out on the (111)
crystal face. Investigations'ofvcatalytic reactions over polycrystalline
Rh foils and.wires are more prevalent. -CO okidation and hydrogenatlon

’ over polycrystalllne Rh f01ls have been 1nvest1gated (11 12)._C0 oxida-

E tlon,g43 »44) NO reduction(45) and NH3 oxidation(46) are some the cat-.

- alytic investigations reported over polycrystalline Rh wires. Even more

catalytlc studies have been carried out over supported ‘Rh catalysts.

Some of these studies include NO reduct10n,<8_9 s47-49) CO hydrogen-

ation, (10 13 14) _pentane hydrogenoly31s( 9 and ethylene and acetylene

hydrogenation.(so) ‘Several catalytic homogeneOus reactions.involv1ng[Rh

P

" complexes were mentiohed earlier.



e

(51,52)

FT synthesis has been in existence for over fifty years,

but the mechanism of this synthesis is still undetermined. Several

mechamisms have been proposed, including the carbide theory,(53&55) hy-

(56,57) (58)

drogenation of undissociated CO and CO insertion. The pro-

posed mechanisms and experimental data over the last fifty years have.

been described in detail in -several articles.(15753_65)

Because of the
wide range of FT catalysts which produce an even wider range of prod-
ucts it is likely that the several mechanisms are operaeive in the FT
synthesis. Selection of the catalyst and reaction conditions (temper-

ature, pressure, H,:CO ratio) would determine which mechanism and prod-

2

‘uct distribution would be favored.

The results presented in this thesis can be divided into two
parts, the chemisorption and the CO hydrogenation investigations on rho-
dium surfaces. In the chemisorption investigations a systematic survey
of the chemisorption properties of several small molecules (HZ’ 02, co,
COZ’ NO, CZHZ and C2H4) on four different Rh single crystal surfaces
was undertaken. These studies were carried out to probe the interaction
of these molecules with the Rh surfaees, to find the interestingvareas
of. rhodium surface chemistry, to determine the chemisorption structure
sensitivity of these molecules on Rh surfaces and in general document
the chemisorption properties of Rh surfaces. These experiments were
carried out under ultra-high vacuum (UHV) cohditions using LEED to detect
the formation of ordered surface strucﬁures, AES - to monitor the surface

composition and TDS to yield information about binding energies and de-

composition, desorption and dissolution characteristics of the adsorbates.



- The results of these experiments will yield some insight into the cat-
‘-aiytic properties of rhodium.

The CO hydrogenatienﬁreaction was. studied over polytrystalline

-Rh foil and singie crystaliine Rh(lll) catalysts at a total pressure of
| | (66)

. 6-atm. .An UHV chamber equipped with a,highfpreSSure isolation cell
“was used in these experiments so the catalysts could be characterlzed
both before and. after the reactlon by LEED, AES and TDS. The reaction

"conditions (H 'CO ratlo,-reactlonftemperature ‘and surface pretreatment)

9t

“.were systematically varied to determine the optimum conditions for pro- .

- duction of oxygenated,hydrocarbqns by the rhodium catalysts at 6 atm.

"_Correlations were made between Catalyst activity, selectivity,lifetime,

surface composition and structure. A detailed mechanistic and kinetic -

" study of the FT- synthesis on rhodium'eatalysts was.not carriedreut here
but insteaa the major emphasis was placed on determining the cenditiehs
'neeessary tbr oxygenated{product formation.

>The experimentAl_detaiIS’ahd apparatpsvemployed in the chemi- .
sorption and. CO hydrogenationvstudiesiwillhbe described in detail in
Chapter II." . The three surface charactetization'techniques (LEED, AES.
and TDS) used in these studies will also be;desctibedvinvChapter'II.
The main emphasis in the techhique’diScussidns.wili be oﬁ the informa-

tion these techniques yield and how this_information is'obtained from

the-experimental data "In Chapter 111 the results of the chemisorption

“and CO hydrogenation studies will be presented and discussed. Chapter

111 1s_d1V1ded into five parts:. the-characterlzatlon of the clean rho-
dium (111), (100), (755) and (331)-sutfaces;,the chemisorption proper-

ties of small molecules on the'rhoditﬁ (111) and (100)surfaces; the

>

s
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chemisorption properties of small molecules on the stepped rhodium (755)
and (331) surfaces; the oxidation of the Rh(11l) surface; and the CO

hydrogenation reaction (FT synthesis) over clean and oxidized rhodium

~polycrystalline foil and single crystalline (111) surfaces. In Chapter

-V the major conclusions of the chemisorption and reactivity studies

will be summarized.
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' II. EXPERIMENTAL

.‘A. Surface Characterization by LEED -

Lowfenefgy_electrdn diffrac;ion (LEED)-is_a s#rfaée sensiti&ev
:.techniépe ideally suited for probing tﬁe_brdefing'of adSbtbéFé'bver;
iayers»on metal singie cryStal Surfabes.- The lowfénergyimohoengfgeqig
ﬁéieCtrons.(lO'to 500 eV) used in LEED have'delBroglie wavelengths of 4

to O.S)Ximaking them suitable fof.diffraction from single cfyStals such
as rhodium (néafestvneighbbr'distanée_of 2.69A4). Theﬂsurface-seﬁsigiv—‘
vit§ of LEED results from the's;roﬁg interacgion of these lowfenergy elec—b
';tcﬁslﬁich thevmetal éausing the electrbns:to undergo multiple §¢éttéring
'in.the‘dpper_3'or 4 atomic léyers 6fvthe crystal. -This'Behavior is.séhg-
vaatically depictedvin‘Fig.:iIQi and‘contrasted with the weak interaéting v
kineﬁatiéélLXQrays'which peﬁetrate'wellvinto the bulk df'a'sample. 'Thé
--escapé dep;h of electrons depends‘on electron energy as 'shown by the -

” ﬁuniversal curve' in Fig. II-2. The escape déptH of the low-energy f.
.eleétréns used in“LEED'is léss thaﬂ 10A or less fhan_3:or 4 atomic
-llayérs.‘

‘YLEED is,capabie‘of;pfoviding the samé information about the struc-

;ufe of surfaces that x-ray‘crysgallography,provides for bulk crystal‘
structures. In LEED the position 6f ;he diffraction'beamsAdetermine the
.two‘diménsiohal pefiodicity of the surface mesh and the I-V profiles of
theSe_difffacﬁedeeams determine the location of the atoms in this mesh.
- The compliéatioh whicﬁ exists'in LEED analysis is mutliple scattering,

which makes detérmination of the atomic locations difficult. Therefore
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Figure II-1. Scattering characteristics of x-rays and low-energy
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most LEED investigations report‘only on the size, shape and rotational
orientation of fhe surface mesh. To properly analyze the I~V profiles
of the difffactidn beams requires extensive computer calculations.
Several recent reviewé have discussed these I-V calculations.(67_72)
In this thesis only .the feadily attéinablé geometrical information of
the_fwo dimensioﬁél sufface mésﬁ and kinemétical information of the I-V
profiles will be reported. Resﬁlts obtained from other surface éensi—
tive techniques such as AES, TDS and high resolution ELS will be used

to provide information about the location and structure of adsorbates in

the surface mesh. 1In the literature the surface unit meshs determined

'by LEED are often referred to as surface unit cells even though unit cell

usually refers to a three dimensional structure. Both terms will be used

interchangeably here.

1) Kinematical LEED. Theory

In this section diffraction theory will be develéped to predict
the energies at whiéh the kinematical or Bragg peaks occurs in the dif-
fraction beam I-V profiles. Other quantities such as multiple scattering
structure factors,vscattering amplitudes and width of ‘the diffracted
beam will not be discussed here but have been discussed in detail else-
where, (68:71,73,75) '

. An electron with wavevector kb incident on a crystal will gener-

ate a scattered electron with wavevector k. The wavevector k is defined

by the equation

k| = 5= 3 e + v )2, )
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where K.is'the wevelength of electron,~h~is_Piank's constant, m is the
mass of the electron, E is the energy of the electron in vacuum and-Vo
‘islthe inner potential»of the solid. The scattering'process is shown
in F1g II- 33 Also shown in F1g II 3a is a 1att1ce vector g of the
crystal and the scatterlng vector SA “the vector dlfference between k;
R k- ko (2)
‘The wavevector k can be divided into the vectors Hl‘and Kl which are the
wavevector components parallel and perpendlcular to the surface (F1g
, II—Bb). The dot product of Q and L is deflned by the Laue conditions
to-be.
8+ &= 218, , . (3
where £ is anlinteger; For ¢ normal to the surfece andrfor backscatter-
ing Eq. (3)'becomes
Sye =.2m4. o (4)
From Eq. (2) and Fig.vII-3'_Sl can'be written as -
1/2

2
ik1|'+lk e (k kT

Diffraction conditions requlre that,ko" can only differ‘from.kﬁ bycavsur4
" face reciprocal lattice vector G.’ | |

Substitution of Eq. (6) into Eq. (5) yields

- ak (k,“+ 9% >1’2 % ,pl’z BN O
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Figure II-3.

(a) Diagram of the specular electron scattering process at a
surface. : ’

(b) Diagram of the vector relationships between the electron
wavevectors k., ki and &I' :
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Using Eq. (1) the energy dependence of S| Can.bg'determinéd, but the -
inner pdtentialjonly affects the perpendicular component of the wave-

vector .50

(E+V) )
g And”

2 1/2 S o
ST gy sino. )

]k‘”|‘ (

'_'For the (0,0) or specular beava = 0. Therefore coﬁbining Eqs. (4),

(7) - (9) and inserting.numefical_Qalﬁeé for m and h yield.

4¢2¢osze cosze

I
e

where E and v, are expressed in eV and' ¢ is expressed in KA. If the

" inner layer spacing c¢ and inner potential Vo are known for a crystal

then the "Eq. (10) predicts the occurrence. of Brégg beaké"at enérgiés S

E‘in the I-V pfofile‘of (0,0) diffraction Beam;" Alternately thé valuesb

of ¢ and VO ma§’ca1¢ulatéd from the experimental I-v profiles by plot-
' 2
ting Evs 7. This plot would yleld a straight line with a slope of

150. 4/4c2cos 6 and an 1ntercept of V /cos 8.

"2) Temperaturg Dépenaéncevof LEED Beam Intensities
In'thg previoqs section fhé enérgies at which Bragg peaks occur
in the I-V prdfiles was.determiﬁed._ In ﬁhié seétion thé:ﬁemperéture
‘dependence of the intensifies of these Bragg peaks will be developed.

Maximum intensity is only achieved from a perfect crystalline lattice
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at absolute zero where all of the atoms are in their equilibrium
positions. Fdr real crystals thermai_energy causesvthe atems to vibrate
about their equilibrium positions. Therefore the electrons are scat-
tered from a lattice of vibrating atoms aﬁd only the electréns scattered
from atoms in‘their equilibrium positions will contribute.to the inten-
sity of fhe Bragg peaks. The electrons scattered from atoms displaced
from their equilibrium positions wili contribute to diffuse background
intensity. The vibration of the atoms dd not change the width of. the

diffraction beams only their intensity.  Increasing the crystal temper-

ature increases the amount of time the atoms spend away from their equi-

librium position thus the intensity of the Bragg peaks will fall off as
the crystal temperature is raised.

The expression for the diffracted intensity must be considered
in order to generate an analytical expression for the temperature de~
péndence. The intensity, I, is simply the sqﬁare of the structure fac-
. o (75)
tor, F. For an ideal lattice F has the form

-i Sz,
n

F = } fj e a (11)

where fj is the atomic scattering factor of aﬁom_j at the lattice posi-
tion X - For an real lattige with thermal vibrations Enlmust be re-
placed by ;&1+ N where x represents the atomic displacement from the
equilibrium position. Because the vibrational motion of the atomé is
‘tapid compared to the time scale of the LEED intensity méasurements-a
thermal average must be taken. Therefore the intensity from a real

lattice has the form
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-i'S'(u'+u,)

I = Foz 2 (e ~~n ~m) . v (12)
. m,m : _
Assuming the_vibrationalvémplitudes are small ahd.harﬁonic yiéld d
1=7F2e o C3) ot
where 2M is the Debye Waller factor.
M= (g, o ae)
For‘thé.séattering VectorvﬁishQWﬁ-iﬁ Fig. ii;3a ]§J évﬁg-éose.' Thete4
fore
S22 S _
M = c—Ee9§§—9)< gf) , | (15)
where uy is the component of g pérpéndicular to the surface. Insert-
ing Eq. (15) into Eq. (13)'yields
I = Foz exp[- 16ﬂ2A—2c0328)( gf)-], o (16)
Equation (16) shows the reiationship'BetWeén the intensity and mean-
square displécement, ( qf) with ng being the intensity from an ideal -
lattice. An increaée in <.qf).ﬁi11 cause the'ihtensity to fall off
exponentially.
For a classical hérmbnic dsciliator the average potential énergy
(u )'1353/2 kBT' Thus .
_ 1 2, 1. 2,2 3 _ _ '
{u) =3 K {u) = 2 Mw (ul) =3 kBT, QA7) ‘

1
where K is the force constant, M is .the mass of the atom, w is the fre~

quency of the oscillator. and kB is‘Boltzmann's-cdnStént. The felationship_
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2
K =M w was used in Eq. (17). Using the high temperature limit of the

Debye model (T > GD) and equating w with the Debye cutoff frequency(75)

where GD is the Debye temperature Eq. (17) can be rewritten for N har-

monic oscillators as

2
(u?y = —3Mb o a9

2 2
4T M gseD
Substituting Eq. (19) into Eq. (16) yields

2 12N Hzcosze

I =F " exp (- T). : (20)
o MI%AZ eDZ

Thus the intensity of the diffracted beam decreases exponentially with
increasing témpérature. In order to readily determine GD from the ex-
perimentally observed intensities it is useful to take the'logafithm of
both.éides of Eq. (20). Taking the logarithms, using the de Broglie

relationship and inserting the proper numerical constants yield

gn I = -0—'1—5125'T+c, o (21)
M 6

where E is the electron energy including the inner potential, M is the

mass of the scattering atom in kg/mole, 6. and T are both in K and

D
9 .
C = 4n FO ,» a constant. Therefore plotting 2n I vs T will generate a
straight line with a slope of (0.153 E)/(M ODZ).

The penetration depth of electrons depends on their energy as

shown in Fig. II-2. Since the bulk GD differs from the surface BD the

value of GD that is obtained experimentally will depend on the energy at
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" ,which it is determined. At high electron energies the ekperimental
~'value of 8 should approach the bulk value of 6,. At the lower electron o
. energies where most of the scattering is from the surface.layer the

expefimental value of GD‘shbuld épbroach-the surface value of GD.

3) The LEED Experiment

_.AAvtypiéal.LEED”épparatus is shown in Fig.vII—4. A mOnoene;gétié
-beam of" electrci)vnsj (10 eV to’ 506 'eV). is directed ét th‘eisurfa_cve' of a si‘ﬁgléi
“crystal which backscatters a portiqn of fhe'incoming.elechOns. A set
of fog¥ herisphericél grids is #séd to rgmoVé.the?ineléstically_backf, 
scattered;eiéctrqns‘while‘theAelastically bagksdatteped electfons-are
v'post—acceléréted onto a.phoébhoroﬁslséreen for viewingvof the_diffrac-
tion pattern. The cryétal and first grid are:gfounQed in order to main-
tain a field free region betweeﬁ the LEED optics and the single.crystal
sample. Grid.B is a closély spaced dduble-layef grid maintained at the
'potentiél of the electron gun filament so that only the'electronsﬁelas-
'iticallyvscattered.frém the targef could penetrate tﬁe‘grid system._
Grid C -is grounded to shield grid B from the ~ 5 kV positive'potentiaiAv
of thé.phospﬁorous screen. . The crysﬁal and the detecéion system are en-
closed in an UHV chambér in order to attain and maintain_a'ciean sUrface.
Asvseen in Fig. II-4 ;here,ié a Qin&bw presenﬁ in thé UHV chambervdi?ectly .-
opposite the pﬁosphoroUs screennwhich.allows'the diffraétion patterh to o
be viewéd and photographed from outside the UHV chamber. .A'po1aroid .
cameravﬁas used for photogfaphing-thé diffractioﬁ patterﬁ.
'Avwell_ordered érystal Surfaéé_will Yield.a diffraction pattern

consisting of bright; well defined spots with véry low background
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XBL 703-556

Figure II-4. Schematic diagram of a typical LEED apparatus.
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,intenSity,: Thé:SharpﬁéSS and o&ér;ll intgnéit&vof the spofé‘dependbon
v,fhé deérge of order on fhe surface,"AlthOugh.the surfaée'may ﬁe‘irtéé; B o
_ulgf on a ﬁiéroScoéic'éné submicrdscopic_gcale (é.g., consisting bf. ,
ﬁatomi¢ ;erréées and ledéés)-the prééénce'of shafp diffraction features - =
'indicates thagathe éutface_%é,ofdered>on an;aﬁémic scéle, tﬁat is ﬁost'

of the surface atoms are located ih,a_twdfdimensionélvlattice'structure.

 fEé siie of tﬁeée.ordgred'doméins‘détérmines thé'quality of the difﬁ;ac:;  e
;tion pattern;y Because of the‘experiméntal_limitatiohs.onvfhe céﬁéren;e‘ ‘
i ﬁidth of tﬁe;electron beam; the_quali;y of_the‘diffraction pgttern doesv
-nét iﬁﬁrové‘when fhé'ordered domains become larger than,200 A'iﬁ diaﬁj
étér;’xﬂoweQér,-if the o;déred domains'arexsighificantly.smaller ;han

~ 200 A the diffractions spots become broader .and less intense.

4) Cbnyeréioﬁ 6f th;'Diffréction Patternito a Sufféce Sfru;ture
LEED.diff;actioﬁ_patterﬁs represent tbe gecipfoéal lattice of

the sufface and;tﬁé diffraction pattern must_be‘éonvertéd to real épaCek
in Qrderlﬁo 6Btain'fhe'suffécevstruéﬁu;e. vThis ségtion_will éhqw how
‘this cdnﬁersion.is carriéd out. Eirst;the»felatibnshipvbetween‘;he_
 reciprocal_andvfeal lattices of the substrate'wilr'be shéwn, then deter-
mination,§f adsorbaté sufface strqctureg from_the;LEED patterns wili bé
diééﬁssed.' | -

The diffraction pattern or reciprocal lattice has translational

gt

peribdiéity,whiéh-is given_byvthe.vector T* which has the form
T* = ha* + Kb* - ey

' : N o
where h and k are integers and a* and b* are the vectors of the
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primitive surface reciprocal mesh. The translational periodicity of the

' >
surface in real space is given by the vector T which has the form

-

T = n; + mg v (23)

B : > >
- where n and m are integers and a and b are the vectors of the primitive

~surface mesh. The reciprocal unit cell vectors a* and b* are related to

the real space unit cell vectors ; and g by the following equations:

> -I;x_)-

a* = _)+i (24a)
a*bxc

R > >
z X a

b*= > > > (24b)
a*bXxc

where ¢ 1is the surface normal. The relationship between the reciprocal

"and real space vectors is illustrated for a two-dimensional hexagonal

lattice in Fig. II-5.

Adsorbing a gas on a surface usually results in a change in the
diffraction pattern, correspbndipg to the appearance‘of a newlsurface
mesh, This is illustrated in Fig. II¥6 which shows a diffraction pattern
of a clean Rh(111l) surface and the diffraction pattern formed after the
adsorption of acetylene. Figure I1I-7 shows the uhit mesh responsible for
the diffraction patterns in Fig. II-6 superimposed on a model of the
Rh(1ll1l) shrface. No information concerning the location of the acetylene
molecule within this unit mesh is indicated since this information can
oqu be obtained from analysis of ‘the diffraction spot intensities.

In order to make the transition from the diffraction pattern in
Fig; II-6 to the surface structure in Fig. II-7 the adsorbate surface

reciprocal mesh is. referenced to the substrate reciprocal mesh. This is
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Figure II-5.
: : ~a* and b* of a two-dimensional hexagonal lattice. .

o _ . o . N »
ggal spgce vectors a and b and reciprocal space vec
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‘Figure II-6. LEED patterns of a clean Rh(111l) surface and the same surface after exposure

to CZHZQ In both diffraction patterns the incident electron beam energy is

68 eV.



(XXX X
oy Il v e v e v S v
R L A R
e N e YATY
A S NG AT
XX IALAX X
A AAL ANTNAST G A
‘4 NS NN Y Y
AT Y WL

XBL75I0-755I

O POPIN



tw s

-25-

&one by visual inspection of the diffraction‘pattern where the differ-
ences in spét intensities are neglected and only the positions of the
diffraction beams are considered.

For the general case the felationship of adsorbate reciprocal

mesh to the substrate reciprocal mesh is given by the equations

- > -> .

%' = mk gk % h*
a - m¥, a* + n¥, b | (25a)
brt = k) a% + m, b : (25b)

> >
where a*' and b*' are the vectors of the primitive adsorbate reciprocal

- * * * * . .
mgsh and the coeff1c1¢nts mll’ le’ m21 and m22 define the matrix
* *
k< ™11 ™2
"\ m* m¥
21 22

In real space the adsorbate mesh is related to the substrate

mesh by the equations

+ m (26a)

= 12

11

oYy Uy

oy By
my Yy

+ (26b)

21 22

f
B
2

> > . _ ' ,
where a' and b' are the vectors of the primitive adsorbate mesh and the

coefficients mll’ m12’ m21 and mzz‘define the maprix
m m
M = m11 m12
21 22

The coefficients of the two matrices M and M* are related by the

following equations:
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L -I : . RS v, . - . o
. | e e e T 3 (27a) .
: 11 . ml_l m22 | m21 mlz ) v . |
_ Cem, % - . C P
. ) | N A
o = * m_ % — * x (27b)
12 my ¥ my,* - my, X m12_ o : ;
L e | x .:
: ' 12 - - v . S
m,, = = — o (27¢)
' * * ~ * * . .
21 By ¥ my R my Fm ok ‘
' = ‘ 11 , »

11 722 21

.30 thaf if.eithgr M or ﬁ*bis known tﬁe othef may bé reédily ;alcdlated,
In_LEED'ekperiﬁenfs.M# is determined by visual inspection of.the diffrac-
tion péttern and‘tﬁen transformed to give M which defines the éurfé;e
 structire iﬁ real spéce. | |

?of‘the tase‘Of acetylene adsorptidn on_Rh(lil)_visual”inépéc4 :
tion of the LEEﬁ pattefﬁs in Fig._II—6 yiéidé’ M* = lézlez); From";
ehploying equations (27&) thrdﬁgh”(27d) the'métrix Mvis deierﬁinedvto

20

be.v(o‘2

T > L . _
), so a' =2a and b' = 2b as depicted in Fig. II-7. .

In addition to the matrix method of denoting surface structures:
R o (76) L N
another system, originally proposed by Wood s is also used. While
the matrix hotationvcan_betapplied‘to any system, Wood's notation can
only be used when the angle between the adsorbate vectors a' and b' is
‘ > >
the same as the ‘angle between the substrate vectors a and b. If this

condition is met, then the surface structure is labeled using the gen-

eral form (nxm) R$° of c(nxm) R$°, depending on whether the unit mesh

o,

is primitive or centered. In Wood's notation the adsorbate unit mesh is

related to substrate unit’mesh by the scale factors n and m where
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la'| = n |a"| (28a)
'] = n |B']. (28b)

R®° indicates.é.rotation of the adsorbate unit mesh by ?° from the sub-
strate unit mesh. For ¢ =0 tﬁe RP° label isomitted, so the surface struc-
ture in Fig. II-7 is labeled as a (2x2). The label for the total system
refers to the type of substrate, the surface structure fdrmed by the
adsorbate and the adsorbate. The rhodium~acetylene System shown in Fig.
% 2) - C2H2 in matrix notation and

in Wood's notation. Wood's notation is more

I1I-7 would be labeled as Rh(111) - (
as RR(111) - (2x2) - C,H,
commonly used and the matfix notation is usually only applied to systems
where tﬁe angle between the adsorbate vectors differs from the angle be-
tween substrate vectors.
‘An example of an adsorbate which has a centefed unit mesh is

shown in Figs. II-8 and II-9. 1In Fig. II-8§ diffraction patterns from a
clean.Rh(IOO) surface and a Rﬁ(lOO) surface after exposure to oxygen are

: . _ v ' -1
shown. By visual inspection it can be seen that M% = (i;%__ljg), =Y}

using equations (27a) through (27d) yields M==(_i i). ‘M defines the

primitive unit mesh of the adsorbate, which is drawn in with solid lines

in Fig. II-9. This unit mesh is labeled as (V2 xy/2) R45° in Wood's

.notation. Since the centered unit mesh drawn in with dotted lines in

Fig. II-9 also describes the adsorbate mesh, another way of labeling

this strucutre would be c(2%2). The total system is labeled as

11
-1 1

Of these three labels only the first two refer to the primitive unit

Rh(100) - ( ) - 0, Rh(100) - (+/Z x+/2)R45° - 0 or Rh(100) -c(2x2)-0.

mesh of the oxygen surface structure.



Figure II-8.

b

LEED patterns of (a) clean Rh(100) at 74eV and
oxygen covered Rh(100 at 85eV.

(b)

XBB 7810-13148
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XBL 787-9589

Real space units cells of the ( v2 X v2) R45°-0
(solid lines) and c(2x2)-0 (dashed lines) on
the Rh(100) surface
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5) -LEED from Stepped Surfaces . .

o Thé four rhodiumléingle cr§sta1 faces usea’in this.investiga—
‘tion were the (111), (100), (755) and (331). The low Miller index iy
" and (100)surfacesvha§e the'lowést surface free énergy.ahd'therefore gte L 23
-the mbst stable, have the highest roﬁatiénal symﬁgtry'and'arg che;@oét’
densely'packed.  THéSg surfaces aré flat and have primitive unit meshes:

.‘whiéh éon;ain only one Rh atﬁm._.The_(755) and'(331)vare high Miller
;iﬁdex‘sqrfacgszhich'aré made of micfofdtets of tﬂe 1Qw Miller‘indéx
.cryStal faces. Thevatomié structuté of‘thése surfaces conéisté‘of.péri—
,rpdic arfays of low indexvtefréces,and stepé'aqdva ndmeﬁclaturevmofe |
:;deSCriptiVe of the aétual surfécé ¢onfigur§tion’has been dgvéioped.fdr
.thege.surfacéé.(77).”Using this nomenclature a Rh(755) surface would be
 designated as é ths)- [6(111) x (lbd)].Surfacé‘which indicates'it'is a’
sfepped surfaceﬁcoﬁsisting of Six.aﬁom wide.(lll) terraces separaﬁéd'by
 one;atom high (100) steps. v | |
Assigning.thé [6(111) x (100)] label to the (755) surface assumes
:thaf this surfaééfis stable in a monoatomié step height configuration.
Other surface éOnfigurations_such as.thé two.stép height [12(111)x2(100)]
surface.also,have a (755) macfdscopic_surfaée. _LEEﬁ is sensitivg-tb
atomic structure of surfaces aﬁd therefdre can be employed to determine

which configuration properly describes the surface. This is in contrast

14

to other techniques such as back reflection Laue x-ray diffraction where
only the macroscopic-orientation of a crystal's surface can be deter-
.mined. In LEED patterns of stepped sﬁrfaces the step periodicity is:.

superimposed on the terrace periodicity resulting in the splitting of
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the terrace diffraction spots into doublets or triplets at certain beam
voltages. The direction of the splitting is perpendicular to the step
edge and the magnitude of the splitting is inversely proportional to the

terrace width, so the terrance width can be obtained by measuring the

"splitting observed in the LEED pattern. The step height can be deter-

mined by using Eq. 10 as

] \'
Eoo (singlet max) = —l%g;éf— szv- 02 , (29)
4d"cos 6 ~cos 6

yhere Eoo.are the voitages where a singlet intensity maximum of the (0,0)
beam is cbserved, d is the step height, s is an integer, 0 is the angle
between incident electron beam and the surface normal and V° is the
inner potential. Therefore from the LEED pattern both the step height
and terrace width can be determined and then combined with the anglé be-
tween the terracé and step blanes to determine the macroscopic surface»
plane. This calculated macroscopic surface can then be compared with
back reflection Laue x-ray diffraction results for the same surface.

The values determiﬂed by LEED for the terrace width and step
height are only average values because a given macroscopic surface may
have a distribution of ‘terrace widths and step heights; These distribu-
tions must be fairly broad to have a significant effect on the LEED
pattérn and these effects have been discussed in detail elsewhere.(78-80)

The stability of stepped surfaces is an important consideration
in LEED studies because these surfaces have higher surface free enefgies

than the low index faces. Most of the clean stepped surfaces are stable

in a single step height configuration, but when gases are adsorbed on
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_ these surfaces.their stability can noticeably change. Some stépped sur-
- faces reconstruct, forming multiple height steps and.large terraces.

Other high-Millef index surfaces form large low index facets whi1e sbme‘

2
s

_retain the single’step height configuration. ' Because of LEED's sensi-
tivity to the atomic structure of surfaces it is wellfsuited.for-déterf-

. mining the stability or reconstruction of stepped surfaces:.

B. ASurfacé Characterization by AES
Auger électron_speétroscopy (AES) was used to monitor_the ;ur-f

' face compositionkof~the rhodiumICrysfals &uring the chemisdrption and'f

.reactivity.investigations. AﬁS is surfacé'sénSitiQe for the same reasoh,
 iLEED_is, the small escaﬁevdeﬁth of 19w—enérgy eléctrdns from a solid. '
Tﬁg Auéef‘éléétrqnsvaré‘iﬁeianiq and_each'élemenﬁ has a characteriStic
o spectfumvwhiéh‘caq be.used:és é "fingérpfintﬂ to identify-the presence
of an elémgﬁt on_thelsurfaée."The_identificatioﬁ of an element isrrel-
aéively stréightforﬁafd-siﬂcé Auger'electrons ére generaily'not markedly
Eaffected byvthe_chemic;1 environmeﬁt of tﬁévelement;‘ fhe Auger proceés
and‘expéfimental aspects of‘AES have beenldiscussed.in'detail else-

(81485)

where and will be-only be diséussed briéfly here.

' The initi;l étep in the Auger process is td.éject an-iﬁner shell
'électron'from an atom by allowing,high'energy electrons ér x—réyé to y ;_ ' “r
-striké thgﬁsaﬁpie; If a mqnoenergetié.soﬁrce such as'£he,Ka liﬁe of Al
is used for thié e*citation_the.kiqetic énergy_of.the ejeéted electrons
- can be anaiyéedvté.determine their,binding energies. vThis-process is
'callgd.x—ray photoeiectroﬁ'spéctroscopyv(XPS).: For the expériments

described in Chapter TIII 2 keV'electrbns froﬁ a modified céthode ray
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tube electron gun with a W ribbon filament were used to eject thé inner
shell electrons. This was not a monoenergetic source therefore no XPS
experiments were cérried out. |

Once an atom has been ionized it has twolmodes of relaxation
available to it, Auger electron emission and x-ray fluorescence. These
are illustrated in Fig. 1I-10. Iﬁ the Auger prbcess an outer shell elec-
‘tron relaxes to the inner shell vacancy and then transfers the energy
reieased in this transition to another outer shell electron which is
then.ejected from the sample. This ejected electron is the Auger elec-

tron and has a energy of

E = E, - Eg - E; (Z=A) - ¢ (30)

ABC a’

Qhere A, B, C refer to the various eléétron shells of an atom (K, L, M,

N ...), Z is the atomic number of the atom, A is the change in charge

due to the initial ionization and ¢a is the effective work function of
the analyzer. The A term is included in Eq,.(30) because the Auger elec-
trdﬁ is emitted from an ionized atom and not a neutfal atom. Experimen-

4;(81) In the second

tal values of A are generally between 1/2 and 3/
mode of relaxation, x-ray fluorescence, an outer shell electron relaxes

to the inner shell vacancy, but instead transferring its excess energy

"~ to another electron the excess energy is emitted as a photon.

The energy of the Auger electron only depends on the energy

levels of the atom involved in the Auger transition. Therefore changes

_in the chemical environment which shift the energy levels of an atonm

will result in a shift in energy of the Auger transition. For Auger

transitions involving the tightly bound inner shell electrons these
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_ Figure II-10. Energy level diagrams reﬁréséntations of

the (a) Auger and (b) x-ray fluorescence
de-excitation processes. :
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chemical shifts are usually- too small (’<0.5veV) to be detected with

the commonly used ahalyzers (2 to 10 eV feéolhtion). These transitions
are ideally suited for fingerprinting an element since they are insen-
sitive to the énvironment. Low-energy Aﬁger transitions (< 100 eV)
involve the valence band electrons which can be noticeably affected by -
changes in the chemical environméﬁt. .Fﬁﬁ example okidizing a metal can
result in a chemical shift of 3 eV or more in these.low—energy transi-

(29)

tions. The lineshape of the Auger transition can also be useful in

identifying the chemical nature of an element. For example the line-

shape of the carbon KLL transition from graphite and Ni carbide are

(86)

There are also lineshape differences between the
(87,88)

markedly different.
oxygen KLL transition from chemisorbed oxygen and metal oxides.
Therefore AES can be used to both idehtify the presence of an element

on the surface and gain some information about the chemical environment
of that element.

The degree of surface sensitivity that an Auger electron has
depends its energy (see Fig. II-2). The incident energy of 2 keV used
in these experiments allows the electrons to penetrate ~ 20A into sample.
By impinging the electrons onto the surface at a glancing angle of 20°
the distance the electrons penetrate normal to the surface can be re-
duced to ~8 A. Although Auger electrons can be created at depths of
20 or more A from the surface whether they have sufficient energy to
escape from crystal and.be detected by the analyzer is determined by the
energy of the Auger transitions. Most of the detected intensity for

Auger transitions between 20 and 150 eV originates from the upper two



—36ft7

;:layers whlle for Auger transltlons above 1000 eV a 31gn1f1cant portlon
hsof the detected 1nten51ty or1g1nates from below the uppet two layers.
:lherefore_drfferent Auger'transitions_will provide information about_dif—
;ﬁerent’regiOns of the erystal. fhis fact-dan-he usedlto determineralloy

(82)

:comp051t10ns in the surface and nearbsurface reglons .and to deter-
- mine the growth mechanlsm of epitaxial layers.. (89) |
Two types of analyzers are commonly employed in AES experlments,
':¥the cyllndrlcal mlnor analyzer (CMA) and retardlng f1e1d analyzer (RFA)

wFor the,egper;ments reported.here the LEED,optlcs where used as a RFA._
| ‘-ln’these‘experimentsva'glancingvineident 2 keV.electron beam f‘l"mm'in‘
diameter was used to excite the Auger transitions.  The crystal'Was
rotated 15 to 20° from its rest p031tron perpendlcular to the LEED- gun
‘to obtaln;the.glanc1ng angles-of 15vto-20f.' The RFA was then used to |
v.colleeted-the-angle integrated.AES soectrum. In order to operate the
~ LEED optics as a RFA the crystal,and grids-A and C were‘grounded,_a:DC.
ivoltage ramngas‘applied to grid B and .a 300 voltypOSitiye potential was
[applied to-the screen (see Flg, IIf4)-- lhe‘ramp voltage onrgrid h aeted'
as a'high paSs’cutoff.filter, allowing only electrons with energies”
greater than the ramp voltage to- pass through the analyzer. Because -
Auger tran51t10ns have weak 1ntens1t1es compared to the 1arge background
1nten51ty from seCOndary electron emls$1on it is advantageous to differ-
entiate the AES_sbéetrum. :The slope-Of'the,seeondary electron emission
‘isvfairly constant, esnecially above 100 eV, and will be removed’by the
differentiation; enhancing‘thevsignal_to noise ratio in the Auger speef

trum. In these experiments the differentiation was done electronically
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 by placing a small AC modulation voltage (2 to 5 eV, peak-to-peak) on

the DC ramp voltage. The second harmonic of the modulation voltage was
detected at'screen by a phase sensitive lock-in amplifier. The second
harmonic has been shown to be a good approximation to the first deriv-

(82) All AES spectra reported here were taken in this manner and

ative.
a 5 eV modulation voltage was used to record all Auger transitions ex-

cept the low-energy rhodium NVV transition where 2 eV was used. Ideally

the modulation voltage should be képt as low as possible because it

‘determines the resolution of the RFA, but the signal intensity falls off

as the modulation voltage is decreased. 5 eV was found to be a good

compromise for these experiments.

C. Adsorbate Characterization by TDS
TDS experiments can determine five important parameters about a
desorption process: (1) its drder n, (2) the activation energy of de-

sorption E (3) the pre-exponential factor of the desorption expres-

a’
siogvyn; (4) the numbef of binding stétes of an adsorbate and (5) the
decompoSitiQn characteriétics of an.adsorbate._ Although performing the
desorptiqn experiﬁent itself is straight-forward, carrying out the data
analysis can be rathériinvolved. The spectra obtained from TDS are
simply traces of pressure vs crystal temperature, using a quadrupole
mass spectrometer to monitor the pressuré so the contributions from

various species (mass numbers) can be determined. Several parameters

such as n, Ed’ Vn’ the heating rate B, the pumping speed of the system,

~the surface coverage 0, nonuniform heating of the crystal, the effect

of increasing temperature on the adsorbate and surface reactions involv-

ing the adsorbate can influence the shape and behavior of the desorption
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.spectpé.‘ Severéi‘methods,of accounting for the effects of these,ﬁaram--’
iéﬁérs and_exfracting_the deéofptioﬁ rate-paraﬁgters from the experimenf L _
;jtal deéorption'traceé have been gXtensiveiyndescribed elsewhereg(9QT?6?'  3 Y
;TheSe'énélysésbare fairly inyplvéd,'theIValidi;y‘of_séme 6f-tﬁe aésumP_v Lo e
tiQnS-madé iqupestibnable.énd_in éome caées requiré pafameterbvalpés'
-“to'be_Varied over a wider raﬁge»than is exﬁeriméntallf'ﬁbssiblé.v Because

of . f_hése feasQns quéntitat_ive interp_retatioﬁ -q_f' the desorption spectra was

_not. undertaken. here: Héwever des6fpti§nvpafgmeters.sucb as the pumber of:’ 
Bindiﬁg'é;ates; decbmpOSifion charaéteristicé and thé.o;def of desorp-

 tion can bé obtained fairly readily from thevshape:and_behavibr of:thé‘

~desorption traces and these will‘be:discﬁsséd.-.Fbr fifst prdef'desdrp-

d

“tion processes an estimate of E
. The information obtained in TDS experiments can be applied to

, Will als¢.b¢ determined, R
catéiisis’since the.final step of evéry heterogeﬁeousvcatalytic reaction
ié-the'deéorption of the réactiqn\prodﬁcté, :TDS;aLso:can‘subply iﬁfof—_
imation on the~§hemisorptiqn properties of“a_molegule. .The ofderldf the 
..desorptién process cén'indicate-wheﬁhef a moleéﬁle is asséciatiVely'éf.

. dissdciatively adsorbed;. Monitbring4a wide range of mass'ﬁumbers during
‘the'deéorpfion exéeriment ﬁill indicate whether an gdsorbatejwould rather
'decomﬁosglor dissolve iﬁté-the;crystal'than desorb and if an adsbeéte dé-
Tébmposes~wﬁaﬁ speéieé are formed. DS canvélso bé uséd‘tq follow sur= =~ =

face reactions of adsorbates.

[N

v_'Tovanalyze'the TDstpectra'the Polanyi-Wigner model.was used to
 describe the desorption of ‘a species in_a_givén binding state from the

surfacevof-a crystal (Eq;'(31));
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dé - n |
-8V _ - . 31
v 0 exp( E[/RT) - _ (31)

In the TDS experiments reported here the pumping speed was much larger
than the desorption rate and the cyrstal was heated linearly. For these
conditions and assuming uniform crystal heating and Ed is independent of

t or T it has been shown that(go)

2 v '
= —— - = l Py 32)
Ed/RTp 3 .exp( Ed/RTp) for | n / (
2_ Zo%2 (33)
Ed/RTp = ~7;—-exp(-Ed/RT3 for n = 2, »

where T 1is the temperature at which the maximum desorption rate occurs

and © is the surface coverage of the binding state when the desorption
0 .
trace is begun.

Eqﬁétions (32) and (33) show that iﬁ a first order desorption
process Tp is independent of 60 while in a second order desorption
process Tp‘decreases as 60 increasesf Therefore by following the tem-
peraturébof é<desorptidn peak as the surfacé covZ;;ge is inéreased it
should be possible to detefmine whether a desorption process is first
or second order. In most TDSﬂexﬁerihents gas exposures instead of sur-
face coverages are used because they ére more easily pbtained. Tp ‘has
a similar dependence on exposure since-

O = S &, ‘ (34)

where S is the sticking coefficient and € is the gas exposure, usually

‘measured in Langmuirs where 1L = 10—6 torr sec. Difficulties can arise

if Ed is a function of surface coverage. If Ed decreased as O increased

then in the first order desorption process Tp would decrease as € is

increased giving the appearance of a second order desorption process.
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‘This difficulty general arises for adsorbates which form compression
‘structures. A good example is the adsorption of CO on-trahsition'metal
“surfaces resultihg in a widely spaced overlayer at low 6 which'compreSSes_

-to closely pack overlayer and high 6.(97)

As the adsorbed CO compresses  » .
rrepul51ve forces can develop between COimolecuiestresolting:in_a decrease
in‘Ed,'heoceothe dependence of Ed on 0. vTherefore just»beceuse ?p de-
'creases with increasing eipbsore does notvﬁake it a second order desorp-
- tiom process; | | |
"A value of Ed for the first order process.in'Eq. (32) canebe
rcalculated orovidiog Tp, Vl.aﬁde.are known._ Té and»B are_readi1y avail-
able from'the ekpérimeﬁtal data~aﬁd:conditioos.‘ betermining vl:is motre
"invoived. It can be determined bj Qerying_sgwhile'keeping 6; constant
".and-observing the change inATé,.bﬁt.thrs-is not feasible Because'for'the

crystals used in the experiments B can not be varied over a wide enough

range to accurately calculate V.

1,,vTherefore~in all determinationsoOf Ed

v of first order desorptlon processes Yy was assumed to be’ 1013 ec—;.
For the determination of Ed by Eq. (33) in Tp’ Vz, B and 6 must be
known. Because of the diffitulties mentioned-above in calculating V

and the difficulty in determining Go accurately Edeas not. calculated:

for second order desorption .processes.

D. Crystal Preparation

-

Two types of crystals were used in the 1nvest1gat10ns reported

here, single crystals and. polycrystalllne f01l. vThe single crystal
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samples were cut ~ 1 mm in thickness by spark errosion from a single

crystal Rh rod 6 mm in diameter. The single crystals were 'cut from two

different Marz gradeth rods, obtained from Matérials Research Corpo-
ration. Back refiection Laue x~ray diffraqtion was used to orientate
the Rh rods té the desired crystal fécé beforebspark errosion. After
the wafer had been sliced from fhe rod it was mounted in Koldmount
and reoriented to the desired crystal'face; The cryspal was then

ground to this orientation with silicon carbide paper (240 and 320

© grit) mounted on a facing wheel. The crystal face was then mechanical-

ly polished in the following sequence: four successively finer grades

of energy paper (1/0 to 4/0), then 1 miCron‘diamond paste on a rotating

wheel and finally a slurry of 0.05 micron A1203 in HZO in a syntron.
For the chemisorption experiments only one side of the crystal was
polished while for the cétalysis experiments both sides of the crystal

were polished. The final accuracy of the polished surfaces was = 1/2°

‘for the (111) and (100) surfaces and *1° for the stepped (755) and (331)

surfaces. An extensive discussion of the use of back reflection Laue
x-ray diffraction for orienting single cryétal samples for use in LEED
experiments has been given elsewhere and will not be repeated here.(98)

The polycrystalline foil was high purity Rh from Alfa Products which

had been rolled to a thickness of 0.125 mm.
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After.initially mountihgItﬁe'rhodiumbgrysféls (one a£ a giﬁé)
.iin ;hé ﬁﬁV chamBér the‘preSence of‘phosphofué; suifur; boron and_cafbbnra
-impuritigs'c?uld be.dgt¢cted By AES. Most of the éérboh c§u1d be;ree
imovgd‘by_anﬁéglihg the crystal at-lOOOfC iﬁ‘vﬁéuum.'vThé:temaining‘cér—. _-

bon cbuid be removed by heating' the érysﬁal in oxygen (1><,10—7 to 1x1‘0_6

5

' »torf'oz;_800°C)-or‘bj a:gén.ion bombardment (500 to,200d eV,,5X IQ-
-_torr Ar; 25°C) and_annealing at 800°C. The initial 1000°C énneal ine
| creased tﬁe amount .of §hosphorous, sulfﬁf and bofoﬁ.on'the surface.
Also after this anneal silicqn.coﬁld Eé detected on the surface; Argon .
_ ;ion bdmbardment (500 to 2000 eV,_Séﬁlofs torr Ar, 25§C) and,annealing'at
7:‘8005C>removed the;siiicon, phésphorpu# and suifur. lBoron which is a
méjbr bulk iﬁpufity (17 ﬁpm)'segregated td thelsurface ufon-annealiﬁg.
.and many'gycleé of argon ion bombardmeﬁt (500 eV, 5X.10_5‘torr'Ar,.25°C)_
and annéaling at 800°C.were reqﬁired'to remo?e it.fme'the heér surféée
region. The ségregation,of bofoﬁ to the surface was enhanced .by heating
2 aﬁd_resu}ted in the formationiof’a bo;on oxide,»Par;

'“ticglatly~on'the polypryQtalline foils. The boron AES transition;fromv

-the crystal in O

.thé-é#ide was shifted downward in energy by several eV from.eleﬁental

boron AES tranSitiion;v‘The samé éhift in thé boron signai was also seen

bwhen boron nitride wasiformed by heating the qrystal in 5 nitrogen con—
téining~gas. Using the cleaning methods described he:e.;esultéd in;iv

' lowering thevamouht ofiall impurities:but boron below the detéctable

- limits of-AES,,_Boron_was never completely removed and a.small amount = - "
(< 5% of a monolayer) was always detected by.AES. LEED patterns fromv.

the single crystal samples after this cleaningvali had sharp intense

' inteéral diffraction spots, low background intensities and no diffrac-

tion features from any impurity structures. - These were the "clean"
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rhodium surfaces on which the experiments in Chapter III were performed.

_During the cleéning'procedure several' LEED patterns from ordered
surface structures wére observed. Boron formed (6% 6) and (2+/3 x 2\/33
R30° surface structures on Rh(11l) and a (3x3) surfaée structure on
Rh(lOO).. Sulfur formed (2* 2) and C(2x 2)‘sufface structures on Rh{100)
and a (gﬂ?xvff)R30° surface structure on'Rh(lll). Carbon formed a
(12x12) coincidence 1attice stfucture on Rh(l11ll). Complex LEED patterns
were obéerved when both bdrsn and sulfur were present on the stepped

rhodium surfaces, but these patterns were not indexed.

E. Experimental Apparatus

1) Chemisorption Experiments

‘The apparatus used in the‘chemisorption experiments is shown in.
Fig., II-11. It is comprised of a cylindriéal stainless steel main cham-
ber pumped by two Varian VacSorb cryopumps, a water cooled titanium sub-
limation pump (TSP) and a 140 &/sec Varian VacIon pump. The vacsorb
pumps were employed to pumpdown the system below 1 micron at which time
they were valved off and the VacIon pump and TSP were used to complete
the system pumpdown to ﬁHV conditions. After a 48 hour bakeout at 225°C
and tﬁoroughly degassing all filaments in the system a base pressure of
5x 10_10 torr was obtained. |

The system was equipped with a 2 keV glancing incidence electron
gun for exciting Auger electrons, a precision manipulator which allowed
the crystal to rotated about the z axis and translated in the x, y and z

directions, a 0-3 keV Varian ion sputter gun for cleaning the crystal,
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Figure II-11. Schematic diagrém' of the apparatus used ‘in
. the chemisorption experiments.
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a UTI model 100C quadrupole mass spectrometer used for residual gas

analysis (RGA) and for the TDS experiments, a nude ionization guage for

pressure measurement, a Varian variable leak valve for admitting gases
into the chamber and a 4 grid LEED optics used both as a LEED analyzer
and a AES retarding field analyzer. The crystals were connected to
0.635 cm square Cu bar sﬁpports by 0.018 cm thick Ta foil; with the
rhodium crystals spot welded to the Ta foil. The crystalsvwere mounted
such that the Ta foil masked off the back side'of.fhe crystal. The
crystals were heated resistively by a high current AC bower supply and
the crystal temperature was monitored with aAchrOmel-élumel thermocouple
spot welded to the back side.of.the crystals. Outside the UHV chamber
Cu rods (1.6 cm iﬁ diameter and 30 cm in.length) were attachéd to the

heating feedthroughs in addiition to heating leads from the high current

AC power supply. These Cu rods were immersed in LN2 to cool the crystal

by conduction. The cooling had two major benefits, the crystal cooled
faster after flashing it to high temperatures and the LEED patterns were
generally sharper at the lower temperatureé. For all the experiments
except the'oxidation (III-D) and hydrocarbon adsorption'(III—B—S) exper-
iments on the Rh(l1l) surface the lowesf adsorption temperature attained
was 0°C.. The Cu braid connecting the heating feedthroughs to the Cu bar

supports was found to be the factor limiting the cooling to 0°C and by

- employing larger Cu braid adsorption temperatures of -63°C could be at-

tained. This extended range of adsorption temperatures was used for the

experiments‘in iIIfD and III-B-5.
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The chemlsorptlon propertles of H, 02, co, CO ,NO,C; H, and C H

2° 274 272

>',fWerestud1ed atgas pressuresbetween 1X10 8and 1x10 5torr-and crystal tem—ii
‘peratures between 0 and lOOO°C. ' As mentioned above the temperature

_ range was extended in the oxidation and hydrocérbon experiments. Also

the pressure range in the oxidation studies was increased to 1 torr. -

"When gases were admitted to the chamber at pressures of 1><1,0—5 torr or

below7the VscIon pump was throttled down by'the gate valve between the
pump and main chamber. Continually bumping the chamber'during gas ex-

posures kept the pressure of the residual background gases 1ow during

_the adsorptions. »For preSsures above 1x10 ? torr the VacIon pump was -
.compietelthalved off resulting ih the pressure of the baekgrouno éases:"
‘being higher during_these esposures. Several ordered structures were
' observed both with incressing expoSure.and efter the_gas\was puﬁped

'awsy.ﬁ As discussed in II—C-the TDS experimehts were carried out by

- linearly ramping the crystal temperature.; The temperatureiramp was\J”-'
controlled byéavarlac and the - crystal heatlng rates generally used were
40-/sec for the oxygen, hydrogen and hydrocarbon experlments and\25 /sec-

for the CO, CO and’ NO- experiments.

2

All gases used in the’chemisorptionvexperiments were high purity

(>99:5%) .and only C2 9

purlfled,by passing it through a molecular sieve trap at e78°C.(dry_ice—

required further purification. The C2H2 was.

acetone) to remove a small acetone impurity. The conditions‘(Oz partial

pressure, crystal temperature; time) for formation of the various oxygen
species described in III-D did not always generate reproducible amounts

of the various oxygen species. This was particularly,true for the
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formation of the strongly bound oxygen and epitaxial oxide. For these
cases additional variables such as the pressure of the residual back-

ground gases, the presence of. impurities in the surface and/or near sur-

face region and the previous oxygen and heat treatments of the sample

were found to be important. The cohdi;ions given in IIi—D are for oxy-
gen exposures on a clean surface (as determined by AES) in a well baked
UHv system with all-filamepts and the crystalvholder.thoroughly degased
tq‘keep the pressures of the residual‘backgrbund gases at a minimum.
The pressures were measured by a ﬁude ionization.gaﬁge and were not

corrected for the sensitivity differences of the ionization gauge to the

various gases.

2) Catalysis Experiments

A schematic drawing of the apparatus used for the CO hydrogena-
tion experiments is shown in Fig. II-12. It has been described in de-

(66)

tail elsewhere. This chamber is equipped with a high pressure iso-
lation cell énd is pumped by water cooled TSP and.a LN2 trapped 6 inch
diffusion pump. After bakeout a base pressure of 1Xx 10_9,torr could be
atﬁained.

With the cell open the system operated:just as the system
described in II-E-1 and the samples characterized by LEED, AES and TDS.
A rotary feedthrough only allowing rotation about the z axis was used
as the crystal manipulator. The rhodiuﬁ crystais were spotted welded to
0.05 cm Pt wires which were iﬁ turn mounted in 0.317 cm Cu rods. The

crystal was heated resistively by a high current AC power supply and

the crystal temperature was monitored by a Pt-10% Rh/Pt thermocouple.
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A tempefature regulator was employed to operate the heating supply and
the cfystal temperature could be kept within * 2° of the desired temper-
ature during a reaction.

With the cell closed the system could be operated either as a
prétreatment chamber or a batch reactor. The_crystél manipulator could
also be removed at this time allowing easy and fast exchange of samples -
or repair of the mounting wires and the thermocouple without having to
bakeout afterwards. Oxygen pretreatﬁents of the Rh crystals were car-
ried out by admitting 1 atm of O2 into the cell loop and then heating
the crystal for 30 min at 600°C. After this pretreatment the 02 was
pumped away with sorption pumps and the cell opened so the crystals
could be characterized with LEED and AES. The oxides formed under these
conditions were amorphous and generally had 0515/Rh302_peak—to—peak
ratios of 0.6. Some variance from the value of 0.6 was observed for the
reasons discussed in II-E-1. In particular ratios gfeater than 0.6 were
generally obtained when a crystal having a monolayer or more of carbon
on the surfaces was oxidized. |

After the crystal héd been prepared and chayécterized the cell
was closed and the system was operated as a batch reactor. The desired
H :CO.rafio and total reaction pressure was attained by expanding first

2

H2 then CO into the cell loop (total cell volume = 159.543£L Both

gases were research grade, but required further purification. The CO
was passed through a dry ice-ethanol bath to remove trace amounts of Ni

carbonyl and the H, was passed over Ag foil which acted as a Cl and §

2

getter. The gases were then circulated in the cell loop for several



 &50;

‘minutes by a piston displacement circulation pump to insure adequate

- mixing of the gases. During the admitting and mixing of gases'the crys{ C

‘tal was kept at room temperature. The reaction was begun by raising the

 crystal to the deéired»reaétiqn temperature and the bﬁildup of products }:;'

as .a function bfvtimevwas monitored by a.Pefkin—Elmer (ﬁodel 3920) gaSv =

“}éhromatogfaph. This gés chromatogfaph was equipped with a Chromosorb 102
~;olumn, flame iénizéfioh detéctor (FID),:énd 0;1_m2 saﬁpiing vglvé.' The
I peaks obtained from ﬁhé.éhfomatdgraph &ere 1nﬁégra£ed'with a Speétra-f,
-?hysics Minigrator (model 23000—111){ vThe-peék_areés Wérevcélibra#ed-by
’éirqulétiﬁg a Matheéonvsténdérd (IOO‘ppm CH4 in NZ) at 6‘atm invthe ¢é11
loop. : Corrections were made for-the differences in the FID.to.the‘Vér— 7
?ioﬁs ?ré&ucts(?g) andffop‘fac£ ﬁheié,FID détects“the-nﬁmber.of Carbqnx:'
“atoms (weight:%)‘an&'not-the hﬁmbef‘of mo1ecuiés:(molecuie %). -An FID
jbnly‘détects hydrocarbons whiéh'is a mixéd,bléssingf The'féactants,,ﬁz
and CO,'ére‘not déﬁected S0 they'dqn't intérfere'wi;h pfoéuct.detection‘;

' but possible feaction products‘HQO'and CO2 are not detected.either; In

-a batch reactor the reaction rate is the slope -of the produCt_cdncentra—

tion vs time plot. Therefofe in-order';o.determinevthe-initial reaction

rates é linéar ieést squaréé fit was made to the inifialvregion of the

1.>ro'di1ct.‘ cur':ve‘..» | ' .
After a reéctiqnfthé-crystal is codléd, thézgaseS'pumped away

by the SOrptiOntpumps and then the;celliis opéned and the surface charaé—

Itefiied by LEED and AES. 'ﬁumpdown frém 6 atm to UHV takes ~j5vminutés;.'

- Generally the surface was.bnly‘charagte;ized.before andféfterfa.exber—

iment (total reaction time 2 to 3 hrs), but some experiments were stopped °
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at various stages of the reaction in order to analyze the surface struc-
ture and composition. - This appAratus_is ideally suited for making corre-
lations of surface structure and composition with catalyst activities,

selectivities and lifetimes.



III. RESULTS AND DISCUSSION -

A.v'Characterlzatlon of the Clean Rhodlum(lll), (100), (755) aod:(331):
‘Surfaces . . EEE

1) The Clean Rhodlum(lll) and (100) Surfaces

Kl

The LEED patterns of the clean Rh(lll) and (100) surfaces shown
in Fig. III—l exhibit the (1x1) symmetry'characteristic of the unrecon—

- structed clean surfaces. These LEED patterns-havevsharp_intense:spots

‘and loW[background~intensity. The AES spectrum of these surfaces is shown .

| in Fié} I1I-2. The I-V curves for the (0;0)-dlffraction beams from these
‘two sarfaces:are shownvin Fig.hIII—3. The difrraction beaﬁ'intensities
were measured with a spot photoﬁeter.f To select the Bragg peaks and
determine ‘the inner potent1a1 V s aad topmost 1nterlayer spacing, ¢,
Eq. (10) was‘employedr. F;rst thekenergles Vhlch the Bragg peaks are ex-
pected to occur are determined using the bolk;lnterlayer spacing and

:Vo = 10 eV, typical falves for'mostvmetals.h These calculated energiesz
are then matched to the experimental'energies as shown ln.Tables III-1
and II1-2. Bragg peaks are generally the major peaks.ln a 1-v profile
and this fact can,be‘usedhas a guide in'separating the Bragg peaks from
the multiplelscattering peaks; vFor:thé-Rh(lll) surface the separation
is straight forward because. the I-V profilevis nearly kinematical ' The
I-V proflle from the Rh(lOO) surface has several large multlple scatter—

ing peaks below 125 eV maklng the Bragg peak a551gnment more difflcult

in this region. Either the 77 or 91 ev peaks cOuldvbe,taken as:the =3

" Bragg peak. On the bsis of the 6D calculations the 77 eV peak was taken
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Figure III-1. LEED patterns from the clean rhodium(111)
and (100) surfaces.
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Figure III-2. AES spéctﬁ_rum from a clean rhodium surface. v
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I-V curves for the Rh(l11l) and (100)
specular diffraction beams.
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' Table III-1. Seléétion of the Bragg peaks for Rh(111).

- N .
22- : vEcalc ;,(?‘V) — E_ex : (eV)

4 22 .27
| el o es

6 12 112

25 188 200

% 274 284

L S 395

NV W N e

' -TValues of V_= .'10 eV and ¢ =2.19 R were used to de't:efmine' E frbﬁi
Eq. (10). ° " ' -, eale

LS

Table III-2. Selection of the Bragg peaks for Rh(100). '

R + ‘ .
22 B e Eexpt &V

, 2 . 22

9 84 77
16 ) 158 145
25 252 256
36 68 . 375

[SATNNR V. T S R VU S P

Values of V. =10 eV and ¢ = 1.90 Awere used to determine E ale from
Eq. (10). - ce ©
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as the Bragg peak. This will be discussed below in further detail.
After the Bragg aSSignmentS have been made experimental values for ¢
and_Vo are calculated from the slope and intercept of the straight line

drawn through the Eex vs 12 data points. The results obtained from

pt
the data in Tables III-1 and III-2 are summarized in Table ITI-3. The
slight con;raction of the surface layer is smaller than the experimental
error therefore within the accuracy of these calculations the rhodium
(111) and (100) surfaces are unrelaxed. Multiple scatterimng calculations
have shown that Ac is between -3% and 0% and V0 ranges between 10.7 and

(37-40)

11.5 eV on the rhodium(l11), (100) and.(110) surfaces. Thus the

kinematical and multiple scattering calculations are in very good agree-
ment .

A determination of GD was made for each of the Bragg peaké listed
in Tables III-1 and III-2. An intensity vs temperature profile at 6=5°
for the specular f = 7 Bragg peak from the Rh(1ll) surface is shown in
Fig. I1I-4. The other Bragg peaks had similar profiles. These profiles
were obtained by monitoring the intensity of a given Bragg’peak with a
spot photometer as the cryétal cooled from 800 to SQ°C. The crystal was
then rotated back to 6 = 0° and the background intensity was measured in
the same manner . The intensities were monitored during cooling instead
of heating to avoid distortions from the heating currents. The values
of IOo (Bragg peak intensity), Ibkgd (background intensity), Ioo* = Ioé-
Ibkgd’ and in Ioo* for the curves in Fig.vIII-é have been tabulate§ in.

*
Table III-4. The plot of fn Ioo vs temperature of these values shown

in Fig. III-5 yields a straight line with a slope of -5.14 x 10—3;
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Calculation of the topmost 1nter1ayer spac1ng and inner
potentlal for’ Rh(lll) and Rh(lOO) -

- Crystal
- face -

‘Rh(111) .

" Rh(100)

‘ Ac ' -
o Cexpt - %pulk :exgt cbulkxloo) _ 'V,
Slope (R) @A) > ¢ Intercept (eV)
Pe o bulk nee -
'8.237 .2.15 . 2.19 - 2% -10 10
10.9  1.86 - 22 -11 i1

1.90




(arb. units)

Intensity

Rh (111), (O,0) beam
395eV, 6:=5°

| | | l | ,
400 600 800 - 1000
Temperature (K) R
. | XBL796- 6495
Figure II1I-4.

Intensity vs. temperature curves for the specular =7 Bragg peak from
Rh(111), Ioo’ and background from Rh(l1ll), Ibkgd'

8 1 )
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Table I111-4. Intens1ty values (arbltrary un1ts) for the curves shown
- in Fig. III 4 :

. : oo * : *
T?ng - IOOV: ' ‘Ibkgd‘ , 'Ido. | 2? IQO
353 3.63 0.74  2.89  1.06
394 3.13 0.78 2.3 0.85
432 2.79  0.81° - 1.98  0.68
468 - 2.46 0.8 . 1.64  0.49
503 0 2.22 0.84 1.3 0.32
537 2.02 0.85  1.17  0.16
582 1.79 0.87° . 0.92  -0.08
625 1.61 0.88 . 0.73. =0.3l
667 1.47.  0.89  0.58 - -0.54
708 1.35 .  _0.89 0.46  -0.78
749 127 0.90  0.37  =0.99
800 . 1.19 0.90 . 0.29  -1.24
850 1.13 0.91  0.22 =-1.51
899 1.09 0.91  0.18  -1.71
9%7. 1.07 0.92  0.15  ~-1.90
1041 1.03 0.93  0.10  =2.30
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Rh (111), (0,0) beam
395eV, 9 :=5°

slope = -5.14 XIO;3

] ] | 1 ] 1 |

400 600 - - 800 1000
Temperature (K)
XBL796-6496

N
Figure III-5. A plot of &n I vs temperature for the specular
L= '

(o]
7 Bragg pegﬁ from the Rh(11l) surface.
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Using this slope in Eq{ (21) y1e1ds 6 >'340'K. The values of GD for

-the other Bragg peaks were calculated in a 31m11ar manner. The results . »

]gfrthese~calculations are shown in Table”III-S and F1g. 111-6. 'Ihese '; ‘e

values are the average of several‘experiments. The estimated errors in ‘
'h'QD arose from nOise.in_the'inteﬁsity heasorements and. difficulty in>
© making an accurate oeasurement of the'beam.voltage.l A value of.eD was
- also calcolated forithe 91 eV peakron Rh(100), but ‘this value deviated
31gn1f1cantly from the curve shown in Fig. III- 6.‘:For this reason the
77 eV peak was selected as the 2 3 Bragg peak for the Rh(100) surface
From F1g I1I-6 a value of 260 K was chosen for the Debye sur—,
bface temperature. Thls was taken from the minimum in.the 6 vs. beam
» voltage curve for the (lll) surface. The I-V of the (111) surface is
kinematical (Flg III- 3) wh1ch makes the. 9 vs. beam voltage curve 51m—
ilar infshape to_penetration_depth vs. beam voltage curve for low-energy
velectrons in metals. The-l—V curve of the'(ldo)-surface_has several'mul—
tiple'scattering features present (Fig.aIIIfB), especially below 125 eV.
Because of these features; the QD measored'below 160 eV contihues to de-
crease instead of increasing like the (111) surface. . The values bf_eD
at the highest-beam voltage on each surface arevvery close.tobthe_bulh,'

(100)

'GD value of 350 K. _The value of 350 K was obtained from specific_

heat data at 298 K.
o 42) . | |
Chan et al.. have dlso measured values of GD for»Rh(lll).
Their relationship between BD and electron energy disagreed with the
Rh(111) results in Fig. I1I-6. ,The area of disagreement was for energies
less than 100 eV, where they found GD to decrease @imilar to the Rh(100)

results) compared to the increase seen .in Fig. III-6. A possible

4
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II-5. Values of the Debye temperéture, Op, for the Bragg peaks
of the Rh(l1l) and (100) specular beams.
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E

Rh(111)

expt (eV)

27
65
112

200

284

395

D

298 + 30

293+ 20

256+ 15
282+ 15

319+ 15

351 + 15

6. (K)

Rh(lOO).

E'e'xpt (eV) 6D (K)
22 211%25

77 260 £ 20

145 293 £15
256 332+ 15
375 369+ 15




400~

Bulk Volue |

300
8 (K
| o Rh(ll)
200 & Rh(I0O)
0o 100 200 - 300 ’4oo-

. Beo-rn Voltoge (e V)

XBL796 6497

FigurerIiI—6. Values of 6 _ for the specular Bragg peaks from the rhodium(lll) and (100)
: surfaces.
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| - suggested a value of 250 K for the surface SD.
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explanation for this difference is the ézimuthal angle, ¢, dependence of
;he I-V profile. For kinematical scattering the intenéity_will not de-
pend on ¢, but because of the existence of multiple scattering the in-
tensity does depend on ¢. 'It is possible at the value 0 used in their
éxperimenté multiple scattering.was more'pronounced resulting in a

decreased value of BD. Multiplé scattering calculations on Rh(100) have
(38)

v

2) The Clean Stepped Rhodium (755) and (331) Surfaces

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

and (331) surfaces are shown in Fig. III-7. These patterns exhibit the

- (1x1) summetry characteristics of an unreconstructed clean surface. The .

AES spectrum from the clean rhodium surfaces is shown in Fig. III-2.

The (755) surface is at an angle of 9.5° from the (111) surface
and can also be labeled as RH(S)—[G(lll)X(IOO)];(77? This notgtion is
more descriptive of the surface structure since LEED shows surface is
actually made.up of a series of six atom wide (lll) terraces separated
by one atom high (100) steps. The LEED p#tfern can be thought of as a
set of hexagonal spots due to the (111) terraces in which all spots are
split by the. step periodicity. The terrace width was calculated from the
splitting observed in the LEED pattern. .The LEED patterns observed on
the (755) sufface can be easilyiindexed as diffraction spots from struc-
tures on the (111) terraces which have been split by the step periodi;ity

therefore the Rh(S)-[6(111)x(100)] notation will be used here.



T W WS (755) Plane
it i
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SP PGP

& (?':;:v:':v

(lll;;iré:ce (////////////7///

(@) Rh (755) «<— Rh (S) - [6(111) x(100)]
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XBB 786-7517

Wl

(b) Rh (331) =—= Rh (S)= [3(111) x (111)]

Figure III-7.

LEED patterns at (a) 90 eV and (b) 139 eV and the 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 are shown. Both surfaces have (111)
terrace planes.

g2
>y

4'}

//7/////7/////’// )
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From the LEED pattern in Fig. III-7b the (331) surface was deter—
mined to cofrespond to a.Rh(S)—[B(lll)X(lll)] sgrface, but the adsorbate
LEED paﬁterns produced on thie surface could be most easily inde#ed |
using the (331) unit cell vecters therefore the (331) notation will be
used here. The unit cell ofrthe (331)vsurface is oblique as can be
seen from Fig. III-7b. The expected ratio of the two real space (331)
unit cell vectors is 2.24. The velue of 2.20 calculated from the LEED
pattern in Fig._III—7 is .in good agreement with the expected wvalue. No

intensity data was taken for either stepped surface.

B. The Chemlsorptlon of Small Molecules on the Rhodlum(lll) and
(100) Surfaces :

The.adSOrption of Hz, 9° co, COZ’ NO, C2 4 and C2H2 gases were
investigated. ‘The LEED structures observed upon adso%ption of these
gases on the Rh(11l) surface along with those prodﬁced by carbon are
summarized in Table III-6. Also included in Table III-6 are the reported
structures for these molecules adsorbed on the hexagonal faces of Pd, Ni,
Ir, Pt and Ru. Similarly in Table IiI—7 the surface structures observed
for these adsorbates on Rh(100) aré compared with previoesly reported
structures of these adsorbates on the (100) faces of Pd; Ni, Ir an& Pt.

A more‘complete tabulation of surface structures has been bresented else-
(97)

On the (100) face, the disordering temperatures of the ordered
surface structures were in excess of 100°C, while for the (111) face most
disordering temperatures were below 100°C. Table III-8 shows the esti-

mated disordering temperatures for the various adsorbates. Because of



Table III-6. Surface structure of chemisorbed small molecules on the (111) surfaces of Rh, Pd, Ni, Ir and Pt and the (001) surface of Ru.

Gas. Rh(111) Pd(111) Ni(111) Ir(111) Pt(111) Ru(001)
(This paper) o
HZ- d;éordered .(lkl)[loll_ disordered“m] -(IXII) or ‘(1"1)“.04]
' sz)[l”] . dis_ordered“oz] )
o, (2x1) (2x2)[107] (2x2) (1061 (2x2y 11101 (2x2y 1431 (2x2)[145]
V5B 10 0T (5 o108 (g, 109 | »
o (/3/3) R30° ) r30° 1071 (3xay R30e (10501061 1 5y gagel109-10LT (55 gy gygel108) - (5 R}o,[zs,u'z]»
L splir’ 2x2) e (ax2) 1107 c(w)l108) @/3x2/3) Ryoel109:1101 ¢ (45, [108} @B
(2x2) Jeplit (2x2yl107]  (/T72/772)R19.20 1106 Ceplit(2/3%2/3) R30°1110) heyagona1®l108)  4igorger!!!?]
33 R30e @10l R/ raeB
SO — [14 Creer S N
h split (2x2) (2x/3)“40] \ _ (sz)[ZS] P
(2x2) .
NO c(4x2) c_:_(l.xZ)‘“lg) c(4><2)[120_] : | (2><2)[M2]
o (2x2) | "star” structurd 119 "hexagonal"[.lzol
3 @y 119 |
L (2%2) ) — ;
CH, clax2) (2x2) 1391 - /3x/3) r30°!102] (2x2)[14§_]
T (2%x2) — v
CH,  c(hr2) axpy (1411 (/3x/3y r30°1102] (ax2) [ 144]
c (8X85 '(1"1].“344]_ ' '; (9X9)[192]' graﬁhit_e ring'splﬂ']_. (12_X12)[2‘5]A -
(2x2)’ R30° /Fox/3o (1401 | ‘ .
(/T9x/13) R23.4° '
(2/3%2/3) R30°
(12x12)
* L% £ p:



Table I11-7. Surface structures.of chemisorbed émall molecules of the (100) surfaces of Ra, Pd, Ni, Ir and Pt.
Ir(100) Pt (100)
Gas Rh(100) Pd (100) N1(100) (1x1) (5x1) (1x1) (5%20)
HZ (1x1) or disorderedllOI] (5X1)‘ ot (1x1) or (5%20) or
disordered c(ZXZ)[146] ' diéordered[lSI] disordered[ll7]'disorderedlll?]
o, (2x2) (2x2) L1471 @x1) 11161 (55 [151] (1x1y (117 not adsorbed!117]
c(2x2) C(2,(2)[147]
0 c(2x2) c(4x2) r4sel118] c (2x2) [114] c(2x2) 1161 (559, [116] e (2x2) [117] ax1) 1171
split (2x1) compressed 118 "hexagonal"lllA] (lxl)[}szl (IXI)[117] c(4x2)[153]
c(4x2) Rase(118] - oy 1153]
[116]
co, c(2x2) c(2axpy 1161 (2x2)
split (2x1) (7x20y[116]
: [145]
NO c(2x2) . (lxl)[142] (1x1)
e e ¢ (2x2) [148) w1301 (1 11501 c(2xay 134
274
CH,  c(2x2) e (2x2) [148] (axpy 150 gy 11501 e (2x2) 194
¢ c(2x2) "quasi” c(2x2)(136] e 22y [150] [137]

graphite rings

graphite rings[l36]

(2x2)[147]

(/7x/T) r19°L149]

. graphite rings

..6 9_
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Approx1mate dlsorderlng temperatures ( C) for varlous
structures on Rh(lll) and (100)

co

" Co

C.H, © C.H, c

2 2 No "2 272
‘Rh(111) 75 - 75 >150 50 150 150 . 800°C
A - (decomposes) (decomposes) (dissolves)
_RR(100) 125 125 >200 150 '150. 150 800°C

(decomposes) (decomposes) (dissolves)
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the low disordering 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.

1) Hydrogen

Hydrogen did not noticeably alter the (Ix1) clean surface LEED-
pattern on either surface, although it was adsorbed, as indicated by the

thermal desorption spectra shown in Fig. III-8. The peak maximum shifts

. to lower temperatures with increéSing exposure which suggests second

order desorption kinetics. Hydrogen was one of the more weakly adsorbed
species and was readily'displaged by CO, NO, 02, C2H4 or C2H2. No ev-

idence for CO—H2 interactions were observed during co—adéorption of those

gases.

Since adsorption of hydrogen caused no noticeable change in the
(1x1) LEED patterns of the clean (111) and (100) rhodium surfaces and
hydrogen is a weak scatterer, it was necessary to perform intensity vs

voltage measurements in order to determine whether hydrogen forms a (1Xx1)

)(101)

structure as is the case on Pd(1ll or a disordered layer as on

).(101)

Ni (100 The I~V curves of the specular diffraction beam from a

clean and hydrogen covered Rh(111l) surface are shown in Fig. III-9.
Hydrogen adsorption does not result in the appearance of any new peaké
in the Rh(11l) I-V curve which indicate the hydrogen overlayer is dis-

ordered, -. The thermal desorption spectra shown in Fig. III-8 are similar

(102) (103) (104)

those seen on Ir(l11l),. Ni(lli) and (100), and Pt(111).

The fact that hydrogen has been shown to be dissociatively adsorbed on

(103) (103) )(104)

Ni(ill), Ni(100) and Pt (111 indicates that hydrogen is



‘H, Partial Pressure (Mass 2)

Hp/RAGD

N I L 1L

-0 0 50 100 180
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Figure -I111-8. Thermal desorption spectra ‘obtained. from adsorbing 0.1 to 50L of.
' hydrogen on Rh(lll) ' : .

B XBL 788- 5562
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Figure II1I-9. Intensity curves of the specular diffraction beam
from Rh(111) before ( ) and after (——-)
. hydrogen adsorption.
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'also'dissociatively adsorbed»on_the rhodium surfaces.

2 0 e - o . - o ' _y
| In thlS section only the Rh(100) results w111 be’ dlscussed. The |
';oxygen chemlsorptlon results on the Rh(111) surface w111 ‘be presented
>and<ilscussed in III-D Oxygen adsorbed w1th a h1gh stlcklng probablllty
v:'von the (100) surface, formlng (2x2) and c(2X2) structures, as shown by ‘
: the LEED patterns in Flg. I1I-10. On the (100)surface the (2X2) struc— _-
_dture washformed at'about 1L (iL ='1x 10 ~6 torr sec) and then transformed S
to a c(2X2) structure upon increasing the'oxygen'exposure above 1L Theﬂ
v"(2X2) structure could be regenerated from the c(2X2) by either heatlng
'tthe crystal to about 125°C in the presence of gaseous oxygen or byvre—
action of the adsorbed oxygen with: H2 or CO gas.

: The oxygen structures,_when heated above;506C, were extremely

' reactive with gaseous H, or CO. All oxygen .structures were removed after

2

;a few secondsvof‘exPosure to 5x 10_7 torr of either gas. . Oxygen wasv'
;readiiy readsorbed on'the surface after this reaction._‘The disOrdering
':temperatures for the oxygen structures may. actually be significantly.
higher than those_given in Table IIi—S‘as;the_LEED patterns were sus-
‘ceptible to'removal hy ambient Cb andeé_at the temoeratureS.listed;in
the table. 'Exposure‘to NO gas did.notzcause a rem0valhor'dispiacement :
of the oxygen structures:. |

Our results_of oxygen adsorption'on Rh(100) are not in agreement
with the early work done by Tucker on Rh(100). %% e found (2x2), (3x1)
:and-(ZXS),OXygen Structures,.hut no c(2x2) structure. the (2X8).struc—.

ture was stated to be a coincident layer of oxygen having a coveragefof



XBB 771-18

a. clean bh. c[2x2] 6 2X2

Figure III-10. LEED patterns from (a) clean Rh(100) at 74 eV; (b) Rh(100) - c(2x2)-0
at 85 eV; (c) Rh(100) - (2%x2)-Dat 98 eV.
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7/8. ‘Oxygen adsorption was examined over a wide range of pressures and
'temperatures and neither the (3x1l) or (2x8) structures were ever seen.

‘It is possible that his crystals were either misoriented or contaminated.

‘3)»;CarBOn MonOXide¥and Carbon Dioxide

2

'(111) ‘and (100) surfaces. C02 appeared to dissociate to CO upon adsorp-

gave 1dent1cal LEED patterns and thermal desorptlon

CO and CO formed a ‘series of surface structures on both the

' .tlon since CO and CO2
spectra, w1th co the_only‘gas detected durlng desorptlon. On both sur-
_faces the gases formed an initiairlow4coverage structure which then com- .
'pressed into a hexagonaliy cloSed packed onerlayer of CO. In order to
observe the CO.structures.it was neCessary to keep the crystalitemper;
.ature below 256C>» The only dlfference between CO and CO2 adsorptionsuas
that a factor of 5 hlgher pressure of CO2 gas was needed to form the same
“structure:. Thus we will present only the results of the CO adsorptaon
studies. |

.On the (111) surface a. (/3XV3) R30° is formed at an exposure of
uabout 0.5L (Fig. III- 11b). Upon increasing the CO partial pressure to'.
- 1x10 6 torr, the LEED pattern shown intFig. IiI-llcvis obtained, This
”’structure-is designated as a ﬁsplit"](ZXZ)'and can be-ekplained by'double o
- 'diffraction from a hexagonal ouerlayer;ofico on.the-(lll)*surface.n This
is shown schematically in Fig._III—iZ. vBy'a.further increase of the
pressure to ix 10—5 torr,and with;thevcrystal temperature beiow 25°C,.
rthevsplit (2X2) condensed'into_aA(2x2)_strueture}',To-produce a (2x2)
structure on Rh(111) from a hexagonal ouerlayer requires a diameter of

.about 3.2 A for each CO molecule. The real space‘representationsvof the



Figure III-1l.
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C0/Rh(111)

XBB 780-15407

c d

LEED patterns from (a) clean Rh(111l) at 88 eV; and
(b) a (/3%/3 ) R30°- CO structure at 75 eV; (c) a
split (2X%2)-CO structure at 65 eV and (d) a (2%2)-CO
structure at 65 eV on Rh(111l).
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Figure III-12.

Wy -1k

XBB 776-6148

(A) LEED pattern of the split (2%2) structure

of CO on Rh(111) at 71 eV. (B) Diagram of the
LEED where # are diffraction spots from the
rhodium lattice, o are diffraction spots from
the CO overlayer and B are the double diffrac-
tion spots from both the rhodium and CO lattices.
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0/3*/53 R30° and (2x2) structures are shown in Fig. III-13. The posi-

- tion of the CO molecules in these structures was determined by high

(35)

resolution ELS studies. The order-order transition between the

split (2x2) and (2X2) structures was reversible. The split (2x2) could
be generatéd from the (2x2) by either reducing the CO partial pressure
to 1x 10_—8 torr or heating the crystal to 50°C. Exposing the (111) sur-

(66)

face to 800 torr of CO by using the isolation cell produced no new

- surface structures but demonstrated the importance of the crystal temper-

ature. If the crystal'température 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)

structure. At exposures above 1L the c(2x2) structure is .compressed

into a hexagonal overlayer of CO yielding the LEED pattérn shown in Fig.

III—14a.' This pattern is designated as a. "split" (2X1) can again be
e#plained by double diffraction. This is diagrammed in Fig. III-14b.
Some coﬁplex streaking was observed as the CO overléyer was compressing
from the c(2x2) structure into the split (2x1). As in fhe case of the
(2x2) structure on Rh(ll1), the split (2X1) requires the diameter of CO
molecules in the hexagonal overlayer to be about 3.2 A. The real space
representations of the ¢(2x2) and split (2x1) structures are shown in
Fig. III-15. |

The thermal desorption spectra for CO on the (111) and .(100) sur-
faces are shoﬁn in Figs. ITI-16 and III-17. Molecular CO was the only

species detected desorbing and no evidence was found for dissociation of



Figure III-13.
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| XBL795-6248

'Real space models for the (/3x/3) R30°

and (2x2) CO surface structures. Open

circles are Rh atoms with a nearest neigh- .~

bor distance of 2.69 A, The CO molecules
are represented by the filled circles and
the. (V3x/3) R30° and (2x2) unit cells are
shown. : : -

pe
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Figure III-14.

(A) LEED pattern of the split (2x1) CO surface
structure on Rh(100) at 59 eV. (B) Diagram of
the LEED pattern where e are diffraction spots
from the rhodium lattice, o are diffraction
spots from CO overlayer and B are the double
diffraction spots from both the rhodium and CO
lattices. There are two domains present in
this pattern.
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Figure III-16. CO TDS spectra from the Rh(1ll) surface.
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Figure III-17. CO TDS spectra from the Rh(100) surface.
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CO on either surface. The peak maximum decreases from 250°C to 225°C
as‘ﬁhe,CO exposure is increésed. As the exposure was increased above 1L,
a shoulder began developing on the left side of the briginal peak. By
an exposure of 5L the shoulder had become a resolvable peak. The appear-
ance of tﬁis shoulder appears at the same exposure as the onset ofvcom-
pression of the CO overlayer obser&ed Sy LEED. Aé stated previously,
thgrmal desorption spectra for CQ and'COA2 were identical. 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 fate of the

oxygen atom.

2° 02 or NO at room temperature.

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

Adsorbed CO was not displacediby H

patterns were found by exposing adsorbed CO -to gaseous hydrogen.

Thé adsorption of CO on rhodium correlates well with previous\
adsorption studies of CO oﬁ.other transition metal surfaces. The general
pattern of CO adsorption is to initially form a low coveragé surface struc-
ture which then compresses into hexagonally close packed overlayer of CO
molecules as the CO exposure is increased.

CO readily adsorbed on both rhodium surfaces as long as they
were scrupulously clean as determined by AES (Fig. I1I-2). On the clean
surfaces we found no evidence for dissociation of the CO.moleCUies and
the structures formed were stable in the electron beam of the LEED gun
(-1uAmﬁ). If more than 10% of a monolayer of carbon was present on the
surface, the LEED patterns rapidly disordered when exposed to the elec-

tron beam.
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The (/Ex/g) R30° low coverage CO structure (6=1/3) seen on
;Rh(lll) has also been observed as the low coverage structure for COon

(105,106) (107) (108) (109- 111) (25 112)

Ir (111),»- d Ru(OOl)

N'(lll),
. The split (2X2) structure corresponds to a coverage of 6 0. 6 and has
7\also been observed for CO on Pd(lll) (107) On Pd(lll) the spllt (2X2)
_fstructure is the hlghest coverage observed wh1ch is in contrast to

v Rh(ill) where thevspllt (2x2) condenses into a (ZXZ) structure wrth a

5coverage of 6=0.75. Compression of the CO overlayer has been observed

on Ni(;li),(195’106) pd(1i1), 107) Pt(lll)(los)_and Ir(111)(1°9 111) -

' (2x2) structure for Cb.oanu(001) has been'observed,(zs) but a more re- :
: cent studv(llz)_states that tbe_(2X2)is electron beam induced and;tbat
" increasing the coverage above the (/§i/§3R30°VStructurevproduces oﬁiyﬂ"
disorder iu the LEED:pattern.. In a:previOus-studY-of-Rh(lll);dGrant'and
.Haas(zs)vreported-a (2x2) structure of CO andva;solit (éXZ)for COzlbut'
v.offered no explanation of_these structures. As stated earlier, no dif-
ference_was found>in these studies_between Cd and CO2 adsOrption_as>both
' gases gave didentical results. . The_results-of a recent study oflcd ou.
Rh(lll).byvNeumaun'are in dgreement with=theipresent reSults.(llé).

On tbe RH(IOO) surface a.c(2x2) Structure.vaslthezlow.coverage
,structure (8=¥0.5)J0bserved for CO adsorption.v The c(2k2) structure'has
.also been observed as the 1ow coverage structure for CO adsorbed on -

Ni(100) 1) ang cu <100y, (115)

Ir(llé) and Pt(117).

and on the unreconstructed (100)-facesvof .
jOnv.Rh(lo'O) the c(2X25 structure-compreSSes,iuto a
hexagoual overlayer at higher‘CO eprsures.to give a Split'(2xi)vpattern
with a coverage of é=?0.83. The c(2x2) structures;on.Ni(IOO)KIIA) aud

(115)

- Cu(100) were also found:to'compressvinto avhexagonal overlayer.



are again in disagreement with Tucker's results for CO on Rh(100).
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CO on Pd(lOO)(lls) also has a compression structure. The present results
(24)

As pointed out above, the cleanliness of his sample is questionable.

This is reinforced by the fact that his diffraction patterns were elec-
tron beam sensitive, while in the preéent studies this was only found to

be the case when the adsorption was carried out on a contaminated surface.

- The CO structures were stable under the electron beam when adsorbed on a

clean surface.

The thermal desorption spectra for CO on Rh(1l11) and Rh(100) are

(106) (107)

similar to speetra published for CO on Ni(1l1ll), Pd(111),

)(109—111) (112) The spectra suggest that CO desorbs

Ir(111 and Ru(001).
with first order kinetics but has an activation energy of desorption, Ed’
which decreases with incfeasing coverage. This may be explained by the
fact that as the CO overlayer compresses the repulsive forces between CO
molecules will increase giving a decrease in Ed' Tﬁe activation energies
of desorption of CO on Ni, Pd, Rh, Ir and Ru are listed in Table III-9,
These activation energies at CO exposures of 5L have been calculated
following Redhead(go) by assuming first order desorption kinetics and a
pre-exponential factor of 1013 sec—l.

As stated above, there was substantial evidence for the disso-
ciation of COé into adsorbed CO on both rhodium surfaces. This is an

important first step in the generation of hydrocarbons from COZ_HZ gas

" mixtures over metal catalysts. It has previously been shown that rho-

dium foils produce CH4 from CO2 and H2 at a pressure of 800 torr.(ll)



_Table III-9.
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Actlvatlon energy for desorptlon, Ed’ of CO on Ni, Pd,

- and Ru. Calculated assuming first order desorption klnet—
ics and a pre- exponential factor of 1x 1013 secl, The’ ¥
values of Ey are for the highest b1nd1ng state at expo- o,
sures of 5L (lIL = 1x 10‘6 torr°sec). ’ -

'Sﬁrface ) ’Ea (kcai/moie) b__ - N Referencev'
Ni(iii), I 26 L (106)
| PA(111) o ‘30;1 o _} (107)
" Rh(111) 3 ' This study
Rh(lOO) _ : .  30 - G : This study
Ir@1) . 295 - .Q02)
| | 2. oaw

Ra@OD) 28 - iy




4) Nitric Oxide

NO adsorbed with a high sticking probability on both surfaces at
25°C, forming a c(2x2) structure on Rh(100). and c(4%2) and (2x2) struc-
tures on Rh(11l1l). The c(4X2) structure (Fig. III-18) was fofmed.at about
OQIL and thén was converted to (2Xx2) structure upon increasing the expo-
sure abové 1L. During this conversion comélex streaking of the LEED pat-
tern occurred. The Rh(111)-(2x2) strugture disordered at a lowbtemper—
ature (50°C) and was best observed at room temperature or below. TDS
detected N2 (mass 28), NO (mass 30), O2 (mass 32) and'N20 (mass 44) de-
sorption after equsiﬁg the Rh(l1ll) surface to NO. The N2, NO and NZO
desorption traces are shown in Fig. III-19. Oxygen desorption from NO
adsbfption was similar oxygen desorption'after Oz.adsorption. At low

NO exposures ( < 0.5L) no NO desorption was detected, but Nz-desorption
{

was detected. Above 0.5L NO desorption is observed. These results

indicate that NO is dissociatively adsorbed below 0.5L and associatively

adsorbed above O.5L.with:the different desorption traces-reSultiﬁg from

the two types of adsorption. The NO desorption peak appears to follow

first order desorption kinetics and assuming a pre—expOnentialbfactor of
10l3 sec_l yields a value of 30 kcal/mole for Ed.

The c(4%2) structure is formed during the dissociative adsorption
phase of NO adsorption, indicating it is comprised of an overlayér of
oxygen and nitrogen atoms. The (2%x2) structure is formed during the
associative adsorption phase of NO adsorption indicating it is com-
prised of an 6verlayer of molecular NO. .The LEED results for NO adsorp-

tion at 300 K on Rh(l1l1) were similar to results of NO adsorption at 200

K on Pa(111). 1'% As on Rh(111) adsorption of NO on Pd(111) initially



Rh(111)
76 eV

¢(4x2)-NO
66 eV

(2x2)-NO
81 eV

XBB 771-84

Figure III-18. LEED patterns formed by NO adsorption
on the Rh(111l) surface.
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Figure I1I-19. TDS spectra obtained from NO adsorption on
Rh(111). (a) Ny. (mass 28) desorption;
(b) NO (mass 30) desorption; and (c) N,0
(mass 44) desorption,
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uforms‘a c (4%2) structure wh1ch ‘then converts into (2x2) structure at
hlgher NO‘exPosures.’ The model proposed for Pd(lll)(llg) has coverages .
Iof 6=0.5 for the c(4X2) structure and 6=0.75 for the (2X2) structure
'ulth the (ZXZ) structure belng a hexagonal overlayer of NO. ~An 1nlt1a1.v
c(4X2) structure has also been seen for NO adsorblng on N1(111) at 300 K,
which is then converted 1nto a hexagonal structure at higher NO cover—
ages.(lzo) The,formation of these structures are similar to the comé
:_pression'of C0‘overlayers_on these'metals,. Beceuse'of‘the'ab0ve-slmfv,'
filarities it is llkely that NOielso torms a hexegonalvoverlayer on~

Rh(111).

5) Ethylene and Acetylene

Exp051ng theclean Rh(lll) surface (Flg III—ZOa) below ;30§C”tob
1.5L of either CZHZ or: C2H4 results in the appearance.of sharp halfvoroer .
udlffractlon spots (Flg III 20b) from a (2X2) surface structure. | The
half order dlffract1on spots were‘very sensitive tovexposure. ‘Theyfuere
visible by 1L but dld not hecome sheruvand Intense'until'l;SL and then B
immediately began disordering aboue I;SL. ’BecauSe of this erposurelsen_
sitivity a 15 sechexposure:of\lx 10~-7 torr CzHévor a 150 sec exposure of
1x 10_8 C,H, were used to produce ootimum‘(zxz) structures.
The diffrectiOn petternvfron'a c(4xz).surfece structure:(Fig.v
II11-20c) could be generated?from the.(ZX2) structures without additional
lhydrocarbon exposure. For adsorbed CZH4 the,transformation occurred by
slowly warming the crystal room temperature In vecuum. Too'rapid'of

heating resulted in formation of a disordered c(4x2) structure (broad

diffuse djffraction features and some streaking) thus the c(4x2) structure



XBB 788-10161

Figure III-20. LEED patterns from surface structures produced by either CyH, or CpHp adsorp-
tion on Rh(111l). (a) clean Rh(111) at 92.5 eV; (b) Rh(111)-(2%2) at 74 eV;
(c) Rh(111)-c(4x2) at 67.5 eV.

—86_
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" was formed by‘removing'tbe LN'vdewars from the'heating leads and allow-
flng the crystal to warm up to room temperature, over a period of 1-2 -

tahours. For adsorbed C2H2 even the slow warmup of 1-2 hours resulted in

~ a disordered c(4x2) structure.f'To form a wellnorderedvc(4x2) structure
~from adsorbed CZHZ the crystal had to be annealed for 4 minutes at 0°C .

in 1><.1'_0_8 torr of H2 with the mass spectrometer-filaments on. These

filaments were close to the crystal and provided the surface with-aﬁgoodjb

SOurce'of atomic hydrogen. AES showed that the‘carbon couerage for the

(ZXZ) C.H, and C structures was the same and remained constant during '

272 2 4

svthe,transformation to the c(4x2).structures. This transformatiOn appeared -

to beirreversible because oncevthe'c(4x2) structbres were formed tbe...v
lcrystal could be cooled to —63 C with no v151ble changes in the diffrac-
. tion pattern. The c(4X2) structures could only be altered by heating the
_crystalZabOVe 150°C which cauSed the structures to 1rrever31bly disorder.
lThe adsorption of C2 4 and C2H2.at 25°C yielded a c(2x2)(structuref9n'the
j(lOO) surface. The c(2x2) diffraction spots from the hydrocarbon struc-
tures were diffuse,fbutfupou.heating to 200°C they become very,sharo,f'
forming a well ordered_carbOn-c(ZXZ)'structuref .The surface_carbon gen-
erated from the bydrocarbon'decomoosition on eitber surfacevprevented re-
_adsorption of either. C H, or C.H Upon flashing tbe-crystal_to 800°C,

274 2°2°

‘the surface carbon diffused into the near surface layers and further re-

. assorptions. were then possible: After several doses of the hydrocarbons,

-the surface region appeared to become saturated with carbon and ordered

structures appeared on the (111) surface. These structures are described

~in more detail in ITI-B~6.

Wb
.

we
» -
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The hydrogen desorption spectra from C2H4 and C2H2 adsorption
on Rh(lll) are shown in Fig., III-21. The hydrocarbons were adsorbed at
-30°C and the crystal was heate& at a rate of 40 deg/sec. Desorption of
molecular C2H4 and_CzH2 occurred at ~ 1005C but the amount of hydrocar-
bon desorbed was less than 1% of the hydrogen desofbed, thus the vast
majority7bf the adsorbed hydrocarbons decomposed instead of desorbing.
The hydrogen desorption épéctra from CZHZ adsorption (Fig. III-21b) has
one major peak at 175°C foliowéd.by a continuous evolution of hydrogen
until 450°C. The hydrogen deéorption spegtra'from C2H4 adsorption (Fig.
ITI-2ia) has 3 peaks foilowed by the continuous hydrogen evolution.

The hydrogen desorption spectra from the (2%2) and c(4x2) hydro-
carbon strﬁctures.on Rh(lll) are shownrih Fig. I1I-22, Traces a and d
are from the (2x2) structures and traces b and c are from the c(4%2)
struqtures. Desorptidn_traces a and b aré similar, but trace b has an
additional desorption peak at 75°C. This'peak results from the presence
of chemisorbed hydrogen on-the‘surfacev(see Fig. III-8) since the crystal
is exposed‘to hydrdgen during-the (2%x2) to c(4x2) transformation; Desorp-
tion trace ¢ is similar to traces a and b and the area under this trace
is significantly less than the area under trace d, indicating C2H4 is
partially dehydrogenated.during the (2x2) to c¢(4%x2) transformation.
Tﬁese IDS and LEED résulté indicate the possibility of molecular rearrange-
ment of the hydrocarbons on the Rh(1ll) surface.

Detailed investigations of the Pt(l11) ~ ethylene and acetylene

(121,122)

systems have been carried out by high resolution ELS, LEED sur-

face crystallography5123-125)

)(126,127)

ultra-violet photoelectron spectroscopy

(127)

- (UPs and TDS. Below room teﬁperature the hydrocarbons are
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XBL 788-5561

Figure III-21. Hydrbgeh desorption spectra obtéined froq'
. the adsorption of (a).CZH4 and (b) CoHj
on Rh(111). The heating rate was 40° /sec.
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Figure 111-~22.

| 1 1 S B
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T(C) | | |
: XBL78l1-6149
Hydrogen desorption from the (a) (2x2) and (b) c(4%2) structures formed during

CoHy adsorption on Rh(11l) and from the (¢) c(4x2) and (d) (2%x2) structures
formed during C,H, adsorption on Rh(l11).
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. as3001at1vely adsorbed and when the crystal is heated they undergo a

'_:molecularrearrangement. Ethylidyne,( 5) thylid (121 122) nd a

f;ivinyl.species(127) have been proposed as p0381b1e structures of the hlgh

(128, 129) nd_'UPS(13 ‘)

:;ntemperature'Species.‘ ELS 1nVestigations'of‘the
"Ni(111)4ethylene andvacetylene systems’have,aiso~been carried out.. On:
ile(lll) associative adsorption of these hydrocarbons occurs at low‘tem— |

vit peratures. When the crystal is heated the C C bond of adsorbed CZHZ is '

- dbroken before the C-H bonds produclng a CH speciés on the surface and

-?eadsorbed C,H, is dehydrogenated to C2 2 whlch then undergoes c-C bond

2 4
: breaklng to form the CH spec1es In 11ght of the Nl(lll) and Pt(lll)

results’ further studles by hlgh resolutlon ELS(3 ) and LEED surface
> crystallography( 31 ? w111 be carrled out. on . the Rh(lll)-ethylene and
; acetylene- systems to determlne the detalls of the hydrocarbon rearrange—

ments on this surface.w

>6) Carbond

vThevbest methodyof‘generating carbOn'surface structures onfrho;
dium wasrto_satUrate.the_near surface region with carbon by heating the
:crYstais'at 800°C-for 10 mins in 5><‘10“7 torr of C,H, or CZHZ‘ When the
d surfaces were cooled and the hydrocarbon pumped away, graphlte rlngs'
i*uere seen on the (100) face and a (12X12) c01nc1dence lattlce structure
on the (111) face If these surfaces were reacted w1th oxygen (5X10 -1
torr, 800 C) for short perlods, the graphlte rlngs on the (100): surface
drsappeared and the c(2X2) structure reappeared as carbon ‘was removed

As carbon wasvremoved frOm the (lll)*surfaCe, a_sequence of ordered car-

bon Structures was observed'and,then finally'thevclean-(IXI) pattern.
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The sequence observed was:

(12x12) +¥ (2V/3x2/3)R30° > (/IOx/IDR23.4° <> (2x2) R30° +>(8x8)
coincidence ' . '
lattice

<> Clean Rh(111)-(1x1).

These patterns are shown in Fig. III-23. Each structure was
stable over a range of near surface carbon congentrations, and was only
ordered after flashing to 1000°C. 1In fact the sequence of structures
was completely reversible by either subtracfing carbon in the near sur-
face layers by reaction with 02 (5><10-7 torr, 800°C) or adding carbon by
decompositibn of C2H4 (5><-10—7 torr, 800°C). Only the near surface lay-
ers were participating in the equilibrium. A gradual reduction of sur-
-féce carbon coverage and change in the structures was observed after
prolonged heating at 1000°C (near surface carbon diffusing into the
- bulk).

The (12812 structure can be explained by postulating the exis-
tence of a basal plane of gfaphite on the rhodium surface. Using a

(132) and a rhodium nearest neighbor

‘carbon-carbon distance of 1.42 A
distance .of 2.69 A,(133) it can be calculated that the graphite over-

layer will come in registry every 11 Rh spacings. The predicted (11x11)
structure is in good agreement with the (12x12) lattice observed exper-
imentally. The coincident (12*12) lattice would have 13 graphite unit

cells over a distance of 12 rhodium afoms. A drawing of a graphite unit
cell on the (111) face of rhodium is shown in Fig. III-24. A (9%9) car-

).(102)

bon structure has been seen on Ir(lll A carbon structure has

also been observed on Ru(001).(25) Although it was not indexed, from



Carbon Structures on Rh{111)

Figure III-23.
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i
81V

XBB 760-10650 .

LEED patterns of the carbon surface structures ob-
served on Rh(111). (1) Clean Rh(111)-(1x1), (2) (8x8)
structure, (3) (2x2) R30° structure, (4) (¥19x/19)
R23.4° structure, (5) (2V/3%2v/3) R30° structure and (6)
(12%12) coincidence lattice.
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XBL 771-7101%

Figure III-24., Real space model for the unit cell of the
graphite basal plane on Rh(11l).
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.’,'the- LEED’pé#terﬁ{prégentéd in'the pépef, 'it:één,be estimat¢d.to be
a-f(12812)~struCture.  A ,(lxl). stfuéfﬁfe_has been obsérved for .fi
{ graphite‘onﬂ Ni(lli),(134) ﬁdth monolayer'énd multilaYer;graphiﬁé
_st:uctures‘Were‘seen on Ni(lll);‘ Intensity vé“vdltageband>iine shape of l‘A
 £he carbon Auger péak were uséd.to-sﬁoﬁ.the (1%1) stfuctqfevwaétdﬁe‘to_a'
- graphite ovérlayer and nbt'thngi.surface.v AvSumma;y is gi§¢n in Tablé
-III-10 of the ekperimentally obsérvgd stguctﬁres along with the prédiétéd :
:.graphi;e-cdincident 1atticés;an4 caléulated C;C boﬁd 1engths. TabigiIII—
"10 éhow$ that‘;heiekperimentél résﬁlts for Rh, R§, it'énd Ni ére in.§¢f§
igoodvag:eement.with'fhe results predicted from é basal plane of grqphite"
VOn.thé hexégonéllfaces of these metals... it shoﬁld be notea that if(lll).
and Ru(OOl) gave only one carbon structure while- Rh(lll) ‘Produced a series
- of f1ve ordered structures 1nd1cat1ng an interestlng equlllbrlum between
3ordered surface carbon and carbon in the near.surface reg;on1 The lower
: covérage cafboﬁ.stfuctures‘are notias4éasil§ eXélained but could be due
to remnants]of>thé'6;iéinél graphite 6vér1ayér. These IOWIQOVerag¢>car*'
bén strﬁctures havé'nof.ﬁeen séen on other tranéition'metals.-vTheir
.'exisfencé on the Rh(111) surface show unique and complex'aspecté of car-
Hb.on—rhodium éurface chémistry. s | | |

In cqntrast'to the;(lll) face, oﬁly t&o'carbon,sffuctures;=§
c(2x2) and‘éréphite rings, wéfe seen on (100) face of rhodium. A c(2x2)

carbon structure has also been generated_from'C2 i decomp051t10n on-

' 1r(100);(135) A_"quaSi" ¢(2%2) carbon structure and graphlte rings have
been obserVéd oﬁ Ni(lOO).(;36>' Graphite rings have also been observed

Qn_Pt(lll) and (100) surfaces.(l3?);



Table III-10. Predictéd and experimental graphite structures.

Metal Crystal Nearest Predicted Experimental Calculated C-C Reference
Face Neighbor Structure Structure Bond Lenght from
Distance - Experimental Struc-
.(A)a ture (A)

Rh - (111) 2.69 (11x11) (12x12) 1.43 This study
Ru (001) 2.65  (13x13) - (12x12) 1.41 (25)

Ir (111) 2,71 (10x10) ’ (9%9) 1.41 (102)

Ni ' (111) 2,49 (1x1) ' (1x1) 1.44 (134)

aFrom.Reference 133.

bBased on C~C bond length of 1.42 $132)

-£0T-
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C. The Chemisorption of Small Molecules on the Stepped Rhodium -
(755) and - (331) Surfaces ' -

4

The surface structures whlch were observed in the 1nvestiga—

tions on the two Rh Stepped surfaces are summarized in Iable III-~11.

Also included in Table III—ll-are'thefstructures reported for the'same ‘

»adsorbates on the Rh(ill) surface. In Table I1I-12 the surface struc;
.tures observed on the Rh(S)- [6(111) (100)] surface are compared w1th
surface structures reported for the Pt(S) [6(111)X(100)] and -

""Ir(S) [6(111)X(100)] surfaces.

1) szrogenv

| The chemisorption properties of hydrogen'On the'two rhodium
stepped surfacesdwerelvery.simfiar tovthosehfound for hydrogen on
Rh(lll) Exp051ng e1ther‘stepped Surface'to hydrogen did not notlce—
ably alter thelr clean (le) LEED patterns. Hydrogen was adsorhedvas
1nd1cated by the ™S spectra shown in Flg III- 25. The.spectra from
 both surfaces were 1dent1cal so that only the results.from the (331)
surface are shown in Flg; III—25; The hydrogen_desorptlon peak 1s
slightly asymnetrrc; tailing on the high temperature side. The'desorp-
"tion_temperature decreases as'thevexposure isrincreasedvindicating'
second order,desorption hinetfcs.

h The LEED and TDS_results,for hydrogen adsorption-on‘the var-

iou5'rhodium cryStalifaces were sinilar to resultspreported on the.

(102)

'Ir(S) [6(111)X(100)] and Ir(lll) surfaces. The only difference

was’ that the high temperature ta111ng was more pronounced on the

Ir(S)f[6(1ll)X(100)],surface, indicating more strongly bound hydrogen
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Table III~11. Surface structures of chemisorbed small molecules on
the (111), [6(111)x(100)] and. (331) rhodium surfaces.

Gas  Rh(111) Rh(S)-[6(111)x(100)1*  Rh(331)°
(1x1) ; (1x1) : (1x1)
H2 or or or
disordered disordered disordered
02 (2x1) (2x1) 2(1d)

G 3)
(7-1)
6

co, (V3%/3) R30° - (/3%/3) R30° . 2)
split (2x2) C(2%2) -1
C02 (2x2) (1 2)
2 0 .
"hexagonal'"
c (4x2) , .
NO (2x2) (2x2) disordered
C.H,, (2x2)
274 S -1 1
C.H c(4x%2) disordered ( 3 0)
272 .
(8x8) '
(2%x2) R30° carbon covered
c (/19%/19) R23.4° Rh surface facets graphite over-
» (2/3x2/3) R30° to (111) and (100) layer
(12x12) planes :

a : . .
Structures indexed with respect to (lll) terraces.

b .
Structures indexed with respect to (331) unit‘cell vectors.
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;vTéble III-12. Surféce strucﬁures of chemisorbed small mdleculesfoﬁ the
-.[6(111)X(IOO)],surfaées,of~rhodium; iridium and platinum.

Rh(s);[6<111)x(100)1 Tr(s)-[6(111)%(100) ] Pt(éj-[6(111)x(1ﬁd)]

- NO

to (111) and (100)
planes

Gas
_ (1x1) (1x1) - N o B R
) “or or - [102] ©o2qd) o [77]
_ . disordered - disordered o : : ' .
5 (2x1) Co(2x1) 1091 o o2(1d) (771
o (/3</3) R30° » | o o
co ' (2x2) disordered [109] disordered [77]
o (V/3%/3) R30°
- CO, - (2%2) -
2
(2x2)
o B o B . .
274 disordered (2X2) ‘ {102] (2x2) ‘ [163]
vC2H2 ':'disordefed (2X2 [1021.
carbon covered  _ 32 .
'Rh surface facet ' () [163]
C } surtace racets . disordered [102] ~  \-2.5/ :

(_i-;) [163]

(/T§X/T§)4R23.4°v—[137]
(/13%/13)-R13.9° -[137]
(/§§X/§§)-R16.19 -[137]
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Figure I11-25. TDS spectra obtained from adsorbing 0.0l1L to 1L of hydrogen at 0°C on
Rh(331).
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at the'step'sites; HComparison of'the _TDS ' results from the

PE(S)=[6(111)%(100)] “_55) (155),

flSS)

Pt(S)[6(111)X(111) nd Pt(S)- [3(111)x:

(104 155) ShOWS’the presence

Hif(IOO) surfaces to the Pt(lll) surface
«'aof an addltlonal peak on the stepped surfaces due to more strongly
bound hydrogen at the step s1tes. - This addltlonal peak is also detect—
able on - a Pt(111) surface whlch has been roughened by ion bombard—“f

“-ment. (104)

- From these observations it can be concluded that for hydro-
gen adsorption platinum surfaces show the most pronounced step effects,
rhodium surfaces show no step effects and iridiun surfaces are in be-.

' tween these two metals.

2) Oxygen |
“The oxygen‘chemisorption;properties‘were:markedly differentf,

“on the two rhodlum stepped surfaces. The only step effect detected on
:Rh(S) [6(111)X(100)] was enlarged d1ffract10n spots whlle on Rh(331)
; more pronounced step effects were seen by both LEED and TDS.
Several ordered oxygen LEED patterns were observed on the Rh
‘stepped surfaces | Exp051ng the clean Rh(S) [6(111)X(100)] Surface to
IL (1L = 1x lO_6 torr-sec) of oxygen at 25 C produced the LEED pattern
in Fig.IIIl—26b corresponding to a (2x2) surface ‘structure on the (lll)
terraces,.fThis-chemisorbed oxygen structure was.very reactiye and dis—
appeared in a few seconds whenvheated to-$0°Ctin-5X 10—.'7 torr-ofAHz.
Upon heating the,[6(111)x(100)] surface in oxygen (1Xl0f7 torr;j800°C)
'two new faceted surfaces were seenr . First .the splitting of the‘sub-

trate and overlayer doublets decreased by one half as shown in F1g

III-26c. This surface converted back to the clean Rh(S) [6(111)X(100)]
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Oxygen LEED Patterns”_on Rh(S)-Ei(lll)x(lOO)]

Figure I1I-26.

XBB 786-7516

LEED patterns formed from oxygen adsorption on
Rh(S)-[6(111)x(100)].

(a) clean Rh(S)-[6(111)%x(100)] at 90 eV; (b) (2x2) struc-
ture on Rh(S)-[6(111)x(100)] at 65 eV; (c) (2%x2) struc-
ture on Rh(S)-[12(111)%2(100)] at 56 eV; (d) (2x2) struc-
ture on Rh(111) facets at 52 eV.
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surface when heated for 30 seconds in vacuum at‘9009Ct >Furthef highs
'temperature okygeu treatment fo;lowed_by_a shortfanueal in,Hz'(Z qiu%,; o
.~§X 10-7vtorr.H2,at 500°C) produded_tﬁeULﬁED_pattern in Fig. iII-é6d..
where the substrate doublets'afevstfeaked andﬁoVeriayef.Spots are not
split. :The oxygenvspecies'preSeut in this structuresuassnot_easiliiref
v,ﬁoved.and requifed:higﬁ temperatufe-anueais.(QOOfC) in hydrogeu to'
v”fegenerate the clean [G(iII)X(lOO)]’surface. The oxygeu AES signaloin—
'creases.as the LEED pattern changes ftom 26a to 26d.:' | | |
Exposure of the cleauth(33l) surface to.ltuof osygen at 25°C
results'in half order streaks forming.in.the_LEED pattern_(fig. I11I-27b).
;ﬁeatiug the:crystal at 800°C for.onevminutevin}lxlo_ztorf'Of'oxygeu .
s.reSults in spots appearing in.thevstreaks (Fig. III-Z?C). ‘This ditftac—
~tion pattern is from a surface structure 1ndexed in matrlx notatlon as
“ G |
'results in the spots moVing away froﬁ the half order positions (Fig.

). 'Further heating in oxygen'(lx 10,6 torr, 800° C for 5 min. y

TII- 27d) Prolonged hlgh temperature oxygen treatment results in the

.fully developed.diffraction pattern in Fig. I11-27e. The diffraction
" | pattern in Fig.:III—27d'and 27e are ftom a (;,Ei)'surfacefst:ucture.
The_Rh(331) surface was‘stable:in oxygen oressufes.up t9;1?<10-5 torr.
Land crystal temperatures up to 1000°Cg-'A»heavily faceted‘surface was-
p.t_;oduced be heating the (331) ci:'y'stal at 3oo'°c for 15 minutes in ~1 torr
of oxygen. immediately after this treatment'the LEED oatteru.had aVVery
hlgh backgtound 1nten31ty w1th almost no discernable spots, but flashlng
 the crystal to 900 C in vacuum revealed the faceted surface in Flg\\ill—

_27g.> Remov1ng,oxygen from thevsurface reglon by annealing the crystal



Oxygen LEED Patterns on Rh(331)
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g XBB 786-7518

Figure III-27. LEED patterns formed from oxygen adsorption on,RH(331). (a) clean Rh(331) at
9%e§§ (b) 2(1d) structure at 68.5 eV; (c) (, .) structure at 46 eV; (d)
(7_1%_structure forming at 66 eV; (e) full developed (7_1) structure at 53 eV;

() (3 O) structure at 43.5 eV; (g) faceted surface at 33.5 eV.



~ detected at *'600°C.
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- at 1000°C in vacuum'resulted in the faceted surface reverting into a
'}clean (331) surface. Durlng thls conver31on.a ( ? 0) oxygen structure
e:correspondlng to the LEED pattern in Flg. III- 27f was observed Tﬁe
. oxygen AES 81gna1'1ncreases upon 301ng from the LEED pattern 1n\ng. III——f
- 27a to.the LEED pattern.in Fig.'Iii—27g.' The.real space'unit cells of :
the oxygen structuresvon Rh(331)-are sbownvin Fig. III-28. o

| The TDS spectra for oxygen‘adsorbed on‘the'two cleanrstepped'Rh
v surfaces are shown in Fig.‘III¥29.' Oxygen desorptiOn appears to follow .-
H'Second order desorption kinetics on both surfaces. vFromfFig;'III-éé.two~
"differences.between the steppedth surfaces are apparent, At exposures o
jbelow SL oxygen desorption occurs 100 C hlgher on the (331) surface. Atr
exposures of 5 and 10L the oxygen desorptlon peak is 100°C broader on
;the«(33l) surface. The first two- or three tlmes oxygen is adsorbed at
- 25° C on a clean Rh surface and the crystal flashed to 1000 C, no desorp—
. tlon~peaks (Qz, CO,vCOZ,,etc.)‘are detected by TDS. After the flashlng |
:Vno‘oxygen.AES signal is detected, implying<the oxygen'has diffused into
the bulk. ‘Foliowing two to-three oxygen adsorptions oxygen was detected
desorbing from the Surface..'Qxygen desorption'was not seen if carbon was

present in the near surface region, but instead a CO desorption peak was

. The LEED patterns in Fig. III-26 arevfrom a.(2xl)_structure or .
a (2X2) structure'on the (111) terraces,vwith the changes in spot .‘ : o -
splitting due to the‘changing step periodicity.of.the.metalvsubstrate;
) Results on the Rh(l11) surfacethave'shown'that-tbree,domains'of a (2x1).

(29)

~ structure is the correct structure. - In Figr III—26b-the-surface is
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'OXYGEN SURFACE STRUCTURES ON Rh(331)
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Figure III-29. TDS spectra from_oxygen adsorption on

“(a) Rh(8)-[6(111)x(100)] and (b) -
- Rh(331). : g . '
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is still the [6(111)x(100)], but in Fig. III-26c the substrate has
faceted to a [12(111)X2(100)] surface. The half order spots in Fig.
III;26d are due to a (2x1) structure on large (111) facets and substrate
~doublets are streaked due to oxygen free areas of the crystal returning
to the [6(111)x(100)] configuration. Half order LEED patterns. have been

(109) Pt (S)-

observed for oxygen adsorption on Ir(S)—[é(lll)X(IOO)],
[9(111)X(100)f156)and'Rh(lll).(26) “Half order streaks indicating one
diﬁensional order have been observed for oxygéﬂ on Pt(S)-[6(111)x.
(100197278 | |

| Step.effects were seen with LEED for oxygen adsorption on Rh(331).
The half order streaks in Fig. III-27b resﬁlting from oxygen adsorption
at rbpm temperature oorresbond to a 2(1d) sufface structure. The 2(1d)
lébel denotes.an ordered one dimensional array parallel to the step edge
having a repeat distance of two rhodium atoms. Two dimensionﬁlly ordered
surface stfuctures appear only after the (331) surface is Anneéled in 02.
Correlations among the Rh(331) dxygen'structufes and the Rh(111)-(2x1)
oxygen structure are evident from Fig. III-28. Thg 2(1d) and (; S)
structures have repeat distances of two rhodium atoms only along the étep
edge and the (2x1) structure has a repeat distance of two rhodium atoms
in one direction. For the case of the 2(1d) struc;ure the steps prevent

ordering in one direction and for the (; g) structure the step period-

‘ 12
icity determines the repeat distance in that direction. The (2 0) and

12
71

periodicity is the shortest repeat distance perpéndicular to the step

) structures both have a periodicity of two terrace widths. This

(

1
edge on the (331) surface. The (; é) structure seen during the removal

of oxygen from the faceted surface has a repeat distance of just one
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terrace width. Since the (331) surface does not possess this period-
"iicity isvreasonable to assume.the step atoms have not completely re¥
verted from the faceted surface to the1r (331) p031t10ns Further"
..removal of oxygen does result in the reappearance of oxygen structures
,;possesslng repeat distances’ of,two terrace w1dths.v No ordered oxygen .
structures were found on Ag(331) but high exposures'of 0 (~ 2000L) on
'the Ag(331) surface was found to. produce a faceted Ag(110)- (2Xl) O

(157)

_ phase Thlrd order streaks have been seen on Pt(S) [3(111)X F

'(100)1,(73)'a surface whlch dlffers from the (331)von1y by the fact that X
it has (100) oriented steps.

Thefoxygen.TDS spectra for the Rh(S)—[6(111)x(100)j surfacefare
(26)

1dent1cal to the previous spectra publlshed for the Rh(lll) surface.

(109)

f,Thls is 1n contrast to the TDS results on Ir(S)- [6(111)X(100)] and

(155) where an additional high temperature shoulder ‘

" Pt (5)- [6(111)><(100)]
‘is seen on the stepped surfaces. Two bindingvstates are present'in the
 TDS spectra on the Rh(331) surface;_however.'.Apparently,the high den-

dsity of step atons on the (331) surface is needed to observe a step ef-
fectbon rhodium'surfaces;-:The diffusion of oxygen dnto the bulk which
'_was detected during the TDS experiments hasvalso been observed for oxygen
on Rh(llO) (32) | |
‘The LEED and TDS results for ~oxygen adsorptlon onn the Rh(S)-
té(lll)X(IOO)] surface are essentlally 1dent1ca1 to the results found on
Rh(lll),_indicating that'the'steps of this surface'do.not effect oxygen
.'chemisorption, 'On,the’Rh(331)‘surface<andadditional.binding state'and

Several‘new-LEED patterns show that a high density of step atoms is needed

before a definite step effect is detected in the oxygen chemisorption
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properties. In this way rhodium surfaces differ from the platinum and
iridium surfaces since step effects are already present on the Pt and

Ir[6(111)x(100)] surfaces.

3) " Carbon Monoxide and Carbon Dioxide

Step effects were observed in‘the chemisorption properties of
bo;h carbon monoxide and carbon dioxide on the rhodiuﬁ stepéed surfaces.
Dissociated CO, which was not seen on Rh(1l11), was detected on bﬁth rho-
dium stepped surfaces. The CO and C02'chem130rption proper;ies were
identical indicating that C02 dissociates to CO upon adsorpt;oﬁ,v Since
CO and COZIbehaved similarly this sectioﬁ.will éerﬁain mainly téHCO, but
any differences between the two gases will be pointed out. -

Both CO and CO2 produced an identical sequence of LEED patterns;
with the only differeﬁce being ;hat a factor of 5 highér pressdré of CO2
was required to form the patterns. On the [6(111)x(100)] surface the
first CO diffraction pattern occurs at 3L and corresponds to a
(V3x/3) R30° structure on the (111) terrace. Increasing the CO.exp03ure

.further caused the (/5;/3)'R30° pattern to fade and streaks to form in
the diffraction pattern. Raising the CO pressure to lX 10—5 torr caused
these streaks to coalesce into a (2%2) structure on the (l11) terraces.
All diffraction spots in both CO'LEED patterns are split by the step
periodicity. ‘The diffraction spots forméd 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(331)

surface are shown in Fig. III-30. The LEED pattern in Fig. III-30a forms

at a CO exposure of 3L and corresponde to a (;;ﬁ) surface structure.
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LEED Patterns on Rh(331)

Figure III-30.
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LEED patterns formed from CO adsorption on Rh(331).
(a) (1_2) structure at 25.5 eV; (b) (1 %) structure
at 82 e&; (c) hexagonal CO overlayer at 54 eV. (d)
Schematic of LEED pattern (c) where e are diffrac-
tion spots from the rhodium lattice, o are diffrac-
tion spots from the CO overlayer and @ are the mul-
tiple diffraction spots from both the rhodium and CO
lattices.

i
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Increasing the CO exposure to 7L causes the extra diffraction spots to
move to the positions shown in Fig. III~305. This is the LEED patterﬁ
Qf é:(; g) surface structure. Incfeasiﬁg_the co pfessure to l><10'-5 torr
- resﬁlts in the formation of the LEED pattern éhowﬁ in Fig. III—30¢. The
real sPacé unit cells of thesé CO structures;ére_shdwn in Fig.»IIIf3l.

The TIDS spectra for CO and CO, on the Rh stepped surfaces are -

2
shown in  Fig. III-32. Ihe Cb TDS épectré-was the same on bothfstepped
surfaces. As can be‘seen from Fig. iII—32, the CO2 desorﬁtién spectra
has two peaks, whereas the CO desorption spectra only has one. Using'
AES in conjunctiqn with TDS showed that éfter adsorbing CO on the.stepped
surfaces at 25°C and then flashing the érystal to 400°C so that all the
CO had desorbed by TD8; a carbon AES signal was present. This carbon
signal wés-prESent until 800°C at which time the carbon diffused into

the bulk. By pretreating either step surface in oxygen (1 X 10_6 torf O2
.at 800°C) this surface carbon. desorbed frém the surface between 500 and
600°C as CO, giving a TDS specfrum essentially identiéal to that for CO2

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

the CO and CO

9 IDS experiments. No 002 (mass 44) was seen, even after

CO2 adsorptions.
The (/§X/§)R30° and (2x2) CO surface structures observed on

Rh(S)-[6(111)%x(100)] havé been seen on Rh(lll).(26) The (2x2) structure
is due to é'close pack.hexagonal CO overlayer with a coverage of 6=0.75.
The hexagonal'CO overlayer results_from compreésing the (V/3%/3) R30°
structure by incféasing the CO exposure; The steps of the Rh(8)-[6(111)x
(100)] surface do not interfere with the formation of the hexagonal CO

overlayer but do limit the long range order as evident from the enlarged
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CO SURFACE STRUCTURES ON Rh(331)
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Real space models for the CO surface structures on

Figure III-3l.
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(a)
CO/Rh (33l)

CO PARTIAL PRESSURE (MASS 28)

(b)
CO, /Rh(S) - [6(11)x(100)]

CO PARTIAL PRESSURE (MASS 28)

CO PARTIAL PRESSURE (MASS 28) -

(c)
CO, /Rh(331)

(©)

Figure III-32.

I
400
T (C) }
XBL 786-5203

IDS spectra from adsorption of (a) CO on

Rh(331), (b) CO2 on Rh(S)~[6(111)x(100)]

and (c) CO; on Rh(331). The only species
detected desorbing in all three cases was
co.
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.: diffraetion spots on the stepped surfaee.

| The CO LEED patterns on Rh(331) can also be related to the
'IERh(lll) surface.i The hlghest coverage CO LEED pattern on Rh(331), Fig. -
III—30c;~is'due to a close_packed hexagonal CO overlayer.-jThlsaCO LEED
'v;pattern is explained by scattering from the CO'oVerlayer,,the rhO&iUﬁ”
substrate and multlple 3cattering from both.layers as Shown Invthetsche—lkl
vmatic in ﬁlg@ III-SOd. - Two dOmains are present in the LEED‘patternfand

: :their real.space structures.are given'ianig; I1I-31lc and 31d. An'ar-

- rangement of CO molecules within the unit cells of the first two struc—
tures@forme&.on Rh(§3l) can be,proposed using,the results obtained on the
._Rh(lll) and t6(1l1>x(100)] surfaces. bn those.tWO Rh surfaces the first
structure formed isithef(xgx/g)R30°,‘a hexagonal.array of CO molecules.
Plac1ng Cco molecules in a hexagonal array on the (331) surface as: shown

in F1g III 31a the’ ( structure is. obtalned The (2 0)‘-’C_O.'structure

_ 3- P
is an lntermediate_in the transformation betweenrthe (;;ﬁ)vand hexagonal
hoverlayer.'rA;reasonablevtransformation mechanism would be conpresslon:
,parallel to-thelsteps; giving the structure shown in Fig. III—3lb. .From '
this structure further- compre351on along the steps would glve one of the -
domalns of ‘the hexagonal overlayer (Flg. I11-31c). Compress1on perpen—
dicular to the steps would give the other domain.(Fig..III—Sld).
| Vthodium‘seens to be one“of a feu netals-studied'whosefstepped_.
surfaces_produce ordered COiLEED patterns, No ordered COYLEED_patterns

(109)

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

(77,78 On Pd, Couforms identical LEED patterns on both.

(158)

'SUrfacesvof'Pt.
the [9(111)x(111)] and (111) surfaces, with the extra diffraction

spots more diffuse on the stepped surface. This is the same'relationship_-

od
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observed between the [6(111)X%(100)] and (111) Rh surfaces. Ordered (1x1)

and (1x2) CO structures formed on the Pd(210) surface have been inter-

(158)

preted as a close packed overlayer of CO on the Pd'surface, CO ad-

sorption on Pd(311) results in streaks occurring in the LEED pattern

indicating that only one dimensional order is present in the CO over-

layer.(lss)

The large low temperature desorption peak in the CO TDS spectra -

is due to molecular CO bound on the (lil) terraces. The position and be-

. . . . . 2
havior of this peak is identical to the CO desorption peak on Rh(lll).( 6)

The molecular CO desorbs with first order kinetics but has an activation

energy of desorption, E,, which decreases with increasing coverage. This

d

is reasonable since as the CO overlayer compresses the repulsive forces
between CO molecules will increase yielding a decrease in Ed, Following

90) . ' . . .
Readhead(v ) and assuming first order desorption kinetics and a pre-

exponential factor of 1013 sec_l a value of 31 kcal/mole is calculated
for Ed at a CO exposure of 5L. The high temperature desorption peak seen
on the Rh stepped surfaces is due tovdissociated CO. This peak was not
detected in .either the CO or 002 TDS spectra on Rh(111) but was reported

(11) (159, 160) The evidence for

for CO desorption from Rh foils and Re.
dissociation of CO on the Rh stepped surfaces 1g- the presence of a carbon
AES sigﬁal after all the molecular CO had désorbed énd the desorption of
this carbon as CO when excess surface oxygen isvpresent. Carbon was not
present on the Rh(11l) surface under idéntical conditions indicating that
C-0 bond bréaking occurs at the step sites. Since no major step effects

were discernible by LEED for room temperature CO adsorption, it appears

that CO dissociation occurs as the crystal is heated in the TDS
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feiperiments.? A p0351b1e explanation why no high temperature desorption
_5\peak is. detected after Co adsorption on a clean Rh stepped surface is.
'that oxygen ‘would rather diffuse into. the bulk than recombine w1th carbon?,

"and desorb as‘CO. ‘In the prev1ous section it was reproted that oxygen -
diffuses preferentially into the bulk |

Comparing the TDS results_Of thto Ptfand Ir Stepped surfaCeS"'
,idifferent_types of Step.effects>are seen.r bnth(lll) vicinal sur-

(78,155)

_faces “there is, in addition.to the'desorption.peak seen-on.?t(lll),

~.a resolvable high temperature:shoulder_due to"stronger'hinding of molecular

CO at the step sites. .OnlIr(S)—[6(111)*(100)]‘109)

this shoulder is not
. resolved, .but there_is.a definite tailing on the high teémperature side of.
~the main desorptionvpeak{--On”the Pt and Ir stepped surfaces no e\zidenCeva

for CO dissociation was seen. Thus; all three metals show step effects,

but onlyﬂrhodium'stepped surfaces dissociate CO.

4) . Nitric Oxide

The presence'of stepsvhas a major effect On.the'ordering of NO.
NO adsorption produced onlf one ordered structure on Rh(S)—[6(111)X(100)]
and no ordered structures at: ‘room temperature on Rh(331). This is in.con—'
vtrast.to Rh(lll) where two ordered structures were. formed by NO‘adsorp—
tion.(26) Exp031ng the Rh(S)—[6(111)x(100)] surface to NO at 25°C ini-
tially‘resulted in complex streaking in the LEED pattern. Further NO
exposure caused the - streaking to. coalesce irito a LEED pattern from a (Zx2)
'structure on the (111) terraces.' The extra diffraCtionvspots'were split
by the step periodicity and are larger than'those.found on the (111) Sur4:

face. No'adSOrption on Rh(331) at 25°C was disordered producing-only an
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increased background intensity in the LEED pattern. Half order streaks
and the LEED pattern in Fig. III-32a formed as the (331) surface was
flashed to‘500°C then cooled to 100°C in a NO background pressure of
1x 10-8 torr. The half order streaks formed at 500°C then transformed
into a (—; é)_structure upon cooling to 100°C. The real space unit cell
of the (_é é) structure is shown in Fig. III-33b. The half order streaks
were also observed when a disordered layer of NO was flashed to 500°C in
vacuum.

TDS studies deﬁected gases desorbing at masses 28(N2), 30(NO),
» NO and N_O are shown in

2 2

Fig. IT1I-34, The spectra for both stepped surfaces were similar so only

32(02) and 44(N20). The TDS spectra for N

the [6(111)%(100)] data is shown. The N, spectrum has one dominant peak

2
which occurs at 200°C. The NO spectrum exhibits a first order desorption
peak at 175°C with a second peak appearing at 150°C for higher NO expo-
sures. No NO was detected desorbing for exposures less than 1L. The
150°C desorption peak was not detected until the (2x2) struct;re had
formed. The only difference between the TDS spectra of the two Rh stepped
surfaces was.that the 150°C NO desorption ﬁeak was only a very small shoul-
der on the (331) surface. The oxygen desorption peak from NO adsorption
occurred 150°C higher than the oxygen desofption peak ffom oxygen adsorp-
tion. The NZO sPectfum has 2 peaks whose relative intensities change with
exposure as shown in Fig. III-34c.

The (2x2) structure formed on the Rh(S)-[6(111)x(100)] surface
is the same as the highest coverage structure formed on the Rh(l1il). sur-

26
(26) The (2%X2) structure has also been seen for NO on Pt(S)-

(16)

face.

[12(111)%(111)] and Pa(111). 11 on Pd(111) and Rh(111) the
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NO/Rh(S)-[6(111)x(100)]
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Figure III-34. TDS spectra obtained from NO adsorption on
. Rh(S)-[6(111)x(100)]. (a) N2 desorption, (b) NO
desorption and (c) N20 desorption.
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"(éx2)4NQ structure has' been interpreted as a hekagosai overlayer df-
o VN0; simiiar to the CO ease. NO also form a hexagonal overlayer on

: N1(1115 (120) The amount of compre331on andvorderlng in the NO over—~7
. layer is affected by the step denslty. .Qn thev[6(lll)x(100)]'sgrfaee
the full (2x2). ‘S"_truct,ure is still reaehed altho.ulgh the domain size is
'smaller,thaa'on,the (111) surface.. On the~(33l).3urface complete coﬁ-‘
'-.bressioh and orderingacoold'hot be attaiﬁed.as’shown by the.preSence,of
only one peak‘in the mass 30 TﬁS'soectravand-the existenceiof‘nodofdered
LEED‘patterns'ét room teﬁperature. -d' | o .

The half order streaks forﬁed froﬁ'heating the NO overlayer on

' the (331) surface are due to adsorbed oxygen.s The TDSTspectra.in ﬁig;v
I1I-34 show that alldof the nitrogen.ooﬁtaining’species have been'de—
. sorbed by 500 C, so only adsorbed oxygen is present when the streaks
form The same half order streaks were also. seen for oxygen .adsorbed
on the clean'(331) surface. The ( ) surface structure 1seformed_from
._the:adsorbed'oxygen interacting withtgaseous NO. Since severaledifférent
'-types of adsOrbedISpecies could Bevformed fromvtﬁe iateraction-offoxygen
and NO further_stddies are needed to determihe the identify'of this ad-
E sorbed:soeeies.

: The TDS-speCtra indicate that NO is diSsoeiatively adsorbed at
exposures iess_thanvlL andiassoeiatively adsorbed’above.ll.» The'desorpe
tion.oeaks'correlate with the_type‘of NO adsorotiOn that is occurring;
‘,The hrgh temperatore N2 and NZOIdesorption peaks result fromvdissociative
adsorption . and reaeh their maximum height by IL. As associati&e'adsorp-

tion begins the NO andflowatemperatUre N, and N,0 desorption peaks appear,

el
vt
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N2 desorption is detected for both types adsorption, the low temperature
peak from the NO dissociating as the crystal is heated and the high tem-
éerature.peak from the NO dissociating upon adsorption. The NO desorp-

tion peaks appear with the onset of associative adsorption and follow

first order desorption kinetics. Assuming a pre-exponential factor of

1 - .
10 3 sec 1 yields values of 24.5 and 26 kcal/mole for the Ed's of the

150 and 175°C NO desorption peaks. The dissociative adsorption of NO at

low exposures followed by associative adsorption at higher exposures has
(32)

the crossover to asso-

(120)

been observed on other surfaces. On Rh(110),
ciative adsorption is at 0.5L, while on Ni(lll), the crossover oc-
curs at 6L. For NO adsorbed on Ru(lOiO) at 90°C tﬁe crossover is. at

SL.(162) Dissociative and associative NO adsorption have been detected

(142) Only associative adsorption has been detec-

on Ir(l111) and (100).
ted on Pr(s)-[12(111)x(111) 10D and pa(111). M1 Thus these six

metals can be separated into two groups. One group (Pt and Pd) where
NO always adsorbs associatively and another group (Rh, Ru, Ir and Ni)

where dissociative adsorption occurs at low NO exposures and associative

adsorption at higher NO exposures.

5) Ethylene and Acetylene

The ordering of ethylene amd acetylene were markedly affected by
the steps present on the two Rh surfaces. Adsorbing C2H4 and C2H2 at

25°C produced no ordered structures on the [6(111)x(100)] surface and a

-11
( 30

two spots near the (V/3x¥/3) R30° position were seen, but these spots were

) structure on the (331) surface. On the [6(111)x(100)] surface

diffuse and streaked. The diffraction spots of the (-; é) hydrogen
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:structures were larger than the spots in the ( 3 0) structure seen dur--

'_1ng’NQ adsorption. The hydrocarbon LEED patterns 1rreversihlyvdisordered

‘when heated above_lsodc'in'vacuum. Byv150°C the hydrocarbons had begun

decomposing,with Hy ‘the major gas detected desorblng The TDSvspectra

for H2 desorptlon after adsorblng C2 4 on the [6(111)X(100)] surface at.

25°C are shown in Flg. III~35 The H desorptlon spectra from acetylene '

2

~ adsorption on both'stepped_surfaces-and ethylene~on‘the (331) surface
were the same as the spectra shown in Fig. III-35. The amount of C2H4 :
‘desorbed from C2H4 adsorption was less than 1% of the desorbed'HZ.f.The'

' C2H4 desorbed at 100 C. _No'C2H2’could be detected.desorbingiafter CZH2

o adsorptlon

After all the hydrogen had desorbed (~550°C) AES showed that

' carhdn'was stlll present on the surface. By heatlng the crystal to 900 C
thishSurface carbon diss01Ved into the bulk and further.hydrocarbon.ad—

. sorptions could be carried,out. ,After several cycles,of_hydrocarbon

' adsorption and heating'to.900°é,the near surface region became saturated
with Carbon'and this resulted in the‘appearance of new surface struc-"

tures. These structures will be discussed in the next section.

C2H4 and CZHZ were the only two molecules in thlS _study that did
'not‘form ordered-structures on the [6(111)X(IOOH surface. These hydro—

carbons formed ordered c(4x2) surface~structures'on.Rh(lll)‘(26)v'The
first two Spots seen on Rh(111) when the c(4x2) structure was forming
: were'in the same location as the diffuse spots observed from CZHZ ad-

sorption on the [6(111)X(100)] surface Thus a c(4x2) structure was

beglnnlng to form on the terraces, but apparently never fully developed

EY
.
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XBL 7811-12931

Figufe I1I-35. (a) Hydrogen desorption from C2H
tion .on Rh(S)~[6(111)x(100)].

4 adsorp-
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"due-to_the presenCe of the steps. - Poorly ordered (2X2) structureshhave
3 (77;163)
been seen for C2H4 and. CZHZ adsorption on Ir(S) [6(111)X(100)] g

: The unit.cell of Rh(331)—( ) hydrocarbon structure is 75% 1arger than E
‘the primitive unit cell of the c(4X2) structure, 1ndicat1ng the step
periodicity influences the arrangement of the hydrocarbons»on the (331)

adsorption on the stepped surfaces
(102)

, surfaCeﬁ The TDS spectra from 02 2
‘ - is 31m11ar to the spectra for Rh(lll)(26) and Ir(S) [6(111)X(100)]
'j.Due to the. 51milar chemisorption properties of CZH4 and C2H2 it is

11ke1y that room temperature adsorption of -these hydrocarbons yields

the same'adsorbed:spec1es.

6 Carbon:rh -

Carbon structureSZon the‘two stepped surfaces?were.obtained,by:
heating the crystal at 800°C in a C2 4 pressure of 5x10 =7 torr fOrh57
‘to 10 minutes. The behav1or of the two stepped surfaces under these
conditions were markedly different The [6(111)8(100)] surface faceted
hinto large ‘domains’ of (111) and (100) orientationv The faceting i;faé-_
companied by an 1ncreasedbackgroundinten81ty in the LEED pattern and
the formation of a (12X12) c01nc1dent 1att1ce structure on the (111)
facetsh ThiS'(lZXIZ) coincident lattiCe'has'been-Seen for carbon on
Rh(111) and is due to the formation of the graphite basal- plane on the.
rhodium - surface ( 6) | |

* The. (331) surface was stable when . heated in CZH4 and-a segmented

" ....carbon ring was fOrmedufrom CZH4fdeconpOSitiOn. LEED patterns of the

. carbon ring_are.Shown in'Fig,'III—36.v The segmented carbon ring indi-

‘' cates the,existence of a partially disordered graphite overlayer on -

Ay
b
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Carbon rings on Rh(331)

Figure III-36.

XBB 786-7514

LEED patterns of segmented carbon ring on Rh(331) at
47.5 eV. ;
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_}the'surface. The (0,0) beam of the carbon'ring lies 22° awaj rrom.the
::(3315 (0;0)'beam’in a direction peroendicularlto therstep.edgesr _The -
orientation difference_hetween the (11l55and (331)_p1anes,is‘22°,-in—A
'dicating'that the graphite overlayer is formed on the tlil).terraces;>

Several carbon structures have been observed for CZH4 decomposition on

(137 163)

the Pt(S) [6(111)X(100)] surface while no ordered‘carbon'struc—‘g:

R tures were seen on the Ir(S) [6(111)X(100)] surface (102) - Carbon denosi—

tion also caused the Pt(S) [6(111)X(100ﬂ surface to facet into 1arge
.domalns of (111) orlentatlon ( 37) | |
Carbon was not detectedvdesorblné from the surface, but as.noted

above carbon could be dlssolved in the bulk by heatlng the crystal to |
.QQO»C;V,To remove.large_amounts ofgcarbOn the crystal had.to be heatedf
‘at;9006C);‘ This 1ed-to.a‘regeneration ofv

.in oxygen (1 x 10763torr:of 02

h_the c1ean_stepped_surfaces,='

D. Oxidation Studies on.the Rhodium(1l11l) Surface .

31) LEED Resuits of‘theeridation Studyvon:Rh(lll)

' ‘The adSorption.of lbL(lL_= 12'10_6“torr-sec) of oxygen at =-63°C
on'the clean Rh(111l) surface resulted in the-appearance of large diffuse
diffraction heams‘at the half order,positions, fhese'new diffractionﬂv
features were slightly elongatedandfbwfrapuily cooling.the'Clean,Rh(lll).
surface_from'ZSO to.—63fC ( ~50 sec) invan oxygenfpressure'of 2x iQf7,
| torr*they became sharper ‘and the elongation uore pronounceds The dif-

fraction pattern observed durlng th1s rapld cooling in oxygen is shown in

. Flg. II1-37b. The dlffractlon pattern in Fig. III-37¢ with sharp half
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Oxygen LEED Patterns on Rh(111)

XBB 788-10162

c d

Oxygen LEED patterns on Rh(111l). (a) the clean Rh(111)
surface at 64.5 eV; (b) slightly disordered Rh(111)-
(2%x1)-0 at 67 eV; (c) well ordered Rh(111)-(2x1)-0 at

67 eV;qu) Rh(111)«(8%8) coincidence lattice from Rh203
(0001) | |Rh(111) at 73 eV.

Figure III-37.
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order diffraction spots was obtained by either flashing tﬁe pattern in
Fig. III-37b to 25°C in an oxygen pressure of 1 X 10_7 torr or adsorbing
10L of oxygen on a clean Rh(111) surface at 25°C. If the crystal was
cooled to -63°C after formation of the sharp half order diffraction spots,
the spots remaiﬁed sharp. These results indicate the ordering of the
chemisorbed oxygen overlayer on Rh(111) is an activated process.

Two different surface structures, a (2X2) or three domains of a
(2xX1), can generate a LEED pattern with sharp half order diffraction spots
(Fig. III-37c). In Fig. III-38 the unit cells of the (2x2) structure and
one domain of the c(2%X2) and (2x1) unit cells are shown. Both the c(2x2)
and (2%x1) unit cells describe identical oxyéen overlayers; therefore, for
the remainder of this paper we will primarily refer to it as a (2x1) struc-
ture. We have used the activated ordering process to differentiate between
the (2X1) and (2%2) structures on Rh(lll). By following the shape of the
half order diffraction features during the ordering process, it was deter-
mined that three domains of (2x1) structure was consistent with the direc-
tion of spot elongation (Fig. III-37b). This is illustrated in Fig. III-
39. Figure III-39a shows the schematic LEED pattern of Fig. III-37b and
the reciprocal space unit cells of the (2X1) and c(2X2) structures. Only
one direction of elongation or streaking of the diffraction features is
present in the (2x1) and c(2x2) unit cells and this streaking corresponds
to disorder along the rows of oxygen atoms in the (2X1) structure. As
shown schematically in Fig. III-39b, the (2%2) reciprocal space unit cell
only indexes a half order diffraction pattern with sharp spots. If the

(2X2) reciprocal space unit cell was used to index the schematic LEED
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c(2x2) . | I (2x1)

(2x2) '(le)

XBL 795-9676

Figure III-38. = Real space unit cells for (2x2), c(2x2) and (2x1)

: surface structures on Rh(l111). The large circles
represent the rhodium atoms and the small circles
represent the oxygen atoms. The (1x1) structure is
the unit cell of the Rh(l1ll) surface. The rhodium
nearest neighbor distance is 2.69A. The oxygen atoms
have arbitrarily been placed in the three-fold hollow
sites and only one domain of the c(2x2) and (2x1)
structures have been shown.
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(a) and (b) are schematics of the LEED'patterns

'in Figs. III-37b and 37c where O are diffraction

spots from the Rh(111l) surface @ and @ are dif-

" fraction features from the oxygen overlayer. In

(a) the reciprocal space unit cells of one domain
of the c(2x2) and (2x1) Sstructures are shown. In

-(b) the reciprocal space unit cell of a (2x2)
'structure is shown :
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pattern in Fig. II11I-39a, it would contain three different directions of
elongated diffraction features, corresponding to disorder in three
crystaliographic directions. Disordering in three directions of the (2x2)
structure would tend to make the half order diffraction features round,
broad and diffuse, not elongated as shown in Fig. III-39a. Therefore
chemisorbed oxygen forms a (2x1)-0 surface structure on Rh(lll).. The
chemisorbed oxygen species present in the (2x1) structures was very re-
active with hydrogen and the half order diffraction features shown in
Fig. III-37b and 37c were rapidly removed when the rhodium surface was
heated to 50°C in 1x 10_7 torr of H,.
Further oxidation of the rhodium surface was carried out by
heating the crystal to high temperatures in the presence of oxygen. For
temperatures up to 800°C and oxygen pressures up to 1 ><1O—5 torr only
half order diffraction spots were observed in the LEED pattern. Although
this is the same diffraction pattern as was shown for chemiéorbed oxygen,
the reactivity with hydrogen of the oxygen species that make up this sur-
face structure was much lower than was observed for the chemisorbed oxygen.
After prolonged heating ( > 30 min.) at 800°C in 1 X 10—5 torr of 02, the
half order diffraction spots could not be removed by heating the crystal
to 50°C in 1x 10_7 torr of H, and high temperature anneals (900°C) in hy-
drogen were required to regenerate the clean Rh(lil) surface. This un-
reactive oxygen species has also been referred to as "strongly bound

oxygen' or "surface oxide" in the literature and these three descriptions

will be used interchangeably here.
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" 'Increasing the oxygen pressure to 1:torr ahd_heating the crystal.
~at 700°C for 10 minutes'resulted'in3the'appearance of a diffraction‘oate:
ftern_fro¢4a (8X8)'surface structﬁre'(Fig;'III—37d).' This (8*85 coihti—v
dence lattice strocture can be identified'as the‘expitaxial-growth of v
“Rh203(0001) on»the Rh(lll),sorface, Rh203 has the’ corundum structure

with unit cell vectors of a=5.108A and c=13.81 A,Kléé)’Four'unit cells

of RhZO (0001), expanded by 5%, would fit_into_ah (8x8)  structure on

~ Rh(111). ~The formation of a slightly expanded hexagomal Rh203 structure

at 700° in 1 torr of O. is reasonable since the corundum form’of Rh203

2
expands into an orthorhomblc structure w1th unit cell vectors of a—S 149
and c=14.688 A when heated above 750°C in a1r.(“64) The-corundumvstruc-

ture is just a hexagonal closest.packed (hcp) lattice of oxide ions with
_2/3 of the octahedral holes occupied by metal ions.' The ‘basal plane of

Rh203 would consist of an hcp layer of oxlde ions with. Rh ions arranged

in the threefold hollow sites of the oxygen layer to form a (/—X/~)R30°
.'structure (see Flg.,III-AO).

Epltax1al Rh,0, was inert and neither hydrogen nor CO adsorption

273
could be detected on-this surface at ZSPC The (8x8) structure could be

removed by either heating the crystal to 500° C in vacuum. or to 800°C in

1x.10 5 torr of 02. Rh203 decomposes in air at 1050°C; (164) thus the

oxide decomposition temperature increases as the partial pressure ofO2 :

above the oxide is increased.

.
»
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Figure III-40. The basal plane of Rhy03. The large circles
: represent oxide ions and the small circles

represent Rh ions. The oxide ions are arranged
in hep lattice with a nearest neighbor distance
of 2.949A. The Rh ions occupy 2/3 of the octa-
hedral holes with an in-plane nearest neighbor
distance 5,108 A. The unit cell of Rh,0,(0001)
is shown.?fe?)‘ | 273



-142-

2) AES Results of'the Oxidation Study on Rh(111)

The AES spectra for the Rh(lll)-oxygen system are "shown in F1gs
:III 41 and 42 The spectra in Fig. III-41 show the rhodium MNN and - oxy—.
gen KLL transitlons; In Flg. III- 42 the rhodlum NVV transitlon is shown
- The low energy NVV transition 1nvolves the d band electrons and therefore
h1s 1deally su1ted for follow1ng the changes wh1ch occur in the d band |
during ox;dation. The top spectra-in-Figs. I1I-41 and 42.are for the

clean Rh(lll)'surface Adsorblng IOI,of oxygen at 25 Cc on a clean :

Rh(lll) surface results in the appearance of 1ow 1nten51ty oxygen transi- }

tlons at 496 and 518 eV. (mlddle spectrum of Flg III 41) The 0518/ h302
peak-t o-peak ratlo ;n thlS spectrum is 0.06. . No. change in the 39 eV- rho-
vdium:transition uas detectedvduring oxygen adsorption_at 25’C._ ngh S

temperature oxidation of'the rhodium surface resulted in the oxygen'tran—

sitions grow1ng in intensity and sh1ft1ng to lower energles. The.bottom

spectrum in Flg I1I-41 is from a Rh(lll) crystal w1th an ep1tax1allayerw

hof Rh 0 (0001) In this spectrum the major oxygen-tran31t10n has shlfted

from 518 eV to 515 eV and has a 0 / 302 peak-to-peak ratio of 0.25.

515
ngh temperature oxidation also resulted in the appearance of a transi- -
" tion from‘Rh'oxidefatu35-eV. Ihis_transition-grew in intensity as the_
amount of oxygen in»the'near-Surface reglon increased.‘:The_spectraviﬁ )
Figs. III 42a and 42b are from surfaces with O5 5/ 302 peak-to-peak:
ratios of 0.18 and 0.25, respectively. Due to the small energy. differ-
ence between.the 35 and 39 eV peaks and the modulationvvoltage used

(2 ev, peak-to-peak)’these peaks were not wellsresolved.,fThe 35 eV'Rh

oxide transition was also broader than the 39 eV transition of the clean

Rh(111) surface. ‘These resultS'indicate the Rh oxide d band is broader

:
b
.
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‘f Clean Rh (ll1)

oL 0,/Rh (Il1)

-

496 |
518

NE)

Oxidized Rh (1)

] | ] | ] ] 1
: 200 400 600
Energy (eV)
: XBL788-5558

" Figure III-41. AES spectra for clean (top), chemisorbed
 oxygen (middle), and epitaxial Rh203
" (bottom) on the Rh(11l) surface.
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‘30 40

: Energy(eV)

~ Figure III-42.

- XBL 788-5557

Low energy_AES Spectré for a Rh(1l1l)
surface with O.,./Rh,., peak-to-peak
ratios of (a) 8}8;'(3920.18, and

:\ff
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and shifted downward in energy relative to the metallic Rh d band.

3) TDS Results of the Oxidation'SFudy on Rh(11ll)

The TDS spectra for oxygen adsorbed at 300 K oﬁ a clean Rh(111)
surface are shown in Fig. 111543. For low O2 exposures no oxygen desorp-
tion (mass 32) was detected. An oxygen signalwas present in the AES spectrum
before but not after the desorption experiments. This adsorbed oxygen
was not being removed during the desorption experiments by any near sur-
face region impurities or residual background gases since no desorption
of any qugen céntaining species (CO, COZ’ HZO’ etc,) was detected. Ther
lack of oxygen desorption can be explained by diffusion of oxygen into
the near surface region. The diffusion of oxygen into the near surface

(26,27,30,32)  strer higher

region has been previously observed on rhodium.
02 exposures oxygen desorbed from the rhodium surface and the deéorption
temperature decreased with increasing O2 exposure. The TDS spectrum of
chemisorbed oxygen is characteristic of a second order desorption process,
) ly
indicating that two oxygen atoms recombine at a slow rate to form an OXy-—
gen molecule before desorbing. This implies that 02 is dissociatively‘
adsorbed since this would provide the source of oxygen atoms needed for a
second order desorption process.
Hydrogen, oxygen and CO TDS experiments were attempted on the
oxidized (8%8) surface structure so that a comparison with TDS results
on clean rhodium surfaces could be made. It was found that neither hydro-
gen nor CO adsorbed in sufficient amounts to be detectible on the (8x8)

structure at 25°C and the (8%x8) structure began decomposing as the crystal

was heated during the desorption experiments. For this reason only the
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7-, -Figure III-43. TDS Spectravfroﬁ chemisorbed,okygen'on Rh(11l1).
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decomposition of the epitaxial oxide was investigated. Heating.the oxi~-
dized surface to 500°C resulted in a large oxygen (mass 32) desorption
signal as the epitaxial oxide LEED pattern reVerted to a half order

LEED pattern. If this nattern was then heated-fo 900°C a large oxygen
desorption signal. (more tnan 100 times the signal from the chemisorbed
oxygen in Fig. I11I-43) was observed between 500 and 900°C. The initial

heating to 500°C decomposed the epitaxial Rh20 » but still left a large

3

amount of oxygen in the near surface region which could be removed by

heating'the crystal to 900°C. Most of the oxygen removed at this tem-—
perature must be from the near surface region, since the amount of oxygen
desorbed was far too large to be just due to a monolayer of adsorbed oxy-
gen, The'size of this desorption peak indicates that the rhodium lattice
can Aissolve large amounts of oxygen. Thus; oxidation of the Rh(1lll)
surface not only results in the epitaxial growth of Rh203(0001) but also

the dissolution of oxygen into the near surface region.

4) Discussion of the Oxidation Studies

Four different oxygen sPeciee can be identified during the oxida-
tion of the Rh(1l1ll) surface: chemisdrbed.oxygen.atoms, oxygen dissolved
in the rhodium lattice, surfece oxide and epitaxial Rh203(0001). The
production of these four oxygen species is interdependent and intercon-
version between the different species could be accomplished by making the

appropriate changes in O, partial pressure and crystal temperature. This

2
section will contain a general discussion of the oxidation properties of
the Rh(111) surface and a comparison of these properties to other Rh

crystal faces and other transition metals.
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- The chemical and structural propertieS'of the chemisorbed ongen

ﬂspec1es on Rh(lll) has been exten51ve1y dlscussed and compared to other B

thrOup VIII transition metals in previous inveStigations.(zo 125,26, 30)

‘The present results are in good agreement with the previous work."\Chemié

- 'sorbed oxygen atoms were produced.by_low_temperature dissociative adsofp+_.

'5tion of OXygen.. DisSOciative adsorption'of O2 and'the resulting second

order desorption klnetlcs 1ndicated by our results are con31stent w1th

(26 30) 109,165) ) (166)v

.prev1ous 1nvest1gat1ons on Rh(lll), ande(lll

Ir (111%

2

’resolutlon electron 1oss spectroscopy (ELS) experiments. Oxygen adsorp—h

'More evidence for O d1330c1at1ve adsorption can be obtained from high

t10n of Rh(111) produces a 31ng1e loss peak at 520 cm -1 in the ELSispec—'

um, (3%)

tr Th1s peak 1s the metal-oxygen stretch of a chemisorbed oxygen

 atom and falls in the range of values seen for the metal-oxygen stretchlng

frequenc1es on Cu,(167) (168) (169) .(;70)

Chemisorbed oxygen produces half order diffraction patterné'on'.'*

' the hexagonal ‘surfaces of Ir (109 165) (ljl)”Pd,(166) Rh(.25’26’30 and -

Ruf2§,172)

order diffraction patterns are from a (2X2) or three domains of a (2x1)

Hsurface structure. LEED surface crystallography in&estigations of the

(173) (174)

Ni(1l1l1l)-oxygen cand Ir(lll)-oxygen systems have been undertaken.

These studies were unable to differentiate Between the two structures but

- did determine. that the oxygen atoms resided in threefold hollow sites. .

)(109)

'OnAIr(lll the activated ordering,of oxygen was used to determine

that chemisorbed_oxygenvforms a (2x1) surface structure, just as in the

present studies on Rh(l111). A previous low temperature study of oxygen

(30)

adsorption on Kh(l11l) found that ordering_of the oxygen overlayer was

'Several meéthods have beenvused'to determine whether these<ha1f »

»e
.
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activated, but did not'idenﬁify'whether the oxygen structure was a (2x1)
or (2x2) structure. Determination of surface coverage has also been used
to make fhe>distincti6n between tﬁe (2x1) and (2x2) structureé since for
the (2x1) structure 6=1/2 while for the (2x2) structure 6 céuld be 1/4,
1/2 or 3/4 (in Fig. I1I-38, 6=1/4 is shown). On Ni(lll)(l71) and
Pd(lll)(166) (/3%/3) R30°-0 structures with 6=1/3 are observed at oxygen
coverages highér than those in the (ZXZ)QO structures, implying that a
true (2*2) surface structure with 6=1/4 is formed on Ni and Pd. On
Ir(111), Pt(111), Rh(111) and Ru(0001) a (V3x/3) 30° structure has not

been observed for chemisorbed oxygen. For Ir(111)5109’165) (;43)

Pt (111)
and Ru(OOOl)(172).surface coverage'measurements have shown 9=1/2 and
three domains of a (2X1) structure have been suggested to be the proper
structure.

Heating the crystal in the presence éf oxygen results‘in the
dissolution of oxygen into the rhodium lattice. If the oxygen pressure
and érystal temperature are high enough, oxide formation will occur in
a&dition to the dissolution of oxygen. At the highést oxygen pressures
and crystal teﬁperatures, the growth of epitaxial Rh203 is observed.
Thus, while initially low temperature oxygen'adsorption just proddces
chemisorbed oxygen once the temperature is raised, oxygen interaction
with the Rh(1l1l) surface rapidly becomes more complex. The‘two extreme
stages of Rh(111l) oxidation, the initial chemisorbed oxygen and the.final
epitaxial oxide, are the easiest to characterize, but the intermediate
stages where the nonreactive surface oxide and dissolved oxXygen are pres-—

ent are probably of more catalytic importance. Rh203 would only be stable

under highly oxidizing conditions, while chemisorbed oxygen would rapidly



Véactivities.and changed the dehydrogenat1on-hydrogenation select1v1ty.

. The oxygen AES signal from the surface oxlde on Rh

-a_kinked surface than for a stepped or flat_surface.

‘(100),
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be converted to H20 or CO2 1f any H2 or CO were present. .The non- :pl

reactlve surface oxide and dlSSOlVed oxygen, however, would be much more -

stable under reaction condltlons and could alter the catalytlc propertles

-of rhodium. For CO hydrogenation over polycrystalline Rh(l ) and Rh
(lll)K ) catalysts oxygen pretreatment resulted in both ‘an increase in
'activity and a change.in select1v1ty.- On Pt 31ngle crystal catalysts the

vformation'of a surface ox1de 1ncreased dehydrogenatlon and hydrogenation-

(175)

(12 ) (175)

mained constant thrOughout'the experiments indicating these surface oxides

-

- were not removed under the reaction conditions. ,Nonreactive oxygen spe-

cies have also been formed by high temperature oxidatlon of the Ir(lll%léS)

and Pd(lll)(l66) surfaces.
The structure sen51tivity of the'platinumvmetal sUrface\oxides'
should also be.Consideréd.' On Pt'surfaces preridatiOn'yielded a higher _

relative enhancement of dehydrogenation and hydrogenation act1v1t1es for

(175) Oxygen dlffu-

- sion into the near surface region of Pd was found to be more pronounced On

the (111) than‘on the (110) surface.(lgé) For Rh oxygen dissolution and

nonreactlve surface oxide: formation has been observed on the (lll) (26,30)

(22, 26) (23 32) (24. 7)

(110) and several stepped

surfaces. = .
The-relationship'of‘dissolved oxygen to these surface oxides is

also important to consider. One possibility that the results suggest is

"that_only after the near surface region becomes saturated with dissolved -

v oxygen does oxygen,precipitate at the surface and form the surface oxide.

.
s b
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This is reasonable since at the high temperatures needed to form the sur-
face oxide oxygen is soluble iﬁ the rhodium lattice and thé crystal must
be heated for extended periods of time to form the nonreactive surface
oxide. If this is the case, then dissolved oxygen and the surface oxide
are very closely related and it will be important to consider the oxygen .
concentration gradient in the near surface regioﬁ. Large changes in the
oxygen concentration profile could occur that would not be detected by
AES if the oxygen concentration in the'upper two or three layers was not
markedly affected. The low energy AES transitions are useful in following
changes in the distribution of valence band electrons during oxidation,

. but use of the oxygen AES signal to follow changes in the oxygen concen-
trations during reactions may be misleading.

has not previously been reported on

y (23,32)

Epitaxial grbwth of Rh203

rhodium single crystals but studies on Rh(110 observed the for-
mation of several ordered surface structures when the crystal was heated
in oxygen. Some of these structures were proposed to contain an adlayer

(23) The growth of epitaxial oxides has been

of rhodium and oxygen atoms.
observed on most of the other Group VIII transition metals, however. In
Table III-13 the surface orientation and approximate temperatures of
formation of these epitaxially grown transition metal oxides have been
summarized..

The transition metals in Table III-13 can be divided into two
groups, the 3d metals (Fe, Co, Ni) which readily form epitaxial oxides

at or near room temperature and the platinum metals (Rh, Pd, Ir, Pt)

which are much more resistant to oxidation and only exhibit epitaxial
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‘Table III-13. The structure and approximate temperatures of ebitaxial
: S oxide formation on.-the Group VIII transition metals. .

AﬁprOXimate Temperatures
of Epitaxial Oxide For-

v ' L o : ~ mation : :
- Substrate vEpitaxial'Qxide - (°0) I _ Referenge
o Fg(OOl)‘ © Fe0(001) 200 S0 178
Fe(dbl) L ~ FeO(111) - . 200 ‘ 178
€0 (0001)- Co0(111) 2 S 176
i ¢§(0001) 3 60304(111). B v_ » 325  ' _'. 176
Ni(111) oNioQiny 25 - 177
RR(11) Rh,0,(0001) 700 . this study
PAC111)  PdO(100) o oTs 166
Ir(ill) - Ir oxide R 1025. ' : : 183
Pr(lll). PO (0001) S1000 | 87

Pt (110) Pt0(100) 800 184

of
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oxide formation at high temperatures. This difference generates dis-
tinctly different behavior of these two groups during oxidation. For
the 3d metals oxidation proceeds directly from chemisorbed oxygen to the

(175-178) On the platinum metals, there are large tem-

epitaxial oxide.
perature differences bet&een the chemisorbed oxygen and the epitaxial
pxide growth stages and dissolved oxygen and nonreactive surface oxides
are formed during the intermediate étagesvof oxidation.(165’166’175)
The AESresulté on oxidized Rh(l1ll) are in good agreement with
.rgsults on other oxidized transition metals. On Pt(87’88) and ﬁi(179)
the ogygen KLL transitions shift to lowef energies duriﬁg oxidation by
6‘and 1.7 eV, respectively, similar to the 3 eV shift we encountered for
the Rh-oxygen system. The o#idation 6f Zn produced low energy AES tran-
sitions from Zn oxide which were broader and shifted downward in energy

by 3 to 4 eV compared to the low energy AES transitionms of clean Zn,(lso)

(180) the broadening and shift

as is the case for oxidized Rh. For 2Zn
of the low energy oxide peaks have been interpreted as an increase in

the d band width and variation of extra-atomic felaxation energies.

Peak broadening and shifts have also been seen on oxidizedNi.(179’181’182)
resulting from differences between_the d band in Ni oxide and metallic
.Ni. A low energy oxide peak shifted downward 3 eV in energy ffom the
low energy metallic peak has been observed during the oxidation of

Fe(OOl)(178) and was interpreted as resulting from positively charged

Fe in an Fe oxide phase.
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E.  CO Hydrogenation Qver Rhodium Crystals

‘ 1) Clean Polycrystalllne Rh Foil and Slngle Crystalllne ,
‘RuE(111) Surfaces - :

The bulldup of reactlon products durlng a typlcal three hour. CO _:

hhydrogenatlon experlment at 300 C 6 atm and 3H :1CO over the clean rhof
}dlum crystals is shown in Flg. III 44 co hydrogenatlon over both the
'clean polycrystalllne Rh foil and the clean single crystal Rh(lll) sam-
fples ylelded the same results. Invdetermlnlng the hydrocarbon:concen—v .
tretion (molechles°srte_ )-the etom density of the Rh(111)surface
-(1.6x_1015 atoms-cm_z) wes osed.as the site density;v Thishpr0ceouref
‘should result:huaconservetive estimate of.the;hydrocarboh concentretion
jbecatee it‘assuhes all of the rhodium atoms in the surface are ectiﬁe,b
rMethahe was the major product (90 wt %) haviﬁg.ah ihitiai'turhover_hﬁm—
ber (IN) of 0.15 moleculeg-sicé‘l-sec'l'ac 300°C.  Small amoun::s.of‘c2
:-and_C3 hydrOcarbOns were also formed, but no oxygenetediproducts‘were |
'detected;under these conditions. |
As:thenreaction progreSSes the CH, IN decreases and the relative

4

_amounts of C2H4 and C2H6 chahée,,iﬁdiéating catalyst poisoning and selec-
tivity changes are occurring during the reaction. AESvspectra were
recorded at various.stages of the.reaction to determine if thevsurface
compositioﬁ was changihg:ouring the‘reaction.”:After,a three hour reac—
:tion small amounts.of carbon, eulfur and chlorihe were detected on the
surface (see'Fig. III-45b). The carbon AES eignai in_Fig..IIIe45b cor-

responds to less than a monolayer of carbon on the surface. The carbon

' concentration increased to this value during the initial 30 minutes of
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Figure III-44. Production of hydrocarbons over a clean rhodium crys-

tal from a 3H2:1C0 mixture at 6 atm and 300°C.
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Figure III-45. AES 'spectra_ from rhodium crystals
- (a) before a reaction over a clean sur-
face and (b) after a 3 hour reaction of
a 3H2:1CO gas mixture at 300°C and 6 atm. -
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the reaction and then remained constant for the remainder of the re-
action. Thus the carbon concentration is qonstant while'changes in the
catalyst poisoning and selectivity are occurring. The close proximity
of the Rh AES peaks (256 and 302 eV) to the C AES peak (272) prevented
analyzing the lineshape of the carbon peak to determine whether a change
in.the chemical state of carbon was occurring during the reaction, for
example ca;bide to graphite. The Cl AES signal also reached its max-
imum inténsity during the first 30 minutes of the reaction. Most of the
‘increase in the S AES signal occurred during the first 30 minutes of
reaction, but unlike the Cl and C intensities the S intensity increased
slightly during the remainder of the reaction.. Therefore the observed -
changes in the reaction could be.due to either the buildup of sulfur on
the surface or a conversion of the carbon overlayer from active form to
an inactive form.

Experiments were carried out varying the HZ:CO ratio and reac-
tion temperature. These results obtained over the clean Rh crystals at
6 atm were similar to the previously réported results for clean Rh poly-

(11)

crystalline foil at 1 atm. No oxygenated products were detected

during any of these experiments. Thus the clean surface results will not

be described fufther.

2) Preoxidized Rh(111) Crystal

Oxygen pretreatment (800 torr, 600°C, 30 minutes) of the Rh(l11)
crystal had a dramatic effect on the CO hydrogenation results. All the
initial hydrocarbon TN's increased by at least an order of magnitude,

small amounts of 04+ hydrocarbons were produced and three oxygenated
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_;hydrccarbons.(nethanol,:ethanol and acetaldehyde) were produced. The
vfbuildun of the C tofc3 hydrocarbonvreaction'prodUCts during a.three “u
fhour co hydrogenatlon experlment over a preox1dlzed Rh(lll) surface at
13300 °C, 3H2 ICO and 6 atm is shown in Flg._III 46. The product dlStrl‘
;‘butlons after two hours of CO hydrogenatlon over pretreated Rh(lll) |
::icrystals are shown in Fig.vIII—47;’ | |
The TN's Whichvwere calcuiated stili-usiné‘a'site density cff
- 1.6 Xv1015 sites;cm;z,-decreaSed markediy”during the first 30 minutes
hvfthen slowly decreased'untii they had-reacﬁed a-fairly constant value by'
'fiSO_minutes; Even after iSOImfnutes tne CH4.TN.W§SQ§ factor of three:to
v?fcur'times higher than the_inftial_CﬂA TN.frcm-a clean thcrystal;f'iﬁe
'ffall offvinvthe-TN's_can be correlated;uith\the amcunt“of ergen in_tne .
nearfsurface regionr AES spectraAtaken‘at befpresand after the reaction B
Vare.shown in Fig' I1I-48. During:the first-301minutes'of'the=reaction :

;the 0 / peak—to—peak ratio decreases from O 6 to 0.05 and slightly

515 302 ,
less than a monolayer of carbon is deposited on the surface. .After the
first-30 minutes the oxygen and carbonﬁAESVsignals'remain fairly con—'
stant.. Thus the highest activity‘is attained at the highest 0xygen con~r
centrations andvafterfthe stead&;statevconcentratiOns cf OXygen'and car-
bon are.reached the.activity decreases'tc a,c0nstant yalue. Significantv
. amounts of methanbl, ethanol and acetaldehyde continue tc be produced
after thevfirst'30 minutes of reaction. The_constant'intensity of the
oxygen AES signal during this time would indicate thatvthe onygen-in
these molecules originate from-theGO.moleculesand'not the oxygen in the

near surface region. The constant intensity of the oxygen AES signal
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Figure III-46.

Buildup of C

to C3 hydrocarbons during CO hydro-
genation over a préoxidized Rh(l1l) crystal.
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AES spectra from a preoxidized Rh(11ll) crystal.

(a) before a reaction Og535/Rh3gp =0.6), (b) after

a 3 hour reaction of a 3Hp:1CO gas mixture at 300°

and 6 atm, and (c) after 3 hour reaction of a

1H,:3CO gas mixture at 300°C and 6 atm.
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_could be misleading because during the oxidation pretreatment a large -

29)

‘gamount of oxygen is dissolved in the rhodium lattice. Therefore
j--'f.1f oxygen ‘was belng removed from the surface during this stage of the
v-.reaction it could be replaced by oxygen,difoSing-from the bulk to the
inear surface region resulting in no detectable change in,the oxygen-
concentratron in the upper 2 or 3 rhodlum layers, the region probed.
vfw1th AES. |

The decrease in the weight percent of methane in the product

' distributions with increasing oxygen concentration (Fig. III-47)-is.not g

due to the decrease in the amount of methane -produced.. The CH4 IN increases
‘with increasing oxygen concentration but the increase in the TN's of the
other reaction products is evenegreater.v,Increasingvthe oxygen concen-
| L
515/Rh302 0.6 increases the 1n1t1a1 C2H6 and C3 TIN's by

“tration to O
-two orders of magnitude compared to the .one order of magnitude. increase .-

~in the CH, IN. Further increase of the 05'15/Rh302 ratio to 2;6nincreased -

4

all the initial hydrocarbon TN's by a factor of 4 to 6 and while the pro— '

dductlon of methanol, ethanol and acetaldehyde was markedly 1ncreased
The effect of varying the H :CO ratio is shown in Flgs. I1I- 49
to‘III¥51. Decreasing_the H2:C0 ratiovfromvgtl to 1:3 resnlted in an |
increase in the amount of higher molecular weight hydrocarbons and. the
C,H, to C2H6 ratiorin the.product_diStribution. These increases arefdue
‘toeaslight falloff in the.initial CH4 TN and an order'of magnitude de§ _
crease in the initial C2H6 TN while the initial C2H4 and C3 TN's re-.
. mained_constant. These,trends continued'if the reaction temperature

’was decreased to 250°C" for the 1H2 :3C0 mlxture (see Fig.. III 52). The'

product dlstrlbutlon under these reaction condltlons contalns less than
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Figure III-49. Buildup of C1 to C4 hydrocarbon products during CO
hydrogenation over a preoxidized Rh crystal.
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40 wt % CH4 and an increased amount C5 hydrocarbons (™10 th); More
carbon wés deposited during the CO rich reactions resulting increased

in an amount of curvature in the first 90 minutes of the product versus
time plots in Figs. III-50 and 52. The AES results in Fig. III-48c show
that two to four monélayers of cafbon were deposited during the CO rich
reactions. Generally a slightly larger garbon AES signal is seen after
a CO rich reaction over an initially clean Rh(11ll) crystal than over a
preoxidized Rh(11l) crystal. The type of oxygenated products formed
during CO hydrogenation depénds on the H2:00 ratio.v Methanol, ethanol

and acetaldehyde are produced from a 3H2:1CO mixture but only.acetalde—

hyde is produced from a 1H,:3CO mixture.

3) Preoxidized Rh Foil

The results of CO hydfogenation over a preoxidized Rh polycrys-
talline foil were similar to those’obtained over the preoxidized Rh(111)
single crystal. Figures III-53 and 54 show the CO hydrogenation results
over a preoxidized Rh foil at 360°C, 3H2:100 and 6’atm; Preoxidafion
of the Rh foil resulted in increased initial IN's, formation of‘oxygen—
ated products and formation of small amounts of C4+ hydrocarbons. During
the CO hydrogenation there was a 1arg¢ decrease in the OSlS/RhBOZ ratio
and an‘increase in the carbon signal during the first 30 minutes.‘ By
30 minutes a steady state éoncentration of oxygen and carbon in the
near surface region had been reached. The AES spectra from the‘pre—

oxidized Rh foil under H, rich reaction conditions was the same as

2
shown for the preoxidized Rh(1l1l) crystal in Fig. 48a and 48b, except

more boron segregated to the surface during oxidation of the Rh foil.
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vPreoxidation of the foil did not iucrease the initial TN's as much as
: ,was observed on the (111) cyrstal, espec1a11y the C2 6 Tﬁ which yieldedf
ea hlgher olefln to paraffln ratio for the C2 fraction on the preox1dlzed .di .?t,
‘ uRh f011 Both.preoxrdlzed surfaces,produced methanol, ethanol, aud |
.acetaldehyde'but smaller:amounts of ethanoi”were produced'over,theforelx
oxidized foil. o | | | |
. The results of decrea31ng the H2 CO ratio over the preox1dlzed

Rh foil are shown in Figs. I1I-55 to 57.. As over the preox1d1zed Rh(lll)
-crystal the percent of higher welght hydrocarbons 1ncreased, the C2 4 to 'd
»2 6 ratlo increased and the 1n1t1a1 CHaand C2 6TNs decreased. Again: the‘
only oxygenated productvformed under CO'rich'conditions was acetaldehyde.
'fheimajor_difference betweeh,the CO rich reactions over the‘two.preoxié _
.fdized surtaceslwas the'increased~amouht of carbon‘deposited on the pf§§
okidized foil.  This resulted in the'larée auouﬁt of curuature iuvthe':
'AprOduct versus time plots'in Fig.diII-56. By 601miuutes several mono—
layers of carbon had been deposited on the preoxidized foil and the TN's
v-had decreased by almost an order of magnitude.‘.After-60'mihutes carbon
continued to buildup but the TN's remained constant.
| - The results of varylng the reactlon temperature for a. 3H2 CO
gas mixture ouer a preoxidized.Rh foil are-shown in Figs. III 58 to 60
: fhese figures show that as the reaction temperatureviS'decreased the
C2H4 to C2H6 ratlo increases and relatlve amount of’ higher welght hydro~
carbons and oxygenated products increase. 1At 400°C CH4 and C2H6 . B S
essentially the only reaction products,_while.at 250°C,significant
amouutsuof C3,YCZ‘+ aud oxygenated hydrocarbons are produced. ‘The actif‘

vation energy of methane formation, E,» over .the preoxidized Rh foil was
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Figure ITI-55. Buildup of Cl to C4 hydrocarbon products during CO hydrogenation
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determined to be 12+ 2 kpal/mqle for the temperature.rénge 250 to 400°C.
This value was obtained from plotting Zn(CH4TN)Versus1/T(Arrheniusplot)
which yields a straight line with a slope of —Eé/R. The initial CH4TN

was used in the calculations thus Ea should be representative of a heavily

oxidized Rh foil.

4) Gas Phase Additives

In the previous two sections the effects of a surface additive
(oxygen pretreatment) were described. 1In this section the effects of
adding‘~ 1 mole percent of CH3OH» CH3CH20H and C2H4 to a 3H2:lCO reac-
tion mixture at 250°C over a preoxidized Rh(1lll) crystal will be de-
scribed. Theée experiments were gartied out to determine the importapce
of readsorption of the initial reaction products in the CO- hydrogenation
reaction over fhodium crystals. Due to the high reactor volume to cat-
alyst area rafio (159.5 cm3 to 0.6 cmz)vless than 1% of the CO is con-
verted into products. At this low conversion the'concentration of re-
action products is so low that the readsorption processes of these prod-
ucts is minor compared to the CO and H2 adsorption processes. By adding
a significant amount of a given reaction product to the initial reaction
mixture high. conversion conditions can be simulated and the importance
of product readsorption can be determined.

The effects of the gas phase additives on the product distribu-
tion over a preoxidized Rh(11ll) crystal at 256°C, 3H2:1C0 and 6 atm are
shown in Fig. III-61. Unfortunately the amount of the gas phase addi-

tive completely overshadows the amount of that particular product which

" the Rh crystal produces. Therefore in the experiments with the CHBOH
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and CHéCHZOH additives the amount of oxygenated products was not mea-

sured and in the experiments with the C2H4 additive the amount of C2

hydrocarbons was not measured. The absolute amount of methane produced

4 TN does not change significantly when ethylene,

methanol or ethanol is added to the reaction mixture. The percentage

and the initial CH

of CH4 in the product distribution does decrease noticeably however, due
to the increase in amount of higher molecular weight products. The most

marked increase was in the C3 hydrocarbon fraction with smaller increases

-occurring in the C, and C + hydrocarbon fractions.

4 5

5) Discussion of CO Hydrogenation Results

In this section a general discussion of the CO hydrogenation
results over polycrystalline Rh foil and single crystalline Rh(111)
catalysts will be presented. A comparison of these results will bemade
to preVious co hydrogenation»results over a variety'of rhodium cétalysts.
Cémparisons will also be made to previous reéults on iron foils and
single crystals which were obtained under the same reaction conditioné
used here.

The results obtained at 6 atm over the clean Rh surfaces are in
good agreement with previous CO hydrogenation studies at 1 atm over

(11),and 1% Rh supported on A1203;(10)_ The initial CH_4 TN's over

Rh foil
the unsupported Rh catalysts are the same within experimental error and
about a factor of 4 times greater than the CH4 TN over 1% Rh/A1205.

This is reasonable agreement considering the different methods of sur-

face area measurement (geometrical versus hydrogen chemisorption). The

major difference lies in the composition of the 02 hydrocarbon fraction.
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. Over thevsupported Rh catalyst only ethane was produced whlle over the
:}cnsupported Rh catalyst both ethylene and ethane .were produced For the
:UnSUPPOYFQdVRh catalysts.the select1v1tyvchange from C2H4 to C2H6 which

.;occdrred during thevreaction of'3H2:1CO at 6 atm was not present.at |

1 atm;, but a notlceable conver51on of C2H4 to o H6 was seen for reactlon

'temperaturmsabove3007C in SH :ICO.gas,mlxtures._The hydrogenatlon of

2
' 2 4 could explaln the select1v1ty change from C2H4 to C2H6 as the re-~

- _actlon progresses. It is evident that rhodlum is a good hydrogenatlon -

1,»catalyst from the gas phase addltlve experlments with C2H4 because ‘MOSt:

24

2 partial pressure 1n 6 atm experlments the hydrogenatlon reactlon would

- of the initially added C.H, is rapldly converted to C2 6 At the hlgher

ibe'enhancedvrelatlve to the 1 atm experlments_and-th;s_dlfference could:
1resclt'in thegdifferences in'the_Cz'hydrocarbon“fractions:between the
- two experiments., Anothervdifference between the:unsupported‘Rh catalysts
:was catalyst p01son1ng Atvl atn no poisdning‘was detected-over a5
ehohr reactlon whlle at 6 atm, p01son1ng was observed. About the,same
~‘amount of-carbon was deposited'in both‘experiments.but possibly the con-"
version of thlS actlve carbon layer to an nonreactive carbon layer was- |
enhanced at the hlgher pressures._-Also the,effect_ofvthersulfur and
chlorlne 1mpur1t1es could be more pronounced at 6 atm.

Comparlson of the Co- hydrogenatlon results over clean Rh crystals

(185 187)  show several dlfferences. ' The Fe catalysts

to. clean Fe crystals
'have about a factor of ten.higher CH_4 TN,;prodUce more higher_weight
hydrocarbons and poisonvmore rapidly. The poisoning is the result of the

buildup of a multilayer carbon deposit on the Fe catalyst;> When-the

carbon multilayer has formed (aﬁter-2—3 hours of reaction) only nethane_
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is produced.b Thus under similar CO hydrogenation conditions rhodium is
initiaily less active than iron Buf_it runs cleaner (less carbon build-
ups) and continues its FT activity for longer periods éf time. During
their FT activity periods both metals are covered b& about a monolayer
of carbon. The unsupported glean rhodium CO hydrogenation ;esults dif-

fer from the results of expefiments done between 25 and 200 atm over

(13,14)

supported Rh on SiO At the higher pressures large amounts of

9

C2 oxygenated products (> 40%) were produced. One possible explanation

could be that at the higher pressures the formation of the oxygenated
products becomes more favorable. This pressure dependence is unlikely

because methanol, ethanol and other oxygenated products have been pro-

duced by supported rhodium catalysts below 1 atm.(188—190) These stud-

ies showed amount and type of oxygenated product formed depended on the
metal oxide support and how the rhodium was deposited on the support.

The most gctivé methanol catalysts were formed by decomposing various
(188)

Rh carbonyl complexes on Mg0, Zn0O, BeO and Ca0 supports. The most

active ethanol catalysts were formed by decomposing various Rh carbonyl
complexes on La2Q3, TiOz, Th02, ZrO2 and CeO2 supports.(lsg) In contrast,
catalysts fofﬁed by decombosition of Rh carbonyls on 5102 and Y-A1203
suports or hydrogen reduction of.imp?egnated RhCl3 on L3203 and ZnO sup-

ports primarily produced hydrocarbon products.(lse’;sg)

These results
point out the importance of the chemical state of rhodium and its en-

vironment in determining the product distribution. Therefore the Rh

foil and (111) catalysts are good models for the Rh catalysts which

produce only hydrocarbons from HZ—CO mixtures but are not good models
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:'for the Rh §aca1ys£s whi¢h.§ro§§ée oiygena;ed,p:odqcts from these.sémé .
| .BZ-CO mixtuiésr ‘Thusrmetéllié rhodiqﬁ:or a carbonvrpédium comPlex is
;aétive fof'h&d:écarbon.formét10n>bﬁt'ﬁot”for_qugené;ed'prOduct fofﬁa;v'i_
jtion. N » |
Cﬁangiﬁg éhé'cﬁeﬁicalleﬁvironmenﬁ_éf rhodiuﬁ by’o#idi;ing fhe :v'\ ' s

ﬁRh»éryétéié.pfb&ucéd‘&fématic chéﬁges iﬁ‘cétélyét'aétivit§ énd_éeléctivf
ity; O#idizing-the.Rh(llljvCrystél was shownvtoiréSQlt in-the:eﬁi;axial:i
.'growth'éf RbZO3 on the'crygtai'aﬁd diéédiution of 1argé7amountsvof:9¥ygeh~-;
in-thé rhodium_iatticé.(zg) ‘fhué,the rhOdium_chemicaifénVironmént::b.
vﬁhanges from metallic to oxide duriﬁg-the-oxidétibn proéess.«‘This change
 ¢ould explain'the'large increase in Caﬁalyst activity and the prodgctidﬁ

.of Q#ygenated.products o§er ﬁfeoxidized thcatalysts; If*youldvbe.impér—r
"fapf in the fufure to carry out x;fay phogoéieétrbn speétroscoﬁy (XPS)
ekpefiments on';hesé:catélysts to.defermine'a ﬁore duantiEafive re;atibn-
 _ship_bet;é¢n-;he éxidation>§£ate df rhodium and itévcatalytic.propertieé;
‘Methanol, ethanol and aceﬁaldehyde were produced OVer.préoxidized'Rh féil
‘and Rh(lll)'érystals, but. the hydrocarbon production étillrdominated ﬁﬁe
?producﬁ disﬁributidn{‘.Thus pre0xidizing thé.crySCals does increasé the
ﬁ;oduction of oxygenéted hydroéarboné, but doeé-notApptiﬁize'it. The
aeposifion of surface additivéé Such'as K, ﬁn'of other promotors on the
éxiidizéd éurface might,be_uééful in further increasing the amount of

. oxygenated products formed. They  also might stabilize the Rh oxide so

o

it will not be rapidly reduced as it was in these experiments. - . _ -
The increased cata1ytic-aCtiVity that was observed for CO hydro-

"genation over preoxidized Rh crystals at 6 atm is in agreément with
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previous results over Rh and Fe foilsf The CH4 TN from these studies

are summarized in Table III-14 Along with the.CH4 TN for the H2—C02
reaction over thése catdlysts. In the calculgtion of the CH4 TN the

. same site density (the atom density of the particular metal) was used
for both the clean andvpreoxidizéd surfaces. For the clean surfaces
this value should represent a lower limit for the CHATN because it as-
sumes all atoms on the surface are active. Using the same site density
for the preoxidized surfaces could influencé thevCH4 IN in two ways.
Preoxidation could incfease the surface area of the catalyst slightly
causing a slight increase in CH4 IN. Preoxidation significantly de-
creases the COncentration of metal .atoms in ‘the surface region and if the
only active sites ére metal atoms then the CH4 TN would be understated.
Because of these influences and the changing surface composition from
the rapid oxide decomposition under the reaction conditions only the
trends which occur during preoxidation will be discussed.

From Table III-14 it can be seen that the CH4 TN increasés as
the oxygen concentration'is.increased. The cleén surfaces have the
lowest methane TN's. Oxidizing the Rh foil then heating the oxidized
IN by a factor of ~ 3. Heat-.

4

ing an oxidized Rh foil to 1000°C would result in removal of any epitax-

foil to 1000°C in vacuum enhances the CH

ial oxide and leave only a small concentration of oxygen in the near

surface‘region. The CH4 TN from this surface is the same as the one

observed in the HZ—COZ.reaction over a clean Rh foil and slightly lower

than the CH4 TN after 2 to 3 hours of CO hydrogenation over a preoxidized

Rh foil which was not heated in vacuum after oxidizing. CO2 has been
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JTable III-14." Comparlscnof methanation TN for CO and COZ hydrogenatlon

in a batch reactor at 300°C over rhodium and iron catalysts;
Methane TN in molec 31te,l : o —

. sec

' Catalyst

‘Surface Pretreatment Méthaﬁe_TN.‘Refétence.;

‘Reaction Conditions
| Rh foil 3H,:1C0, 0.92 atm . clean 0.13 (11)
2 C ' k"pfeqxidized(a) 0.33 (11
" Rh foil  3H,:1C0,, 0.92 atm  clean 0.33 an
- o  preQxidized(a) ’1.7v' Qaiy
‘Rh foil = 3H,:1C0, 6 atm _clean a 0.15 ~  this
' preqxidized‘b)” 1.7 stdqy”
‘Rh(111) © 3H,:1C0, 6 atm clean .- 1 0.15 this
‘ pteokidized(b) 4.6 study -
© Fe foil  3H,:1C0, 6 atm clean 1.9 (185)
' 'préoxidized(c) 18.7 (185)
Fe foil 3H2:1C02,6 atm clean 10.9 - (185) .
(a) 15 min. at' 300°C in 700Atorrv02,‘then heated to 1000°C in vacuum.
(b) 30 min. at 600°C in 800 torr 0,. |
(c) 20 min. at 300°C in 4 atm 02,

A
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shown to dissociatively adsorb on rhodium surfaces(26’27’34’35) which
suggests éome of the éxygen produced during CO2 adsorption is okidizing
the Rh surface and increasing the CH4 TN. Two to three houfs of CO hy-
drogenation over a Rh foil with an epitaxial 5xide removes the epitaxial
oxide léaving oxygen only in the near surface region. This reduces the
CH4 TN to the value observed for CO hydrogenation over a oxidized Rh

foil which has been heated in vacuum to remoﬁé the epitaxial oxide prior
to the reaction. Further increases in the oxygen concentration by either

hydrogenating CO, over a Rh foil with oxygen in the near surface region

2

or hydrogénating CO over a Rh foil with an epitaxial oxide yields a

further increase in the CH, TN. The results of CO and CO2 hydrogenation

4
.. (185) ' .
over Fe foils follow the same trends observed for the Rh foils. On

| Fe foils the ability of CO, to oxidize the metal was readily apparent

2
since an iron oxide phase was formed during the initial stages of the

HZ—CO2 reaction over the clean Fe foil.(lss) Thus the CH4 TN increases

as the oxygen concentration in the near surface region increases.
The methane Ea decreases as the oxygen concentration increases.
On the clean Rh foil Ea is 24%2 kcal/mole for the H,~CO reaction, and

2
(1)

16 + 2 kcal/moles for the H,-CO, reaction: On a préoxidiéed Rh foil

2 772
Ea drops to 12* 2 kcal/mole for tﬁe.HZ—CO reaction. The pre-exponential
factor in the Anhenius expression must also be varying with the oxygen
concentration because this large decrease in Ea,with a constant pre-
exponential factor would generéte a CH4 TN three ordefs.of magnitude

larger than was observed. = Some of the difference may be accounted for by

the fact that the observed TN's are lower limits to actual TN's, but
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clearly some change rn the pre exponentlal factor must be OCCurring to_
'fully account for this large d1fference.’
uThere was‘no evidence for structure_sensitivitp.of:the HZ-CO

A-reactionvover the.cleaniRh,foii~and Rh(lll’ sampies. 'This'is reasonahle‘vi
tsince it is.likely that -an annealed polycrystailine fodl would_contain
th‘large.fraction.Of (lli) facets. :Ihe resultsvdo implps however,:that
surface imperfections such as grain_boundaries”do not playlan important
role in,the.HZ-CO reactiOn over clean rhodium surfaces. ISimilar resuits

.'have been observed for polycrystalllne Fe foils and Fe(lll) s1ngle crys— ,

v't ls.(187)

It would ‘be 1mportant to.extend the Rh experlment81to stepped
and/or: klnked 51ngle crystals to see: 1f these type of Surfaces would
- 'show any structure sen51t1v1ty; It was observed under UHV conditions.

-

that CO dissociation occurs on the stepped Rh surfaces but not on the

(26 27) If CO dissoc1ation=1s important in the FT syn-

'Rh(lll)rsurface.
.the31s, as. has been proposed in the carblde theory, it is p0331ble there
3*W111 be dlfferences between the results over. stepped and Rh(lll) Sur—.ij'
faces. - |

.'Oxidizing the two;Rh surfaces did produce\some'structure sensi-
’tivrty. The CH4 and C2H6 TN's were laréer for'the.preoxidized:Rh(lll)

-crystal than forpthe preoxidized Rh foil while the C2H4 TN was the same -
for both surfaces. This indicatesvthe oxidiéed»Rh(lll) crystal has a
l'higher activity_for paraffin production than the oxidized.Rh-foil. It
" ‘could not be determined whetherrthis reiationShip existed-in the C3 and - -

hlgher hydrocarbon fractlons because the chromasorb 102 column used in

."the gas chromatography did not separate the paraffln and oleflns in these
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hydrocarbbns fractions. The increase in the C3 and C4 TN's did cor-

relate with the increase in the C2H6 TN on the two surfaces, though.

Thus it is likely that the enhancement of paraffin production on the
oxidized Rh(l1ll) crystal holds for all the hydrocarbon fractions.
. The variation of the product distribution with reaction tem—

.perature and H

2:CO ratio was as expected. As the reaction temperature

is decreased from 400°C the free energy of formation, AG_., of the higher

f

molecular weight hydrocarbons decrease more rapidly than the lower

molecular weight hydrocarbons and the olefin AG_'s approach the paraf-

(186)

f
fin AGf's. Thus a larger percentage of higher weight hydrocarbons
and olefins should be present in the product distribution at the lower
reaction temperatures, in agreement with the experimental results.

Decreasing the H,:CO ratio will reduce the amount of hydrogen available

2
for incorporation into the reaction products and reduce the hydrogener-
ation of these reactions products. Thus CO rich mixtures would produce
larger percentages of olefins and aldehydes in the product distributions
than the H2 rich mixtures, again in agreement with the experimental
results. |

Gas phase additives (methanol, ethanol and éthylene) changed
the product distributions over oxidizedth crystals, but not as markedly
as was observed for ethylene and propylene additives over oxidized Fe
(187) Thus the readsorption of initiél reaction products is
more important on the Fe catalysts than on the Rh catalysts. Thevgés

phase additive experiments indicate that the results obtained at low

CO conversions should vary slightly but be representative of results
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that would be obtained at higher CO conversion. It also should.be'
no§§d that>the”CH3 5CH, oM,

distribution in the same manner; indicating they are.incorporated into

th¢ chain growth mechanism in the same manner. One possibility would

.:;fbefdehydratiOp of the alcohols.

OH, CH.CH OH and CH, additives effected the product
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IV. CONCLUSION

The chemisorption properties of-HZ,OZ, co, COZ,‘NO, CZH4’ CZHZ
and carbon have been investigated on the Rh(111), (100), (755) and (331)
surfaces by LEED, TDS and AES. All the gasgs réadily adsorbea on the
rhodium surfaces and several ordered surface structures were observed.
Chemiso;bed oxygen was very reactive‘and was feadily removed from.the

surface by H, or CO at temperatures above 50°C. Upon adsorption carbon

2 .
dioxide was dissociated to CO by rhodium and its chemisorption behavior
was identical to that of CO. Onball'the rhodium surfaces CO adsorption
“initially produces a low coverage structure which compresses into a close
packed hexagonal CO overlayer at high coverages. Both dissociative and
associative NO adsorﬁtion occurred on thé rhodium surfaces, with the
changeover from dissociative to associative adsorption occurring at
~ 1L. The similar.chemiéorptiOn propefties of C2H4 and C2H2 at 25°C
indicate that these adsorbed hydrocarbons undergo molecular rearrange-
ment to produce the same surface species. Low temperafure adsorption
of these hydrocarbons is associative. Heating the adsorbed hydrocarbons
resulted their decomposition to gaseous hydrogen and surface carbon.
Several ordered carbon structures were generated on the (l11) surface
from saturating the néar surface region with carbon from C2H4 decomposi-
tion. These structures were interconvertible by either addition or sub-

traction of surface carbon and represent an important bulk-surface car-

bon equilibrium.
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Many of»theschemisorption properties were markedly influenced

" by the presence of steps on the high step density (40%) Rh(331) crystal

face while the effects due to steps were minimal on the low step density

a7 Rh(S),—[6(111)><(100)] surface. Thus, the influence of steps onlthe

;rhodium surface chemistry ircreases with step density, Rh(111)<Rh(S)-

:[6(111)X(100)]<Rh(331) The most 1mportant step effect was the disso—fr

":;c1ation of adsorbed CO by both rhodium stepped Surfaces.v The stepped

usurfaces also affected the adsorbate ordering | On Rh(S)~ [6(111)X(100)]
riOng rangefordering was decreased while on Rh(331) severalvnew_adsorbate
:Lunit celis were.observede The stahility of-the two stepped surfaceS‘in
the presence of O2 and C2 4 at high temperatures were very different,i
' with the (331) surface more‘stabler -Comparison of the rhodium results
to the?reported results on.stepped iridium and.platinum show that'the
rChemical.effects of .steps during_the‘chemisorptiOn of smallfmolecules
increase in the order Rh<Ir<Pt.‘ The.importantqexception-is'CO, since |
its-diSsociationVWas*only detected.on;the stepped rhodiumbsurfaces, The
differences detected_between chemisorption on rhodium, iridium and plat-
vinun“stepped- surfaces isvinrcontrast to_the very similar chemisorption,
properties of these_small moleculessonvthe (111) and (100) crystalia
.faces of these metals.v | |

In the oxidation.stndiespon the Rh(lli)lsurface fourthygen
‘species were identified and,characterized. These four OXYgenvspecies
were interdependent_and~interconverSion.between_the=different species.
couldvbe accomplished by ‘making appropriatevchanges in 02vpartia1.pres—

sure and crystal temperature. Low temperature dissociative adsorption

v
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produced very reactive chenisorbed oxygen atoms ﬁhich underwent an
activated ordering procesé to form three domains of a (2x1) surféce
structure; Heating the crystal in the presence of oxygen resulted in
dissolution of large amounts of oxygen in the rhodium lattice. Pro-
longed high temperature annealing in 1><10—5 torr of O2 producéd a non-
reactive surface oxide. .High fémperature aﬁnealing in 1 tofr of..O2 |
resulted in an épitaxial growth of Rh203(0001) on the Rh(l1ll) surface.
co hydrogenation at 300°C, 3H2:ICO and 6 atm over clean poly-
crystalline Rh foii énd single crystalline Rh(1l1l) ca;alysts produced
primarily methane (90 wt %), at an initial methanation rate of 0.15
molec-site-l~sec-l. No'éxygenated products were detected during CO
hydrogenation over the clean Rh crystals. -Preoxidation of the Rh crys-
tals had_a marked effect on the CO hydrogenation results. Initial TN's
increaéed, a lafger percentage of highéf weight hydrocarbons'were pres-
ent in the product distribution and three oxygenated hydrocarbons'
(CH,OH, CH

CHZOH and CH,CHO) were produced. For the H2 rich HZ:CO gas

3 3
mixtures ~ 1 monolayer of carbon buildup on the Rh catalysts during a
reaction. The primary effect of gas phase additives (I mole 7 of CH3OH,
CH3CH20H or C2H4) was to increase the percentage of C3 hydrocarbons in

the product distribution.
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