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ABSTRACT 

The effect of modifying single crystal and polycrystalline loll catalysts, 

under both ultra high vacuum (UHV) and high pressure conditions, on 

catalytic reactions has been  investigated. With the aid of UHV su:face 

science techniques such as Auger electron spectroscopy (AES), X-ray 

photoelectron spectroscopy (XPS), temperature programmed desorptlon 

(TPD), and work function measurements the product distribution and activity 

of two catalytic reactions have been studied when the surfaces of crystalline 

catalysts modified with O, Si, P, S, C1, and K were systematically varied. 

The high pressure reactions discussed are the hydrogenatlon of carbon 

~noxlde over clean and modified rhodlum and molybdenum crystalllne 

catalysts and the cyclotrlmerlzation of acetylene to form benzene over 

clean and modified palladium slngle crystal surfaces. 

For the hydrogenation of CO over clean rhodium polycrystalllne foil 

surfaces an inverse deuterium isotope effect was observed. The rate of CD 4 

formation was found to be 1.5 times faster than the rate of CH 4 formation 

under the conditions used in this study (CO:H2, ]:2, 6 arm total pressure, 

520-720 K). The pressure dependence of the reaction is -1.0 ± 0.1 order 

in CO and +1.0 z 0.1 order in HZ, which implies competitive adsorption 



vii 

of these two molecules on the surface. This data along with an activation 

energy of 25 kcal/mol for methane formation indicate that one of the 

final hydrogenation steps is rate-limlting. 

Over Mo single tryst@is and polycrystalline foils the effects of 

adding K and S adatoms on the surface is discussed. The rates of formation 

of all products (methane, ethene, and propene) were found to be the same 

for both (I00) single crystals and polycrystalline foils suggesting that 

the reaction is structure insensitive. The dependence of the rate of 

KPc0+O .32 formation of methane on reactant pressure was found t o  be rCH4= 

. p +I.0 H2 The unusual positive CO pressure dependence points to a mech- 

anism of methanation that is different from that on other transition metal 

methanation catalysts (Fe, Ni, Ru) although the activation energy for the 

reaction is sim/lar, 24 kcal/mol. Addition of K to the surface, at 

coverages of less than 0.3 ML, increased the overall rate of reaction and 

enhanced t~e olefin-to?paraffin ratio. The addition of S to the surface 

decreased the rate of hydrogenation but, for coverages up to 0.25 ML, 

increased the ratio of ethane to methane 'by a factor of as much as 5. 

The cyclotrlmerization of acetylene to for~,benzene has been studied 

over clean and modified Pd(lll), (ilO), and (I00) single crystal surfaces 

under both Uh'V and atmospheric pressure conditions. ~t low pressures 

Pd(lll) was found to be the most active surface for the cyclotrimerlzation 

reaction, and the only surface studied in which benzene could be detected, 

by TPD, at less than i monolayer of acetylene coverage. The (II0) surface 

produced ]/7 and the (I00) surface produced 1/20 as much benzene as the 

(Ill) surface (for 6 L of acetylene dosed a= 130 K). At atmospheric 

pressures Pd(lll) and (I00) gave similar rates of benzene formation 

(T.F. = 0.05 molecules/site • sec at 200 Tort acetylene and 575 K), while 
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the (II0) surface had only I/4 this rate of benzene formation. The 

percent open (not carbon covered) surface sites was found to correspond 

to these changes in the rate of formation of benzene. At hlgh pressures, 

electroposltive ada~oms were found to enhance the rate of benzene 

formation, and electronegatlve additives reduced the rate. The rate of 

formation of benzene at atmospheric pressures was linked to the surface 

cleanllness. When using electroposltlve additives on the surface a 

lower amount of surface carbon was detected relative to using a clean 

single crystal surface. Low pressure stolchlometrlc results for additive- 

covered surfaces can be explained by a combination of surface structure 

and electronic interactions. The greatest enhancement in the amount of 

benzene produced was for Si on Pd(100), where evidence for the form- 

ation of a surface compound was found. Potassium was found to inhibit 

the reaction, possibly due to K blockln E acetylene adsorption. Sulfur 

and chlorine decreased the decomposition of acetylene to hydrogen, and 

formed approximately the same amount of benzene as the clean surfaces, 
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CSAPTER ONE: INTRODUCTION 

/ 

Section I.[: Introduction 

Additives have long been used to enhance the activity of catalysts. 

In 1912~ researchers at B.A.S.F. added potassium oxide to an iron catalyst 

and found an enhancement in the rate of ammonia formation from hydrogen 

and nitrogen. Today, catalysts contain or are treated with many additives 

to enhance the rate of a certain reaction (as in the case of alkali 

metals) or reduce undesirable side reactions such as hydrogenatlon.or 

dehydrogenation (as in the case of sulfur). 

Although additives are used routinely in catalysis, there is still 

no definitive model of how they work. ~The additives used are said to 

effect the electronic or structural nature of the catalysts; however, 

determining the contribution of each for a given additive ina glven 

catalyrlc reaction is very difficult, The .,ork presented in this thesis 

was designed to improve the understanding of additives and.oxldatlon 

state on catalytic reactions by using a combination of high pressure 

catalysis and surface science. 

The investigations carried out in this laboratory are aimed at cor- 

relating real catalytlc data, from industrial Fischer-Tropsch synthesis 

plants llke SASOL or crude oll reforming plants, with the results obtained 

from well-characterlzed clean or addltlve-covered model catalysts. Under 

the  conditions of ul~ra-hlgh vacuum ( ~ 10 -11 arm), the advanced  spectro- 

scopic tools of surface physics and classlcal chemical techniques can be 

used to analyze a catalyst surface before and after high pressure reaction 

studies. With the combination of high and low pressure capabilities, 

changes in reaction rates and product dis~rlbu~ions are related to changes 



in surface ~coperties such as composition, oxidation state and/or crystal 

st ruct ure. 

The reactions studSed for the purpose of testing the effects o£ ~ddi- 

tires werethe hydrogenation of carbon monoxide and the cyclotrlmerlzatlon 

of acetylene to benzene. 



Sec t ion  1.2:  The Hydro~enation o f  Carbon Monoxide 

The hydrogena t ion  of carbon monoxide, or the.Eischer-Tropsch s y n t h e s i s  

(FTS), has been scudled widely as a method of producing hydrocarbon fuels 

and many other industrially-lmportant chemicals from gasified coal 1,2. 

The only commercial application, at present is in South Africa, where the 

FTS is used to produce diesel fuel and waxes 3,A, The catalysts used for 

this synthesis are aklall-promoted iron catalysts. 

The research discussed in this thesis investigated the effect of 

oxygen, sulfur and potassium on molybdenum catalysts and the effect of 

changing oxidation state on rhodium catalysts. This work involved initial 

low pressure characterization of the surface (composition and oxidation 

state), followed by high pressure (6-20 arm) catalysis to obtain klnetic 

data, then followed by low pressure characterization of the surface. The 

surface composition and oxidation state are then related to changes in 

the overall reaction rate and changes in product distribution with ~he 

reaction tlme. These studies, provide evidence for a reaction mechanism 

and have aided in the understanding of how a catalyst works and wha~ 

effect surface additives or contaminants have on the rates of formation 

of the many products of FTSo 
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Section 1.3: Th.~eCFclotrimerlzation o~AcetTlene 

The cyclotrimerlzatlon of acetylene to form benzene was first observed 

by Berthelot in 18665 at reaction conditions of - 775 K in a silica tube. 

Although the conversion of three acetylene molecules to Benzene is hlghly 

exothermic, AH = -142 kcal/mol 6 and symmetry-allowed 7, =here are very 

few examples of purely thermal [2+2+2]-cycloadditions. it appears that 

entropic and, in some cases, enthalplc 8 activation barriers kinetlcally 

limit t h e  reaction. 

Many studies on homogeneous catalysis have shown that benzene and 

benzene derivatives can be formed under mild conditions 9,10. Less work 

has been carried out on the heterogeneous catalytic formation of benzene. 

Some work has centered on the low pressure conversion of acetylene to 

benzene 11'12'13,14, but no studies have looked at the cyclic trlmerlzation 

at high pressures over palladium single crystals and additlve-covered Pd 

single crystals, Here ~e find the reaction to be extremely sensitive to 

the additive and the additive concentration o n  the metal surface. 
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CHAPTER TWO: EXPERIMENTAL METHODS 

Section 2.1: Instrum~ntatlon 

The research descrlbed in this thesis was carried out in an ultra high 

vacuum/hlgh pressure system I that was designed for combined surface analysis 

and high pressure (I-20 arm) catalysis studies, using small area ( - 1 cm 2) 

crystalline samples. A schematic diagram and photograph of this apparatus 

are shown in Fig. 2.1 and Fig. 2.2. Using this system, single crystal, poly- 

crystalllne-foll and powdered samples were cleaned in ultra high vacuum 

(UHV) and characterized by Auger electron spectroscopy (AES), X-ray photo- 

electron spectroscopy (XPS) and in the ease of single crystal samples, low 

energy electron diffraction. (LEED). The sample could then be enclosed in 

an Internal isolatlon cell which could be pressurized (up to 20 arm) to 

function as a high-pressure batch reactor for catalytic studies. After 

hlgh-pressure reactions, the cell could be evacuated and opened, such 

that the sample was exposed to LqdV for further surface characterization. 

The vacuum system consisted of a stalnless steel bellJar constructed 

at Lawrence Berkeley Laboratory ( - 40 £ internal volume) that was pumped 

by a high speed oll diffusion pump (Varian VHS-6) and a water-cooled 

titanium sublimation pump (Perkln-Elmer 224-0540). The oil diffusion 

pump was separated from the main chamber by a liquid nitrogen cold trap 

(Torr Vacuum Products LNB-62). Base pressures of ~ 2 X |0 -I0 Tort 

were achieved after 24-48 h bakeouts at 400-450 K. After high pressure 

experiments, a pressure burst to - I X |0 -7 Tort was observed on opening 

the internal isolation cell to UHV. The pumping time to ~ 5 X 10 -9 

Tort was I0-I00 mln, depending on the gases being pumped (CO, H 2 being 

faster; and C ~ C, benzene, furan, pyrrldine being slower). During 

periods of continued use, the working pressure was ~ I-2 X 10 -9 Tort. 
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appacacus used f o r  the  s t u d i e s  desc r ibed  i n  cb / s  t h e s i s .  



Fig. 2.2 a) A front view of the UHV chamber with all the associated valves, 
gauges and cables. 

Fig. 2.2 b) A back view of the UHV chamber with the pumps, x-ray water 
filter system and gas purification dewars, 

Fig .  2 .2  c )  A view of the  i n s i d e  o f  the  chamber t h rough  the  CMA p o r t .  The 
K source, x-ray source, mass spectrometer, manipulator, high 
pressure cell (open) and LEED optics are shown, 
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The residual Eases were composed of mainly H2, H20 , CO and C02. These 

pressures were adequate to routinely prepare well-characterized annealled 

surfaces. 

The chamber was equipped with the following: 

I) an ion sputtering gun (Varian 981-2043) for crystal cleanlng~ 

2) a quadrupole mass spectrometer (EAI 0UAD 240) for residual gas 

analysis and temperature programmed desorptlon studies; 

3) a nude ion gauge (Varlau 971-5008) and controller (Varian 845) 

for pressure measurement; 

4) a glanclng incidence CET-electron gun for Auger excitatlon; 

5) a four-grid electron optics energy analyzer (Vat:Jan 981-0127) for 

low energy electron diffraction and Auger electron spectroscopy, with a 

coaxlal off-axls electron gun (Varlan 981-2125) for the LEED experiments; 

6) two variable rate leak valves (Varlan 951-5105), one with I/8 inch 

tubing p~Intlng to the sample to act as a directional doser, for intro- 

ducing gases at low pressures; 

7) a dlfferentlally-pumped dual filament 15 kVx-ray source (originally 

designed by Ganschow and Steffens 2, improved by K. Franck and built by 

D. Colomb) for XPS (see Fig. 2.3); 

8) a double pass eylinCrlcal mirror analyzer (CY~A) (built by K. Franck 

at Lawrence Berkeley Laboratory) for AES and XPS (see Appendix). 

The single crystal, polycrystalllne loll and powdered samples were 

mounted on a rotatable manlpulator as shown in Fig. 2.4. This manipulator 

is an improved version of that discussed by Glllesple3'4° The mounting 

schemes allowed the sample to be cooled to I00 K and resistively heated 

to 2000 K (in the case of Mo) without significant heating of other parts 

of the chamber. For hlgh pressure reactions the sample could be heated 
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i n  t h e s e  s t u d i e s .  The c e s c e d  p r e s s u r e  lim4C was ~ 20 acm. 
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to 750 K without significant heating of the isolation cell or m~nipulator, 

thus avoiding auy extraneous catalytic activity. The mountings were 

checked visually in vacuum for uniformity of heating at 750-1350 K. The 

samples were mounted and remounted until the heating was uniform and the 

contact points appeared to be no hotter ~han the sample itself. Powdered 

samples were pressed (5-50 kpsi) into gold ~osh (60 X 60 X 0.004 inch), 

gold loll (0°003 inch) or between a foil and screen. The gold then was 

resistively heated to uniformly heat/cool the powdered sample. 

A platlnum/platlnum I0% rhodium (used with Mo single crystals and 

foils) or chromel-alumel (used with rhodium and palladium catalysts) 

thermocouple, 0°005 inch wires, spot-welded c£ghtly ro an edge of the 

foil, screen or single crystal were used for temperature measurement, To 

check the accuracy of the temperature measure.Lont, two tests were performed° 

First, a simple visual check of the minimum temperature of optical eml- 

sion in [~IV, as described in detail by Gillesple3° The threshold temp- 

erature for observing optical emlssi'on in a dark laboratory was'found to 

be 785 ± I0 K. Second, for hlgher pressures, a check based on the equillbrium 

constant between isobutane and isobucene was developed. A comparison of 

the experimental and theoretlcal equillbrlumwas undertaken and this 

method was found very accurate for checkln E the sample temperature (570- 

630 K), as described in detail prevlouslyS° 

When the internal isolation cell was closed over the sample a batch 

reactor was formed. A diagram of the batch reactor is shown in Fig. 2.1. 

A teflo, rotor m/cropump (Micropump model no. 120-000-100) was used to 

circulate continuously the reactant gases. Two gauges (Wallace-Tiernan 

61C-ID-0410 and Helsse H3381A) were used for measuring the pressure of 

the reactan~ gases. After a high pressure' experlment, the diffusion 
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pump was  i s o l a t e d ,  a n d  t h e  r e a c t i o n  l o o p  was pumped down t o  ~ 50 m T o r r ,  

using a mechanical pump (MP2). At this time the liquid-nitrogen-trapped 

(Varian M2) 2" oil diffusion pump (Varian VHS-2) was opened to pump out 

the reaction loop to ~ 10 -5 Tort. The bypass valve, was opened during 

pumpout to increase the conductance of the recirculation loop, which was 

otherwise limited by the gas chromatographic ~ampling valve (1/16 inch). 

The ~otal volume of the loop was 270 cm 3. 

Product gas samples from the h/gh pressure reaction loop were taken 

periodically be the use of a six port sampling valve (see Fig. 2.5) 

equipped with a 0.5ml sampling loop. The sampling valve was controlled 

5y a microprocessor in the gas chromatograph (HP 5793). The peak areas 

andretentlon t!-~s were calculated by an HP 3390 integrator. A typical 

chromatogram for CO/H 2 o v e r  TiRhO 3 is shown in Fig. 2.6. The sensl- 

tlvlty of the gas chromatograph was calibrated regularily using a primary 

standard gas mixture (Matheson) that contained I00 ppm (mole basis) of 

m e t h a n e  in nitrogen. All hydrocarbon products were calibrated relative 

to methane using published snsltivity factors 6. Reaction products were 

separated using I/8 inch packed columns which contained eicher Poropak TM N, 

Poropak'Q, Poropak" QS, Chromosorb" 102, Chromosorb" 103 or Carboseive TM SII. 

X-ray photoelectron and Auger electron spectroscoples were performed 

by moving the CMA in to ~ 1 cm from the sample by means of hydraulic 

bellows. The CMA and x-ray source could be moved close to the sample for 

analysis and then retracted when the internal isolation cell was to be 

closed for high pressure experiments. 
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G A S  CHROMATOGRAM 
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(CO/H 2 1:2~ 6 arm, 300°C).  
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Section 2.2: Surface Analysis Methods, Introduction 

Several surface-sensltlve techniques have been used throughout the 

work presented in this thesis. They have been used to characterize the 

solid-gas interface of the catalytic samples studied. Low energy, ~ 2000 

eV, electrons are extremely useful for this (see Fig. 2.7), sampling only 

the topmost layers of the surface. Most of the work described here is 

based on this surface sensltlvlty~ AES, LEED and XPS. In add$t£on to 

electron-based spectroscoples temperature programmed desorptlou (TPD or 

TDS) was also used in this work. Since the theory and application of 

these techniques have ~en discussed thoroughly in the surface science 

literature (viz. AEST,8, XPST, 9, LEED7, I0, TPD 11) only a short descrlp- 

tlon of each will be "given here. 

Section 2.3: Auger Electron SpectroscoRy ' (AE.~S) 

AES was used extensively in the research reported in this thesis to 

monitor the elemental composition of the catalyst surface before and 

after low pressure chem£sorptlon and hlgh pressure reactlonstudies. The 

technique can be used to gather not only compositional information, but 

also electronic information about the chem/cal state of the atoms on the 

surface. This electronlclnformatlon was used to det~rmlne the nature of 

carbon on the surface after reaction studies (see Fig. 2.8). The llneshape 

of the Auger spectra for graphltlc and carbidic carbon are found to be 

quite different 12. 

AES has several advantages for routine surface analysis: 1) every 
i 

ele~nt, except H and He, has a unique spectrum which can be used as a 

fingerprint to identify small amounts of impurities on the surface; 

2) excellent spectra can be taken very rapldly (I-5 mln); and 3) AES is 

very surface-sensitlve, since the electrons impinged on the surface and 
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the Auger electrons have ~ i00-i000 eV (see Fig. 2.7). 

The spectra obtained in this work used two electron analyzers: a 

four-grid retarding field analyzer (RFA) (see Fig. 2.9) and a double 

pass cylindrical mirror analyzer (CMA) (see Fig. 2. I0). The second 

harmonic of the modulation voltage V m was detected as a ~unetlon of the 

the ramp voltage using a phase-sensltive lockln amplifier (EG&G Brookdeal 

9503). The second harmonic corresponds to the first derivative of the 

Auger spectrum 13, 

The Auger process, as depicted in Fig. 2.11, is inltltated by imping- 

ing a high energy electron beam (1-3 kV) on the sample surface. This 

energy ionizes a core level electron. The resultlng core level electron 

hole is filled by a hlgher-lying electron "falllng" into this core hole. 

The energy from this transition goes into autolonizatlon of the Auger 

electron, shown as KLILII I in Fig. 2.11. The energy of the Auger 

electron will have a characteristic energy for each transition which is 

given by 

E i j k ( Z )  = E i ( z )  - & j ( z )  - E k ( z  - ~ ) - $ e 

where Ej(z) and Ek(Z) are the energies of the outer shell electron involved 

in the transition, z is the atomic number of the atom, ~ is the effective 

charge (- 0.5-0.8) due to the initial ionization and ~ e is the work 

function of the sample re~erred to the vacuum level of the spectrometer. 

The other relaxation mechanism which can occur is x-ray fluorescence, 

in which a photon is emitted when the outer shell electron relaxes to the 

inner shell hole. Auger emission is dominant for low z elements or when 

initial ionization occurs in the L, M, N ... subshells 13 (see Fig. 2o12). 

Fig. 2.8 shows an AESof clean, graphite-covered and carbldlc carbon-covered 
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d e t e c t  changes in  chemical  envi ronment  a re  d i s p l a y e d .  

The surface sensitivity of AES is determined by the energles of the 

incident electron beam and the Auger electron. The most surface-sensltlve 

electrons have energies between ~ 30-500 eV (see Fig. 2,7), where the 

-~an free path of the electrons is only 2-3 atomic layers (and is in- 

dependent of the incident beam energy). With increasing Auger electron 

energy the surface sensltlvlty is reduced; therefore," for the studies 

presented here the AE$ peaks used were between 60-510 eV to achieve the 

maximum surface sensitivity, 

Adsorbate coverages can also be determined by AES. Several models 

have been developed In the l£terature: laver by layer growth1~,3-D crysta- 

lllte format£on 15, or monolayer growth followed by 3-D crystallite for- 

mationlS. For the addition of additives to surfaces, less th~Ln one 

monolayer of additive was used generally, In this case the coverage 

approximation used is given by 16 

hASA 
® x =  - . 

hASA + hsSs 

where h A and h S are the peak helghts of the adSorbate and substrate and 

S A and S S are the Auger sensitivity factors for the adsorbate and substrate° 

Auger s e n s l t l v l t y  f a c t o r s  17 a r e  shown in  F ig .  2o13o This  app rox ima t ion  

i s  good f o r  low cove rages  of a d d i t i v e s  and was used ve ry  o f t e n  in  d e t e r -  

m/nlng the a d d i t i v e  coverages  in  the  a c e t y l e n e  e y c l o t r l m e r l z s t ~ o n  work 

(see Chapter 7). 
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Section 2o4:  ~Photoelectron SpectroSCOpy (XPS or  ESCA) 

XPS was used mainly to obtaiu chemical state information on the 

c a t a l y s t  sample  b e f o r e  and a f t e r  h i g h  p r e s s u r e  r e a c t i o n s  o r  c h e m l s o r p t i o n  

studies from shlfCs in t im binding energies of t~e ejected core photo- 

electrons (see FiE. 2.11)o A cyplcal XP spectrum of RhO 3 mounted on 

Au loll is shown in Fig. 2o14o Photoemlsslon, as well as Auger electron 

emlssion~ are observed when high energy electromagnetic radiation is 

impinged on a sur£ace. The energy of the emitted electron, Eki n, can be 

obtalned from the Einstein relatlonsbip 

h v = Ekln(Z ) + Ei(z ) + ~ sp 

where h v.ls t h e  energy of the monochromaclc z-rays (for Mg anodes 1253.5 eV 

and for A1 anodes 1486.6 eV), Ei(z ) is the binding energy of ~he e~tted 

electron and 9 sp is the work function of the sample referred Co the 

vacuum level of the spectrometer. An XP spectrum is taken by measuring 

the flux of electrons at a given ~nergy~ J(Ekln), versus the klnetie 

energy of the photoelectrons, Eki n. Fig. 2.10 shows a schemaclc rep- 

resentation of the experimental se~-up and pulse-countlng electronics 
J 

for XP$. 

The main advantage of XP$ over AES is the resolution, due to the 

narrow energy spread o~ the photons emitted (0.7 eV for ~he Mg 1253.6 eV 

llne and 0.85  eV (FWHM) for'the A1 1485.6 ~V llne). AE, S uses a modulatlon 

voltage to pick t he  spectrum, and thus causes t he  inherently broader 

peaks; however, in  XPS, electrons are retarded by a variable potential grid 

at the front of the detecZor (see Fig. 2.10)j allowing only electrons 

of greater potential than the grld to enter the CMA. Electrons, once In 

the CMA, are filtered and focussed by applying a potential difference 

between the inner and outer cylinders, VR and VH. In thls configuration, 
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the instrumental resolution, 

and is given by 

sp, remains constant across the spectrum 

A Esp/eVpass = K 

where eVpass i s  the pass ( o r  k i n e t i c )  e n e r g y  of the  e l e c t r o n s  in  the  CHA, 

and K i s  a c o n s t a n t .  The term eVpass can be w r i t t e n  i n  terms of  the  

s p e c t r o m e = e r  pa ramete r s  

. .  Vpass = V4 / [1 .3  l n ( R o u t / R i n ) ]  

where V 4 is the potential difference of the cylinders, and R~u t and Kin 

are the radii of =he outer and inner cylinders. Substituting =he second 

equation into the first, rearranging, and using our actual spectrometer 

parameters, we get the ~ollowlng equation for the Instrumennal resolution 

sp " 0.007 eVpass. 

for eVpass-100 V, we calculate A sp-0.7 eV; and for eVpass-25 V, Therefore, 

we get  ~ sp=O.18 eV. 

The inc reased r e s o l u t i o n  r e s u l t s  i n  a s lower  count r a t e .  The area 

of  the t a r g e t  from which pho toe lec t rons  are de tec ted  by the 'ana lyzer  i s  

reduced proportibnally to the square root of the ratio of the pass energy 

t o  the  kinetic energy  of the  e m i t t e d  p h o t o e l e c t r o n ,  thus  r e d u c i n g  the  

count rate (counting rate = eVpass/Ekln). For example, when the pass 

energy is changed from I00 V to 25 V, the counting rate for a i000 eV photo- 

electron Is reduced by a factor of ~ 8. To achieve ~ 0,2 eV resolution 

using the set-up in our lab took I-2 h. 

Other features are also present in ~he XP spectrum. Tn some cases, 

these are due to the excitation sources. For instance, Mg sources have 

two additional x-ray lines, at 1262.0 eV (8% of the 1253.6 eV peak 

intensity) and at 1263.8 eV (4.1% of 1253.6 eV peak intensity) 18, which 

lead to corresponding x-ray photoemlsslon. Auger lines appear from the 



/ 

32 

relaxatlon of i o n i z e d  e l e c t r o n s  i n  t h e  four main Auger series (KLL, l~H, 

MNN and NO0). The Auger lines have kinetic energles'that are independent 

of the excltat~on enersy and therefore appear to shift on a binding energy 

plot with different x-ray anodes, so these peaks can easily be detected. 

Another type of feature which may arise in the XP spectrum is due to 

an ion being left in an excited state, several electronvolts above the 

ground state. In this event, the kinetic energy of the photoelectron 

would be reduced by the difference in energy between the excited state 

and ground state of the ion. These lines are termed shake-up lines and 

are most intense for paramaEnetic compounds, which may approach that of 

the main llne in intensity. 

A ~hird feature which can arise in the spectrum is due to emission 

of a core electron from an atom having a spin. The eoupllng of this new 

unpaired electron, left after photoemisslon from an s orbital, with 

other unpaired el~ctrons in the atom can create an ion with either of 

two energles, which results in an asymmetrleally spllt photoelectron 

llne. Similar ~ypes of spl!ttings can be observed for p and d level 

e l e c t r o n s .  

As mentioned earlier, the main information obtained from XPS is the 

identification of the chemical or oxidation state of elements on the surface 

from the "chemical shift" of the photoemisslon llnes. The slmplist model 

of chemical shifts is based on =he concept that ionization energy changes 

as a result of electron density being withdrawn or donated to the atom. 

Thus, more oxidized atoms will hav~ higher binding energies for the photo- 

electron emitted. Unfortunately, other effects make this slmpllstlc 

interpretation not valid entirely. As the oxlda~ion state increases, the 

relaxation due to interaction of the ionizing electron with all the other 
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e l e c t r o n s  i n  the  same and n e i g h b o r i n g  atoms Tends co d e c r e a s e  the  b£nd ing  

e n e r g y .  

E x p e r i m e n t a l l y ,  x - r a y s  a r e  c r e a t e d  by e l e c t r o n  bombardment of  a Mg 

o r  A1 t a r g e t  (12-15  kV and 30-50  mA). The e ~ t t e d  r a d i a t i o n  i s  f i l t e r e d  

w i t h  a 1 ~ m b l  window, t o  e l i m i n a t e  e l e c t r o n s  e s c a p i n g  and to  a v o i d  c o n -  

tamlnatlon due t o  Hg or A1 desorptlon £rom the anode. The sample to be 

be analyzed is placed as close to the x-ray source as experimentally prac- 

tical ( - 0.1-0.5 cm) to get the maximum flux of photons to the surface. 

The data was aqulred and processed using a PET mlcroprocessor, wi~h 

software described elsewhere 19, The energy scale was calibrated using a 

value of 83.8 eV for the Au 4f7/~ electrons 18. Using this value, the 

spectrometer work function was found to be 5oi V. 
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S e c t i o n  2 . 5 :  T e m p e r a t u r e - p r o g r a m m e d  D e s o r p t l o n  (TPD or  TDS) 

TPD of adsorbed species from solid surfaces yields information on 

the interactive forces and reaction mechanisms between adsorbed molecules 

and surfaces, and between adsorbed molecules themselves. Another important 

use for TPD, in this work, was to determine relative coverages on clean 

and adsorbate-covered or partially poisoned surfaces. 

The experi-~nt consists of characterizing the sample to be studied 

in ultrahigh vacuum and leaklng into the UHV chamber a known amount o£ 

well-characterlzed gas on the surface, while the sample is kept at a 

fixed temperature° The sample then is heat-d at a constant rate, usually 

10-50 K/sec, and the partial pressure of each desorbed gas is plotted 

versus sample temperature. To identify each gas, a mass spectro-~ter 

(located in llne of sight with the sample, ~ 2 cm away) is used, The 

r e s u l t i n g  p a r t i a l  p r e s s u r e  v e r s u s  t e m p e r a t u r e  p l o t  was a n a l y z e d  u s i n g  t h e  

method of  Redhead 20.  T h r e e  TPD s p e c t r a  showing p o s s l b l e  s u r f a c e  r e a c t i o n s  

a r e  shown in  F i g .  2 . 1 5 :  the  f i r s t  i s  m o l e c u l a r  d e s o r p t l o n ,  the  second  

i s  d e c o m p o s i t i o n  of  a s u r f a c e  a d s o r b a t e ,  and the  t h i r d  i s  a s u r f a c e  

. r e a c t l o n  co make a new p r o d u c = .  

The desorp~ion rate, P(t), f rom a sample of area A~ is related to 

the change in partial pressure of the desorbing gas, A P, by the expre.slon 

FCt) - (k • s) ~ P 

where k is a constant and s is the pumping speed on the system (assumed 

to be much grea~er than the gas desorptlon ra~e). The desorptlon rate 

also can be described in the form of an Arrhenius expression 

F(t) = vN " f( G ) - exp[-Edes/RT] 

where v is the preexponential factor, N is the desorption order, f( 6 ) is 
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THERMAL DESORPTION SPECTROSCOPY 

CASE Z 
M_ + ' ~ g ) ~  M -  A(ocSs) ~ M + t~¢ 

i 1 d 

TEMPERATI~E 

CASE ~Z 
M_. AB%}--_M- Aec{~,~M- C + ,~)+ %) 

i - i , , l l l  

TEMPERATURE 

CASE m" 

d 

~ ' C  
TEMPERATU R E 

F i g .  2 . 1 5 .  Th ree  p o s s i b l e  t h e r m a l  r e a c t i o n s  a r e  s h o w n .  Case I shows t h e  
m o l e c u l a r  d e s o r p t t o n  o f  an  s d s o r b a t e  m o l e c u l e  A .  Case I I  shows 
t h e  d e c o m p o s i t i o n  r e a c t i o n  f o r  ABC t o  f o r m  and d e s o r b  A and B, 
l e a v i n g  a t y g h c l y  bound m e t a l - C  r e s i d u e  on t h e  s u r f a c e .  Case 
I I I  shows a s u r f a c e  r e a c t i o n  where  AB r e a c t s  r i c h  i t s e l f  t o  
f o r m  C, 'as i s  t h e  c a s e  f o r  t h e  c y c l o t r i m e r t z a ~ $ o n  o f  C = C. 
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an adsorbate coverage dependent function and Ede s is the activation energy 

for desorp=ion. When the temperature varies linearly with t%me (T = T O + 

• t) and it is assumed that u N and Ede s are coverage-lndependent, then 

Redhead has shown that for first order desorptlons 

Eaes/(RTp2) " C 

and f o r  second o rde r  deso rp t lons  

Edes/(RTp2 ) - ( 

v 1 / ~ ) exp[-Edes/RTp! 

u 2 / ~ ) 0 o exp[-Edes/RTp] 

where Tp is the temperature of maxl.mm desorpcloa, 5 is the heatin~ rate, 

and 0 o is the initial coverage. Using =his model, Tp is independent of 

coverage for f£rs~ order desorptlon processes bu~ Tp decreases wi~h 

i nc r ea s ing  coverage f o r  second order  d e s o r p t i o n  processes .  T h e r e f o r e ,  

the molecular  de so rp t i on  and su r f ace  recombinat ion  fol lowed by deaorp t ion  

can he d i f f e r e n t i a t e d  by vary ing  the i n i t i a l  coverage and moni to r ing  Tp. 

To f i n d  value~ f o r  Ede s and v N, the  hea t ing  r a t e  ( ~ ) and i n i t i a l  

coverage ( ~ ) should be var ied  indepeuden~ly;  however, t h i s  i s  ve ry  

d i f f i c u l t  experimen~lyo In p r a c t i c e ,  a value og l015 i s  assumed f o r  v 1 

and ~ 2' based on vibrational frequencies, and Ede s is calculated from 20 

Edes/RT p - In ( u 1 " Tp/ ~ ) - 3.64 

fo r  f i r s t  o rde r  deso rp t ion  p rocesses .  

In our experiments, most TPD runs consist of cooling the sample to 

130-170 K, dosing 0.I-I00 Langmulrs of the gas(as) of interest, then 

heating the sample by passing a constant current through it at a linear 

rate of I0-I00 K/set. The desorbed gases were recorded by the monitoring 

the change in partial pressure versus time or sample =emperature, using 

an X-Y chart recorder, PET mlcrocomputer 19 or a UTI mass programmer. 
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Section 2.6: Work Function Measurements ( A_~ ) 

Adsorption of additives or gases to surfaces is usually associated 

with chanses in the surface electronegativlty or work function ranglng ~ 

from ~ 0.i eV to more than 1.0 eV. The sign of the work function change 

Is related to the direction of electron Transfer between the substrate 

and the adsorbate. The theoretical treatment of the work function and 

changes in work function are, at present 7, still far from providing 

quantitative information about charge distributions, Therefore, in this 

work, the use of 49 has been limited to investigating the relative effect 

of additives and adsorbing gases. 

The work function of a solid is defined by the energy which is 

necessary to Cake an electron in the Fermi level of the solid to the 

vacuum level. Many methods have been devised 7 to meaBure ~ such as 

thermionlc electron emission, photoemisslon, field emission, the 

vibrating capacitor method (~elvin probe), the diode method and the 

onset of emission from an electron gun. 

The method used herein was to measure the onset of the electron 

emission from a biased cryscal (using 6-24 V). This method does not 

yield any absolute work function informatlon but does give information on 

the relatlve amount of charge transfer to or from the surface. Figure 2.16 

shows some of the data obtained usln E this method. The values obtained 

by this method were found to be within ± 50Z of 49 values obtained by other 

workers using the Kelvln method 7 (where values were avallable), and the 

direction of electron transfer was consistent. 
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S e c t i o n  2.7 :  Low E n e r g y  E l e c t r o n  D i f f r a c t i o n  (LEE_.~D) 

T.~.ED i s  used  t o  o b t a i n  i n f o r m a t i o n  a b o u t  t he  geome t ry  of t he  t o p -  

most  l a y e r s  of  s o l i d s .  In  t h i s  work ,  LEED was used  m a i n l y  t o  i d e n t i f y  

t h e  c r y s t a l  s t r u c t u r e  o f  t h e  s u b s t r a c e  o r  s u b s t r a t e  w i t h  a d s o r b a t e ,  t o  a 

lesser extent, and to check thkt the crystal was anneelled after ion 

sputtering. 

The t e c h n i q u e  i s  b a s e d  on t h e w a v e  p r o p e r t i e s  of  e l e c t r o n s .  A c c o r d i n g  

to  the  de B r o g l l e  r e l a t i o n ,  e l e c t r o n s  have  a w a v e l e n g t h ,  ~ , and 

( A ) - h / ( m  • v )  = / 150IV 

where h is Planck's constant, m is the rest mass of an electron wlth a 

velocity v and klnetlc energy eV. If an electron beam of known energy£s 

implng~d on a crystal surface, some fraction of the electrons will be 

elastlcallyscattered from the top-most i-~ layers of the surface. Elec- 

trons with energies of 15-400 V, with de Broglle wavelengths of ~ 4-0.5 A , 

are used for LEED, making them sulted ideally for diffraction from the near 

surface (see F i g .  2 . 7 ) .  Braggs scattering equations govern where c o n -  

structlve scattering will occur 7, For normal electron beam incidence, 

constructive scattering will occur at the angles, ~ , where 

s i n  ~ " (N • k ) / d h ,  k - ( N / d h , k )  

where N is an Integer (denoting the order of diffraction) and dh, k is the 

distance between parallel rows of scattering centers in the [h,k] direction. 

Information about the size and shape  of the unit c e l l  of adsorbates then may 

be determined and compared with the clean substrata, if the adsorbate orders 

on the surface. 

A schematic representation of the experimental set-up is shown in Fig, 2.17 

and shows a monoenergetic beam of electrons being impinged on the surface at 

normal incidence. The elastlcally scattered electrons then are filtered using 
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FLUORESCENT IFFRACTION 
SPOT 

TWO DIMENSIONAL / /  
CRYSTAL LATTICE ~ 

(MAGNIFIED) 
XBB 708-3583 

FIg. 2,17. A schematic representation of a LEED set-up ~s shown, The low 
energy electrons are diffracted from ~he (100) s£ngle crystal 
to form a square pa~tern on ~he phosphor screen, 
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a retarding field analyzer (Fig. 2.9) and finally accelerated into a 

phosphorescent screen. The patterns which are on the screen can be photo- 

graphed through the UHV vlewport, and analyzed. 
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Section 2.8: Materials 

Hydrogen, carbon monoxide, additives (Na~ K, Si, P, 0, S, Cl) and 

hydrocarbons used in this research were the highest attainable research 

purity. A listing of reagents is given in Table 2.1 with sources, purities 

and major detectable or known impurities. Liquid hydrocarbons, distilled 

into teflon-sealed pyrex vacuum flasks were outgassed prior to use by 

repeated freeze-pump-thaw cycles at 77 K. Hydrogen was passed through a 

liquid nitrogen trap and carbon monoxide was passed through a dry ice/ 

acetone trap prior to use. All other Eases were used as supplied. 

All reagents had very low contamination levels, ~ I ppm, as evidenced 

by the lack of contamination and/or poisoning of hlgh pressure reactions 

durln E the course of these experiments, 0nly occasional low levels of 

sulfur, ~ 0.I ML, were detected after C0~H 2 HDN and ~O experiments. The 

most important species deposited durln E high pressure reactions were 

carbon and hydrogen with so,~ oxygen, forming carbonaceous overlaYers 

characteristic of CO hydrogenation reactions. 



Table 2 .1 .  

R e a g e n t  

H 2 

CO 

N2 

02 

Ar 

D2 

C ~C c 

C - C  

Materials 

Suppl ie r  

Ma~heson 

Matheson 
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Purlry a- 

~99.9995 

~ 9 . 9 9  

C - C  

EIe 

K 

Na 

SiH 4 

LBL 

.LBL 

LBL 

g99.99 

~99.9 

~99.9598 

Ph 3 

H2S 

C12 

cyclo- 
h e x e n e  

f u r a n  d 

t e t r a h y d r o -  
fu ran  d 

py r ld lne  d 

plperidlne d 

p y r r o l e  d 

p y r r o l l -  
dine d 

Matheso~ 

Matheson 

Matheson 

Matheson 

I~L 

SAES getter 

SAES get t:er 

Matheson 

Matheson 

Matheson 

Matheson 

Phillips 

HCB 

Malllnckrodt 

M a l l i n c k r o d t  

Aldrich 

Aldrich 

Aldrich 

~99.95 

g99.6 

g99.5 

~99.0 

~99.000 

semiconductor  
p u r i t y  

~99.999 

~99.5 

~99.96 

499.85 

Impurltles~ Contamlnants b 

ND e 

propane, N 2 

At, H20 

CO 

CH 4 , CO 2 

HI), H 2 

ace ~ one 

CO 2 , C ~ C 

ND 

• 

ND 

ND 

ND 

ND 

C02, ~2 

cyclohexane, 
benzene 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

H20 

ND 

carbon 

ND 

s C2-4z ML) 

ND 

s ( - - o . 1  ML) 

ND 

s ( ~ o.1 ~L) 

ND 

de~-~e~L%ned by GC, GCMS or MS. bdecermined by AE'S fo l lowing  h i g h  'presSure 
exper iments .  C~assed t h r o u g h ' d r y  i c e / a c e t o n e  t r a p ,  d i s t i l l e d  i n t o  g l a s s  bulb 
p r i o r  to  use .  U a n a l . r e a g . g r a d e ,  g l a s s - d i s t i l l e d ,  i n t o  t e f l o n - s e a l e d  g l a s s  bulbs 

• p r i o r  to  use .  eND ~ not d e t e c t a b l e  by ~ t h o d s  used.  
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Section 2.9: Catalyst Samples 

Single crystals, foils andpowders were used throughout this research. 

The samples are listed in Table 1.2, along with the supplier, major contami- 

nants and the normal UHV cleaning procedure for each. 

Molybdenum and palladium crystal catalysts used in this work were 

prepared by W. Heppler of LBL. The method used was to spark erosion cut 

a thin oriented disk ( - 0.3 - 0.9 mm thick) from the stock single crystal 

rods. The orientation was checked using Lane x-ray back dlffractlon, see 

Fig. 2.|8, to insure that both crystal faces were within 0,5" of the 

desired orientation. The crystals then were polished to a mirror finish 

using standard metallographic procedures, with the final step using an 

aqueous slurry of 0.05 ~alumina powder in an ultrasonic vibrator. The 

samples then were dlpped in acid, water, acetone and ethanol prior to 

mounting on the manipulator and inserted into the UHV chamber. 

Powdered samples (LaFe03, LaCr03, La}m03, LaCoO3, LaRhO 3) were 

prepared by K, Seiber using La203, La(NO)3, Rh(OH) 3 and nitrates of Fe, 

Co, Mn and Cr as reagents. The procedures have been publlshed 22 and will 

not be discussed in detail here. 
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Table 2.2. 

Catalyst 

Rhfoll 

Aufoll 

Pd single 
crystal 

Mo single 
crystal 

Rh203 • 
5s2o 

LaRhO 3 

LaFeO 3 

LaCrO 3 

La.MnO 3 

d 

Catalyst Samples 

Supplier 
~-~jor 

Contaminant 

Eugelhard 

Engelhard 

Mater ia l s  
P~ search  Corp. 

Lawrence 
Mvermore Labs 

Materials R.C. 

Engelhard 

Dr. K. Selber a 

C, B~ Si, 0 

C, S~ Ca 

C. S 

C, S 

e |  

g l  

R 

Normal Cleaning Procedure 

Argon Ion s~utter at lO0O°C for B. 
02 a t  5X10- Torr a t  600°C fo r  C, 
Argon ion s p u t t e r  a t  5000C f o r  Si,O 

Argon ion s ~ u t t e r  a t  600% 
02 ac 5XI0- Torr a~ 500°C, repeat  

>reparanlon and characterization 

Argon lon s ~ u t t e r  a t  500°C 
02 a t  5X10-" a t  1000°C, repeat 

.a) heat co 160~°C for S 
b) 02 a, 5XIO -~ Tort at 10D0% 
flash to 1600"C for C 

flash in 5XIO -7 Torr of 02 

n 

IB 

el 

m 



Pd(100) 

Pd(110) 

F£g.  2 . 1 8 .  Lsue x - r a y  back d ~ f f r a c t i o n  f o r  P d ( l l l ) ,  Pd( lO0)  and P d ( l l O ) .  
From the  symmetry o f  t h e  p a t t e r n  the  o r i e n t a t i o n  o f  the  s i n g l e  
c r y s t a l  s u r f a c e  can be a c c u r a t e l y  checked  ( z 1 . 0 " ) .  

46 

Pd(lll) 
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Section 2.10: Dosin~Materials and Procedures 

Volatile gases were dosed through a variable rate leak valve from the 

gas manifold into the vacuum chamber, either by backfilling the chamber 

or by introduction through a 0.125 in 0.D. stainless steel tube doser 

pointed ~owards the sample. The crystal was cooled to 100-250 K (usually 

110 K) before backfilling the chamber with the volatile gas. Molecular 

gases were decomposed by rapidly heating the crystal to 600 K, thus 

desorblng H 2 from H2S , H3P and H4Si. 

All potassium and sodium dosing was done by heating a commercial 

S~S Getter source which consists of a powdered mixture of potassium 

chromate or sodium chromate and a zirconiium-16Z aluminum alloy getter, 

enclosed in a tantalum dispenser. The doser was positioned about 5 cm 

from the sample~ and heated by passing.a 4-8 Amps. current through it, 

giving dosing rates of 0.05-0.20 ML per minute° The amount of potassium" 

or sodium deposited was monitored by AES, and calibrated from the shape 

of the uptake curves, as described elsewhere.5, 2| 
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Procedures 

Section 2.11= Low Pressure Studies 

Low pressure chemlsorptlon studies were carried out =o determine 

approximate energies and surface coverages of additives or poisons. The 

single crystal, loll or powdered sample was cleaned in LEdV as de=cribed 

in Table 2.2, then quickly cooled to the adsorption temperature (usually 

130-170 K). A leak valve, contalnln~ the gas to be adsorbed, was then 

opened~to admit a flow which increased the pressure in the UHV chamber to 

- 2-5KI0 "8 Tort. The gas was dosed to provide 0.1-10 Langmulrs on the 

surface (i Langmulr ~ IX10-6 Tort • sec of any gas used in these studies). 

The surface was then heated at a linear rate, of 20-50 K/see, and 

the mass spectrometer signal for a given mass was plotted or st~red versus 

the time and/or temperature of The sample, Typical TPD spectra are shown 

in Fig. 2.19. The spectra contain four masses each and were aquired 

simultaneously with either a PET mlc~'oeomputer of a UTI mass programmer. 

Areas under each curve correspond, after calibration, to the amount of 

each product desorbed and can be used to give klnetlc~information on the 

surface reactlon. 
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TRIMERIZSTION 

ULTRR-HI GH VSCUUM 

I A -2s bcl]~).c2,2 
I I 35 22o 

~ 18o' I 

TEMPERRTURE B 

e~mo)-c2M:, 
c6,6 ~0 ] 

C2H2 ,d 

TEMPERATURE 

F i g .  2 . 1 9 .  TPD of  a c e t y l e n e  £ r o ~ ¥ d ~ l q l )  and Pd( l I0 )  (6 £ adsorbed a t  
130 K, hea t ing  r a t e  of  25 K/sec)  recorded  i n  t he  UTI mass 
programmer. 
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Vl 

m 

s~ mple 

UHV 
chamber 

V2 

VI5 

l as! oh omatog p  

~ VI2 

13( 2~ii 
¢ if fusio] 

()vl 
,I 

~echanic~l 

gas 
circulation 

P 

'pressure 
gauges 

v3® 

back to ~V7 
air valve V81 

H 2 CO N 2 other gases 
(D2,acetylene, furan,etc.) 

F i g .  2 . 2 0 .  A d e t a l l e d  schemat ic  o f  the hlgh pressure  l o o p .  A l l  v a l v e s ,  
except  V12 and V14, are  Nupro (4BK or 6BK). Vi2 I s  a 2 3/4" 
ga te  valve and V14 i s  a I I/2" brass be l lows  v a l v e .  
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I C O + H  2 on Cleon Mof0;I 

.•. I : 2 6 arm 
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F i g .  2 . 2 1 .  A ploc  o f  t he  gas  chromatograph ic  peak a rea  v s .  r e a c t i o n  t ime  
f o r  the  t y p i c a l  r e a c t i o n  p r o d u c t s  o f  the  hydrogena t ion  o f  CO 
over  c l e a n  No c a t a l y s t s .  Reac t i on  r a t e s  f o r  the  LndLvldual  
p r o d u c t s  a r e  de termined  g r a p h i c a l l y  from the  i n i t i a l  s l o p e  o f  
the  p roduc t  accumula t idn  c h r v e .  



52 

Section 2.12: High Pressure Studies 

Prior to each high pressure (1-20 arm) reaction study, the sample 

was cleaned in UHV using a combination of argon ion bombardment, high 

temperature oxygen treatments and annealing cycles, as described in Table 2.2 

for each sample. The surface composition was characterized by AES and/or 

XPS. The well-charac~erlzed sample was then enclosed in the high pressure 

cell. The high pressure loop subsequently formed (see Fig. 2,20) has its own 

gas manifold, pressure gauges and pumping system. In normal high pressure 

operation valves V7, 8, 9, II and 15 were closed and VI and V2 were opened 

to expose the sample Co the reaction gases. The gases for reaction were 

bled in through valves 3-6, while the circulation pump was on and VI4 was 

open, and mixed for I0 min prior to taking a gas uhromatographlc sample. 

After a background gas sample was taken, to lusure unlformmlxlng, the 

sample was heated to reaction temperature and an automatic gas chromatograph 

sampling cycle (sampling every 15-120 min) was initiated. Time zero was 

taken as heating of the crystal began. The reaction temperature was 

continuously regulated Eo ± 3 K using a precision temperature controller 

(Eurotherm 919 PAP) with a digltal voltmeter display referenced to the 

thermocouple. The data from the gas chromatograph was plo=ted in the 

form of product accumulation curves (see Fig. 2.21)o Initial rates of 

r e a c t i o n  f o r  e a c h  p roduc t  were d e t e r m i n e d  g r a p h i c a l l y  by t a k i n g  the  

i n i t i a l  s l o p e  o f  the gas c h r o m a t o g r a p h i c  peak a r e a  v e r s u s  t ime p l o t .  Reac-  

t i o n s  were usually allowed to .  p r o c e e d  120-3000 mln (CO/H 2 for 120-360 min, 

HDN/HDO for 120-240 min, C E C cyclotrimerlzation for 1000-3000 min). 

When the reaction was to be stopped, the crystal was cooled and the gas 

mixture  pumped o u t .  F i r s t ,  i n  t h e  c a s e  of  CO/H 2 s t u d i e s  which  i n v o l v e d  

two o r  more a tmospheres  o£ p r e s s u r e ,  the  gases  were pumped out  by opening  
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V7 to reduce the loop pressure to -- I atm; then, in all cases, by us%ng 

the mechanical pump (open VS, ii. 13 and 15 with VI2 and q14 closed) and 

finally with =he liquid nitrogen-trapped oll diffusion pump (open VJ2 

and V|4, close VI3). The pumping sequence took ~ 30-60 mln and reduced 

the pressure in the loop to ~ i,0-10Xl0 -4 Tort. After pumping, Vl, 2 

and II were closed and the high pressure cell opened, exposing the sample 

to UHV and the surface analytical techniques con~alned therein. The 

pressure burst upon opening the cell was ~ 5xlo-8-5Xlo -7 Tort and 

rapidly decayed to ~ IX10 "8 Tort in ~ 5 mln. Subsequent Auger spectra 

were recorded for the sample, to provide an estimate of the surface carbon 

and other possible impurities (especially sulfur). The carbon deposits 

were studied further by using CO TPD, to determlne the amount of clean 

surface area relative to a CO TPD prior to the reaction. 
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INTRODUCTION TO CHAPTER THREE, FOUR AND FIVE: 
HYDROGENATION OF CARBON MONOXIDE 

The hydrogenation of carbon monoxide is important for the long term 

world fuel requirements. Coal is a dirty and inconvenient material to handle, 

with an ash by-product. Also, approximately 1 I/2 tons of coal are need to 

supply the energy of i ton of oli. However, the world reserves of coal are 

estlma~ed to be very large in comparison with those of oll and gas (see Table 

I). Coal can be converted to ~ I:i C0:H 2. Most of the hydrocarbons produced 

by the hydrogenation of carbon monoxide are aliphatlc, which creates hlgh 

quality diesel and aviation fuel. Methanol can also be produced in high 

yields and can be converted ~o aromatics in zeolite catalysts I, so all hydro- 

carbon products can be produced from H 2 and CO (see Fig. I). 

The hydrogenati6n of carbon monoxide, commonly called the Fischer-Tropsch 

synthesis, on metals has a long history. Methane formation was reported as 

early as 19022 and longer chain hydrocarbons were observed prior to 191~. 

Table 2 contains a brief history of the developments in the hydrogenation of CO. 

Thermodynamically, many products have a favorable free energy of formation, 

as can be seen in Fig. 2. Higher pressures are used to enhance  products such 

as methanol and acetic acid, 

The work described in the followln@ three chapters investigated the 

effect of additives (0, S, K) on the hydrogenation of C0. The pressure 

dependence, activation energy and product distribution will be discussed in 

terms of the mechanism of the reaction. 
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Table I. World energy reserves (1973 world energy productlon = I). 

Proven Recoverable Estimated Total 

Gas 8 

011 17 

Shale and tar sands 47 

Coal 66 

46 

73 

250 

730 
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Table 2. Milestones in the hls=ory of synthesis gas reactions. 

Year Author Catalyst Observed Products Remarks 

1902 

1908 

1913 

1921 

1922 

1923 

1923 

1925 

1938 

1974 

1978 

1978 

1979- 
1982 

Sabatier, 2 
Senderens 

Orlov 3 

BASF patent 4 

Patart 5 

Fischer and 
Tropsch 6 

BASF patent 

Fischer and 
Tropsch 7 

Fischer and 
Tropsch 8 

P i c h l e r 9 , 1 0 , l l  

Walker and 
Pruett 12 

Rabo 13 

ichikawal4", 15 

Leupold.  
e t  a l .  1b,17~18 

Ni ; Co 

Ni/Pd 

Co and Os 
oxide 

Fe (alkali) 

ZnO-Cr203 

Fe, Co 

Fe-oxide/ZnO 

Ru 

Ru-complexes 

Pd 

Rh-complexcs 

'Rh' 

CH 4, C2H 4, C2H 6 

'oil' (alkanes 
and oxygenates 

Cd30H 

oxygenated 
hydrocarbons 

CH3OH 
( e x c l u s i v e l y )  

hydrocarbons  

h#drocarbons 

waxes 

g l y c o l  

CH3OH 

C2H5OH 

' o x y g e n a t e s '  

100-200 atm; 
575-675 K 

i00 arm; 
675 K 

100-600 arm; 
525-675 K 

10-20 arm 

I arm 

10 3 atm 

U.S. p a t e n t  

D.P. patents 
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CH 4 

CO + H 2 

FT 

syn~hesls 

hydrocarbons;) 
oxygenated 

produc=s 

alkanes -----~alkenes 
alkenes 
aromatics 

fH30H 

MOBIL process 

Fe-F~ ox ide  

+ CO, H20 

(homogeneous cat's) 
(heCerogen. cat's ) 

+ CO, H 2 

(homogeneous ca t ' s )  
(heterogen. cat's, Rh) 

gasoZines 
, (+ aromatics) 

ev. a/kenes 

, formaldehyde 

, acetic acid 

, ethanol---~e~hene 

gzycols 

Fig. I .  Scheme o f  con~ers ion  o f  CO/.H 2 gas mlxCures. 
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Fig. 2. Standard free energies of forma=ion for synthesis of hydrocarbons 
and alcohols from carbon monoxide and hydrogen wl=h water as by- 
produce. 



61 

REFERENCES 

i. Chang, C.D., and Sllvestrl, A.J., J. Catal. 47, 249 (1977). 

2, Sabatler, P. and Senderens, J.B., C.R. Hebd. Seanees Aced. Scl. Paris 
13_.2.4, 514 (190z). 

3. Orlov, E.I., Zh. Russ. Khlm. O-va., Chast Khlm. 40, 1588 (1908). 
Transl.: Orlov, G., Bet. Dtsch. Chem. Ges. 42, 89"~ (190~). 

4. D.R.P. 293, 787 to Badlsche Anllin und Sodafabrik (1913). 

5. Patart, G., B.F. no 540, 343 (1921). 

6. Fischer, F., and Tropsch, H., D.P.R. 411, 216 (1922). 

7. Fischer, F., and Tropsch. H., Brennst.-Chem. ~, 276 (1923). 

8. Fischer, F., and Tropsch, H., German patent 484, 337 (1925). 

9. Pichler, H., Brennst.-Chem. 19, 226 (19387. 

I0. Pichler, H., Ges. Abh. Kenntn. Hohle 13, 417/74 (1957). 

II. Plchler, H., Adv. Catal. 4 271, (1952). 

12. Prue~=, R.E., and Walker, W.E., U.S. patent 3,833,634 (1974). 

13. Poutsma, M.L., Elek, L.F., Ibarhla. P.A., Risch, A.P., and Rabo, J.A., 
J. Catal. 5_~2, 157 (1978). 

.. 

14. Ichikawa, M., Bull. Chem. Soc. Jap. 51,~2273 (1978). 

15. Ichlkawa, M., J. Chem. Soc., Chem. Comm., 566 (1978). 

16. Hoechst, A.G., Wunder, F.A., Arpe~ H.J., Leupold, E.I., and Schmidt, 
H.J., D.P. 2814427 (1979). 

17. Hoechst, A.G., Schutldt, H.J., Wunder, F.A., Arpe, H.J., and Leupold, ' 
E., D.P. 2814365 (1979)o 

18. Hoechst, A.G., Leupold, E.I., Schraldt, H.J., Wunder. F., Arpe, H.J., 
and Hachenberz, J., E.P. 791040090 (1979). 



62 

CHAPTER THREE: DEUTERIUM ISOTOPE EFFECTS 
ON HYDROGENATION OF CARBON MONOXIDE OVER RHODIUM 

Section 3.1: Introduction 

Isotopic substltunion of deuterium for hydrogen can modify the rate 

of carbon monoxide hydrogenationl-10. Reports indicate that the rate of 

methane formation over ruthenium decreased 1, Increased2j or remained the 

same 4'5, over Ni increased 6-8 or remained the same 4'5 , and over a Co/ThO 2 

Kielselguhr catalyst increased upon substitution of deuterlum. 9 In this 

note we report an "equilibrium" deuterium isotope effect during methanatlon 

over rhodium polycrystalllne foils; that is, the rate of methane formation 

increased when D 2 was used as a reactant instead of H2. The rate of CD 4 

formation was found to be I.5 times faster than the rate of CH 4 formation 

under the conditions used in ~his study (CO:H2, 1:2j 6 arm total pressure, 

520-720 K). This result Is slmilar to that found on supported Ru catalysts 

by Kellner and Bell2. The pressure dependence of the reaction is -I.0 ± 0.I 

order in CO and +I.O ± 0.I order in H2, which implies competitive adsorptlon 14 

of these two molecules on ~ne surface. This data along with an activation 

energy of 25 kcal/mol for methane formstion indicate that one of the final 

hydrogenatldn steps is rate-llmiting, as proposed by K~llner and Bell 2 

over supported Ru catalysts. 
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Section 3.2: Results and Discussion 

The catalytic hydrogenation of carbon monoxide has been investigated 

on rhodium polycrystalllne foils. Typical turnover frequencies (defined 

as product molecules/Rh atom x second) for methane production were 0.26 

at 570 K, CO/H2=0.33 , and 6 arm total pressure; and 1.0 at 520 K, CO/H2=0.33 , 

and 6 arm total pressure. These turnover frequencies were calculated 

using the surface atomic density of Rh(lll) (1.6 X 1015 atoms/cm 2) and 

initial reaction rates. A typical product accumulation curve is shown in 

Fig. 3.1. A typical product distribution for the reaction is shown in 

Table 3.1. 

Under all the conditions of this study, the main product from the 

reaction is methane with small amounts of ethane and propane also being 

produced, The only by-product of the reaction was found to be water. 

Figure 3.2 displays an Arrhenlus plot for CH 4 formation, from which 

an activation energy for methanatlon on Rh polycrystalllne foils of 

25 ± 0.5 kcal/mol was calculated. Also shown in Fig. 3.2 is the corres- 

pondlng plot when deuterium was substituted for hydrogen in the react£on 

mixture. An isotope effect is observed clearly, the rate of methane forma- 

tion increased by a factor of 1.5 when deuterium was used as a reactant. 

The dependence of the mathanatlon rate on the pressures of the 

reactant Eases is shown in Fig. 3.3. This plot was determined by varying 

the partial pressure of each reactant gas while maintaining a constant 

temperature and coral pressure, using argo 9 as a buffer gas. Consequently, 

the observed rate law for methanatlon is given by 

~H4=kPco-IPH2 +I • 

The reaction begins to be poisoned after about i-3 h, depending on reaction 

conditions (higher temperature and high CO/H 2 ratios lead t o  faster 
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3.1. Product accumulation vs. reaction time curves in closed-loo~, 
batch reactor. The plot shows major products from CO + B 2 (I:I) 
at 6 am total pressure and a clean Rh£oil catalysts temperature 
of 570 K. 
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Table. 3.1 .  Typical produc~ distribution of t he  catalytic 
hydrogenation of CO, 

Produc t  

CO:H2, 1:2, 570 K, 6 arm 

Turnover Frequencies 
(moZeculeslRh atom •sec) 

mole Z 

Ol 4 

C2H6 

C3H8 

0.26 

O.01 

0.003 

0.00 

95 

4 

1 

0 
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Fig. 3.2. Arrhenius plot for the initial rate of formation of CH 4 and 
CD 4 vs. inverse temperatures over Rh polycrystalline foils. 
As is shown, the rate of CD 4 formation is 1.5 times the rate 
of (3 4 formation over the entire temperature range of this 
study. 
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P R E S S U R E  D E P E N D E N C E  OF CO AND H z 
F O R  M E T H A N A T I O N  ON R H O D I U M  F O I L  
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Fig. 3.3. Rate of methane formation vs. the partial pressure of each reac- 
tant at a constant total pressure of 10 arm and constant temper- 
ature of 570 K (constant H 2 pressure of 3 a~m for determination 
of O0 dependence and constant CO 'pressure of 3 arm for determi- 
nation of H 2 depender~e). The resultinQ rate expression has 
the form 

rCH 4 = Rpco-1.0PH2 +1"0. 
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poisoning rates). After poisoning of the reaction, AES revealed a carbon- 

covered surface, 

The products o~ .he hydrogenation of CO on rhodium foils are alkanes 12, 

indicating that rhodium is a very good hydrogenation catalyst. The highest 

molecular weight hydrocarbon observed was propane, implying that the rate 

of carbon-carbon bond formation is slow relative to the rates of hydro- 

genation and desorp~ion. 

The subs~i~ution of deuterium for hydrogen in the reaction mixture pro- 

vides further information about the rate-determlnlng step. Fig. 3.2 shows 

an inverse deuterium isotope effect similar to that observed on Rn by Kellner 

and Bell 2. Deuterium isotope effects arise from two sourcas10,16: 

first, the kinetic isotope effect, and second, the thermodynamic or equili- 

brium isotope effect. The kinetic isotope effect is the result of the 

difference in zero point energy associated with the dissociating bonds, kH/ 

kD: 
kH/k D ~ exp[(Z*O(D) - E*O(H)) - (Eo(D) - gO(H))] / aT. 

If the bond dissociating or forming is very weak, so that the zero 

point energy in the activated state can be ignored, then the ratio of the 

r a t e  c o n s t a n t s ,  kH/kD, i s  determ£ned by the d i f f e r e n c e s  in  ze ro  p o i n t  

energies, EO(D) - gO(H) , for the reactants. The vibrational frequency of 

a C-H bond is greater than that of a C-D bond, EO(H) > EO(D), so it is 

usually observed t h a t  k H > k D. The magnitude of EO(H) - EO(D) can be 

evaluated from the vibrational frequency and for C-H/C-D it is - I.I kcal/ 

mol, from which kHlk D could be as high as ~ 3 at 570 K. However, a large 

normal isotope effect is rarely observed, suggesting that some zero point 

energy is associated with the activated complex. 
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The thermodynamic isotope effect arises from a change in the surface 

concentration of a reaction intermediate. If the equilibrium constant 

for a reaction is given in terms of partition functions and expanded for 

methane formation it has the form of: 

KH= 

and expanding for OH, 

OcH4 0H2O 

QCO Q3H 2 

6 1 
QH " MH 3/2 (IAIBIc)I/2 H ( ............... ) axp(-Eo/RT) 

i l - e x p ( - h  v i / k T )  

where M = molecular weight, I i ~ moments of inertia, ~ i = fundamental 

frequencies, E o - zero point energies, h = Plank's constant and k - 

Boltzman's constant. The equilibrium constant ratio, kD/k ~ is determined 

largely by the energy difference 

(E0(CHd) - E0(CDd)) + (E0(H20) - E0(D20)) - 3(E0(H2 ) - E0(D2 )) 

= 7.01 + 3.39 - 3(1.67) 
=5,4 kcal/mol. 

At lower temperatures the value of KD/K H increases due to the last 

term in the partition function, which is highly temperature-sensltlve. 

The observed inverse isotope effect results from a combination of the 

kinetic and thermodynamic effects. Since we have an inverse deuterium 

isotope effect, one of the hydrogenation steps is ra~e-llmltlng. From the 

size of the inverse effect, slm~lar to the effect observed on Ru 2, it 

has been interpreted 2 as suggestln E that one of the final hydrogenation. 

steps is rate-llmltlng. 

Pressure dependence studies for the reaction gave a negative 1,0 ± 

0. I order in CO and a positive 1.0 Z 0.I order in H 2. These values are 

typical for Fischer-Tropach catalysts 13,14 and generally explained by 

i.voklng competitive adsorption of CO and H 2 on the surface. Other 
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studies 15 on rhodium methanation catalysts have been carried out at total 

pressures of 75 arm. These studies found the pressure dependence of the 

reaction to be proportional to RaCe = PH2+I/2Pco -I/Z, suggesting that in 

our lower pressure studies the RDS may shift from C* + H* ~ CH* to CH* + 

H* ÷ CH2*. This difference is in the direction expected from a decrease 

in the total pressure and an interesting set of future experimonts would 

be to investigate the pressure dependence of the reaction at even lower 

pressures. 

Pressure dependence studies on Rh loll combined with the magnitude 

of the inverse deuterium isotope effect and activation energy lead us to 

propose a mechanlstlc scheme (see Fig. 3.4) for the hydrogenation of CO 

to form methane. To obcaln model kinetics three assumptions were made. 

First, the Rh surface is nearly saturated by adsorbed CO, which is an 

assumption supported by in sltu infrared observations 17,18. Second, 

water is the major oxygencontalning product, as seen in this study as 

well as others 19, and third, all the mechanistic steps indicated as 

reversible are at equilibrium. For the case where methane production Is 

dominant, as It Is for Rh, a limiting form of the rate expression is 

g iven  by 

~H 2 " kPH2+l.bPco -I. 

Our results support the second hydrogenation step as being ratelimlting, 

so then the rake of formation of methane can be expressed as 

Rclt4 = kpH +lPco-1 , 
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CHAPTER FOUR: HYDROGENATION OF CARBON MONOXIDE 
OVER OXIDES OF RHODIUM AND 3d TRANSITION METAL PEROVSKITES 

Section A.I: Introduction 

In an attempt to produce commercially valuable oxygenated feedstocks 

from nonpetroleum sources, the hydrogenation of carbon'monoxlde over transl- 

tlon metals in oxidation states of 0 - +4 has been studied. Other workers 

have found supported rhodium catalysts to be promising candldates I-5. The 

product distributions from different formulations range from high yields 

of methanol and ethanol 1"2 to ethanol and acetic acld 3'4,5 or solely non- 

oxygenated hydrocarbon products 6. From these studies, it appears ~hat 

the exact chemical environment of the catal~tically active rhodium species 

on the surface plays an important role in determining the product" 

distribution from FT$. 

Previously, work in this group has investigated ~he characteristics 

of model, low surface area, unsupported rhodium catalysts for FTS in the 

pressure range of t-10 arm 7-I0. These studies have found that the surface 

oxidation state of rhodium determines, to a great extent, the product 

distribution, The most significant finding of these studies was that 

LaRhO 3 could be used in FTS ~o form selectively up to 80% welgh~ percent 

of oxygenated products and, more importantly, remained catalytically 

active indefinitely. 

The work discussed in this chapter is intended to be a survey of 

other transl~Ion metals in stabillzed oxidation states° For this purpose, 

a series of ~erovskites were synthesized of the type AB03, where A = La and 

B - Rh, Cr, Fe or Co~ The hydrogenatlorl of carbon monoxide was catalyzed 

by these perovskites at I0 arm and 570 K. To examine the stability of 
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the transition metals, the oxidation state XP spectra were taken before 

and after each reaetlon and compared, 
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Section 4.2: Results and Discussion 

The catalytic hydrogenation of carbon monoxide on a number of oxides of 

rhodium (Na2Rh03, TiRhO3, CuRh204 and FeRhO 3) and perovskites of the type 

ABO 3 (A = L a, B = Rh,.Cr, Fe, Co) has been studied. The perovskites 

used in this study can be divided into three catagories as shown in Teble 

4.1. Specific properties of each compound are listed in Table 4.2. 

Typical conditions for the reaction were CO + H 2 1:2, 6-10 arm, and 

570-620 K. Reaction times were generally 2-4 h. Turnover frequencies 

were calculated assum/ng 1.6 X I015 active atoms per sample. Samples 

were prepared by pressing ~ 0.01 g of oxide powder between 0.03 inch Au 

foil and I00 X I00 X 0.005 inch Au mesh at . 20,000 psi. A typical 

product accumulation curve for LaRhO 3 is shown in Fig. 4.1. Initial 

rates of formation of each product for each catalyst Sample (cO + H 2 

1:2, I0 arm, 570 K) are shown in Figs. 4.2,3. The major prod ~rom 

every reaction was found to be methane, Alcohols were not detected, 

although several attempts were made to push the equilibrium toward their 

formation (lower reaction temperatures, increased CO:H 2 ratios, higher 

total reaction pressure). 

The oxide catalyst product distribution for FTS can be compared with 

the product distribution of Mo, Rh and Fe shown in Fig. 4.4. The oxide 

catalysts appear to enhance the formation of higher molecular weight 

products and also alkene formation relative to alkane formation. 

The overall activity was found to increase as B, In AB03, was 

chan~'~d from Cr to Fe to Co. This activity change was accompanied by 

lower carbon levels after high pressure reactions over LaFeO 3 and 

LaCoO 3. Carbon monoxide dissociated more readily on the transition metals 

on the left-,hand side of the series, so this result is expected. No oxy- 



76 

Table 4.1. A list of properties of the five perovskites used in this 
study. 

Catagory  Examples ,,,Properties 

i laFeO 3 

LaCrO 3 

2 [,aMnO 3 

LaCoO 3 

taRhO 3 

a) B is in most stable oxidation state 
Fe +3 d 5 octahedral symmetry 
Cr +3 d 3 

b) isostructural (orthorhombic perovskites) 

c) crystallized at 1300 K for 48 h in air in 
Pt c ruc ib le  

d) stolchio~ric 

a) B is in unstable oxidation state 
Mn~ d 4 high spin (Mn+4,Mn +2 ~table) 
Co 3 d 5 50% high spin 

50% low sp in  
(Co +Z stable) 

b) isostructural (monoclinic distortion of 
perovskites) 

c) crystallizes at 1300 K for 48 h in air in 
Pt crucible 

d) non-stoichiometrlc 

a) B is in unstable oxidation state 
Rh +3 d 6 

b) monoclinlc d i s t o r t e d  perovskite 

c) crystallizes above 1400 K in air in 
Pc c ruc ib le  

d) n o n - s t o i c h i o m e t r i c  Rh+4,Rh 0 
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Table 4.2. Properties of the perovskites a . 

Formula Volume I]ensi~y 
Compound Weight($1mol) (~3) . . . .  z a'(~) ~Icm 3 MP(°C) 

LaRhO 3 289.8 61.16 1 3.940 7.866 

LaCrO 3 238.9 234.20 4 3.883 6.773 

LaFeO 3 242.8 243.09 4 3.932 6.631 1888 

LaCo03 245.8 55.906 I 3.824 7.300 

aThe densities of perovskise-type compounds were calculased from x-ray 
d a t a  using she  e q u a S i o n  i n  a computer p r o g r a m  

D = 

Molecular weight x No. of molecules per unit cell 

Volume of uni~ cell x 6.023XI023 molecules/mole 

In the p r o g r a m ,  the equation for the volume'of a ~rlcllnlc cell was used 

V = a b c 4(I' - cos2a Cos~/ - cos I# + 2Cos~'cos~ cos@ ) 

and ~he appropriate parameters from x-ray crystallographic data II were 
introduced for each compound. The moAecular weight was ob~alned by Intro- 
ducing the perlodlc table with atomic weights into the computer and then 
inserting ~he da~a deck wish the appropriate aSomlc symbols and multipliers. 
Tne cube root of 

volume of ~he uni~ cell 
no. of molecules per unit cell 

wa~; also calculated to obtaln a', she unlt cell edge of a cubit cell 
which represents the same volume allowed in the true unit cell for a 
molecule of a perovsklte-type compound. This permits a comparison to be 
made between She ionic radii cf the ions in these compounds even when 
they are indexed on cells with different symmesry. 
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Methane xO.1 
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0 
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Fig. & .I. Producn accumulation versus reaction time curves in t:he elose4- 
loop, batch reactor. The plot shows the major produc:s ~rom CO 
+ H 2 (1:2), I0 arm ~o~al pressure and a LaRhO 3 cacalys~ te~o~- 
ature of 570 K, 
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CO 4- H 2 
1 : 2  
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"ii°2c 
2 ,--, Alkenes, 
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Hydrocarbon Species Produced 

Fig. 4.4. The product distribution from FTS over metal and promo=ed =eCal 
catalyses. IY, e =ethane turnover frequency is much higher for 
iron, t~e classical FT ca=alyst. 
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genated products from any of the reactions over any of the oxide catalysts 

studied were found. This result is contradictory to the results of 

Watson, et al. I0, who found up to 80% weight percent of the products from 

FTS over LaRhO 3. Further studies need to be undertaken to clarify this 

discrepancy. 

To study the stability of the perovskite lattice in the reducing 

environment of the hydrogenation reaction, XP spectra were taken before 

and after each reaction, The spectra revealed that all perovskite catalyst 

samples appeared to reduce partially during the reaction (see Table 4°3)° 

A typical wide scan, revealing the composition of the near surface region 

of LaCoO3, is shown in Fig, 4.5. The Co 2P3/2 peaks are shown, expanded 

at better resolution in a separate spectrum in Fig.  4.6, After ~eaetlon, 

the spectrum is shifted toward the lower binding energies by ~ 0,8 eV° 

These initial results on the hydrogenation of CO over both perovskite 

samples and rhodlum-containlng mixed oxide catlysts showed that product 

distributions and activity can be altered significantly by changing either 

the oxidation state of the active metal center or the metal center itself. 

Future work on this system needs to be done to study in detall the relation- 

ship between oxidation state, transition metal catalyst, activity and 

product d i s t r i b u t i o n .  



Table 4 .3 .  
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X-ray p h o t o e l e c t r o n  s p e c t r o s c o p i c  r e s u l t s  f o r  p e r o v -  
skltes (experlmental values), metals, and ions 
(literature values), 

Compound 

I.~Rh0 3 

LaCrO 3 

LaFeO 3 

LaCoO 3 

Major XPS Peak P o s i t i o n  (Binding energy in eV) 
Before React ion  Afuer React ion  

311.0 

576.5 

709.5 

779.5 

308.0 

575.0 

707.0 

778.8 

Major XPS Peak Pos~.tton 
Me~al/Ion 12 (Binding Energy in  eV) 

Rh 

Cr 

Fe 

Co 

Rh+3 

Cr+3 

Fe+3 

6o +3 

307.1 

574.0 

706.8 

777.9 

309-311 

576-580 

709-712 

779-782 
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CHAPTER FIVE: HYDROGENATION OF CARBON MONOXIDE 
ON Mo(lO0) SINGLE CRYSTALS AND POLYCRYSTALLINE FOILS 

S e c t i o n  5 .1 :  I n t r o d u c t i o n  

Many t r a n s i t i o n  meta ls  have been i n v e s t i g a t e d  as c a t a l y s e s  f o r  the  

hydrogena t ion  of  CO, bu t ,  u n t i l  r e c e n t l y ,  ve ry  l i t t l e  work had been c a r r i e d  

out  us ing  Ho 1-4.  The r e s e a r c h  s t u d i e s  t h a t  have been per formed,  however,  

already point to several interesting and unique characteristics of Mo 

catalysts. Workers at the U.S. Bureau of Mines reported I that molybdenum 

catalysts had high activity for methane production although not as high 

as Fe, Ni Co and Ru. Salto and Anderson 2 3 extended these studles and D 

reported that Mo metal lo~t activity rapldly but produced about the same 

product distribution as iron. Most recently, Hou and Wise 4 have studied 

the kinetics of methane formation on MoS 2. They found a very low activation 

energy for the formation of methane ( ~ 7.4 kcal/mol) and the dependence of 

the rate on reactant gas pressures to be 

r -kP +Ip +0.5 
CH 4 CO H 2 

Tbls pressure'dependence is unusual since the rate of CO hydrogenation 

is usually of negative order with respect to CO pressure. The purpose of 

this study is to explore the catalytic activity of Mo for the CO/H 2 

reaction. By using small-area ( ~ I cm 2) single crystals of (100) orlenta- 

£ion and polycrystalline foils, we were able to determine the structure 

sensitivity of the reaction. Our low-pressure/hlgh pressure apparatus 

permits surface analysis by Auger electron spectroscopy before and after 

the experiments. By adding potass ium or sulfur in submonolayer quantities 

to the surface, we were able to study the influence of these products and 

thus, the product distrlbution. 

Th~ reactlon produced mostly methane~ ethane and propene. We found 
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positive pressure dependencies of the reaction rate on CO and H2: 

r =kP +.32p +1.0 
CR 4 CO H 2 • 

poln=s =o a reacnion mechanism ~ha~ is different from =hat found for 

ydrogena=ion on many other transition -~tals (Ni, Fe, Ru). ~he 

tion proved =o be strue=ure-insensltlve under our conditions (pressure 

e |-i0 arm, tempera=ure range 520-670 K). Both K and S, when added 

ubmonolayer quantities, increased the olefln-to-paraffin ratio. 



S e c t i o n  5.2: R e s u l t s  

89 

The c a t a l y t i c  h y d r o g e n a t i o n  of  c a r b o n  monoxide has  been  i n v e s t i g a t e d  

on No(100) slngle crystals and polycrystalline Mo foils. Typical initial 

turnover frequencies for methane production were 0.11 at 300°C, C0/H2=0.33 , 

and 4700 Torr total pressure and 0.011 at 275°C, C0/H2=0.02 , and 1320 Tort 

total pressure. We have defined turnover frequencies (product molecules/: 

atom x second) using the surface atomic density of Mo(100) (I.0 X I015 Mo 

a~oms/cm2). No correction has been made for the fact that Mo poly- 

crystalline loll is cot composed entirely of the (I00) face. Using this 

definition, we observed no differences in either rates or product dlst- 

ributlons between slnEle crystal or polyerystalllne surfaces. Thus, the 

reaction does not appear to be structure-sensitlve. A characteristic 

product accumulation curve is shown in Fig. 5.1. The duration of the 

reaction varied from 30 mln to 24 h but generally reactions were stopped 

after 4 h. Typical product distributions for the hydrogenation of CO are 

shown in Fig. 5.2. An interesting characteristic of the CO hydrogenation 

reaction on Mo is its high selectivity toward oleflnlc products under our 

low conversion ( ~ I%)conditions. At a CO/H 2 ratio o£ I/2", the rate of 

formation of ethene is four ~o six times greater than that of ethane, Of 

the products containing three carbon atoms, propene is observed almost 

exclusively. 

The activation energy for the methanatlon reaction was determined by 

varyln~ the temperature while holdln~ the total pressure and reactant ~as 

composition constant. On Mo it was found to be 24 ± I kcal/mol (Fig. 5.3). 

slm/lar to that found on Ni, Rh, Ru and Fe 6-9. Similarly, the activation 

energy for ethane production was found to be 23 ± I kcal/mol (Fig. 5.4). 

The dependence of the methanatlon rate on the pressures of the reactant 



g0 

c~ 
e ~  
4= 

O 
IN ,  

o 
O 
E 
o 
l i ra 

a= 
(J  

ee 
O 

15: 

5 

C0-I-H z on Cleon Mofo;i 

1 : 2  
6 otto 

T : 3 0 0  "C 

G=C 
CH4 

C-C 

0 I 2 
Reaction Time (hours) 

Fig. 5.1, Product accumulation vs. reaction time curves in closed-loop, 
batch reactor. The plot shows major products from CO + H 2 (i:I) 
at 6 arm total pressure and a clean MOfoil catalyst temperature 
of 300':'C. 



91 

CO 4- H 2 
| : 2  

6 Otto 
T "  300"C 

Catalyst : Mo 

CH 4 Turnover 
Frequency : O. I I 

I 0 0 -  

i 
s o - -  

i '° 
4(: 

a. 20 Q 

i 
0 

Mo+GL:~ k~. K Rh Fe(lll) 

0.15 0.26 1~35 

I- 

Eg Alkenes 
[~] Alkanes 

Hydrocarbon Species Produced 
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gases was determined by varying the partial pressure of each reactant gas 

while maintaining a constant total pressure and temperature, using nitrogen 

or argon as a buffer ga~. The observed rate law for methanation (see 

Fig. 5.5) is given by 

r -kP  +0 .32=  + 1 . 0  
CH 4 -  CO "H 2 • 

I n  an a t t e m p t  "to p r o d u c e  l o n g e r - c h a i n  ( ) C3) h y d r o c a r b o n s  v i a  

secondary reactlons, ethene was added to the reactant gas mixture. The 

primary result of this addition was the hydrogenation of ethene to ethane, 

while no production of longer-chain hydrocarbons was observed. Thus, it 

appears that the propene produced is not the result of ethene reacting 

with CH x fragments on the surface. 

Deactivation of the surface was observed when the catalysts were pre- 

treated by dosing with cyclohexene at 870'K, f~rmlng graphitlc carbon on 

the surface. When the surface was completely covered by graphltlc carbon, 

as determined by the Iineshape of the C1s peak of the Auger electron 

spectrum (see Fig. 5.6), the rate of methane formation was less than 3% 

that of the clean metal catalyst under identical conditions (CO + H2, 

1:2, 6 atm, 520 K). In other experiments, reactions were stopped before 

deactivation of the catalyst surface took place and ir these cases sub- 

monolayer amounts of carbldlc carbon were detected by AES on the surface 

(see Fi~. 5.6b). Auger electron spectra taken after the surface was 

deactivated during the hydrogenation reaction were also studied. In 

these cases the lineshape of the CIs peak signifies graphitlc carbon on 

the surface (see Fig. 5.6c). These studies indicate that the "active" 

surface is covered by a carbidic carbon species and the reaction is 

poisoned as the carbidlc species is converted to graphitic carbon on the 
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Fig. 5.6. Auger electron spectra of MOfoil showing the difference be- 
tween carbidic and graphitic cat~on on the surface. (A) AES 
of clean M~foil after argon ion sputtering, c~ygen treating 
(5 X I0-" Tort 02, 1000oC), annealing at 1600°C for 3 rain. 
(B) AES of MOfoil after running the hydrogenation of CO (CO + 
H 2, 1=2, 6 ~tm, 35QOC) for 30 rain, showing the formation of 
carbidic carbon on the surface. (C) AF.g of Mofoil after form- 
ing a graphitic overlayer on the surface with cyclohexene. 
Similar spectra were obtained after the catalyst was poisoned 
during a reaction. 
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surface. The rate of poisoning is de=arm/ned by the ratio of CO to H 2 in 

the reaction mixture and by reaction temperature (lower CO:H 2 ratios and 

lower temperatures prolong the active catalysts lifetime). 

Studies were also performed to determine the effect of alkali doping 

on the catalytic activity and selectivity. Figure 5.7 shows the reaction 

rate as a function of potassium coverage, for C0/H2=I/2 at a total pres- 

sure of 6 arm and a Temperature of 570 K. For low coverages of potassium 

( ~ k ~ 0.15 ML) an overall rate enhancement was observed on MOfoll samples 

samples. In addition, the product distribution shifted toward olefinlc 

products. We see a four-fold increase in the rate o f  formation of ethene 

while the rate of formation of methane and ethane remain virtually un- 

changed. An higher potassium coverages, the total activity deellne~, 

slgniflng that the active sites for the reaction were partially blocked 

by over ~ 0.25 ML of K. 

During the course of some of the reactions the surface was inadver- 

ten=ly contaminated by up ~o 0.5 ML of sulfur, as detected by AES after 

the reaction. In these circumstances it was noted that for a sulfur 

coverage of "-0.25 ML the rate of methane formation was attenb~ted by a 

factor of --5, while the alkene production rate remained essentially 

unchanged relative to those rates observed on the clean Mo surface (see 

Fig. 5.8). 
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to a decrease in the rate of hydrogenation as S is added to 

the surface (s~e Discussion). 
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Under our conditions for CO hydrogenation, Mo(100) crystals and Mo 

polycrystalline foil produced primarily methane, ethene, and propene. 

This is unusual when compared to the product distribution over other transi- 

tion metals that produce solely methane (Ni) or a distribution of higher 

molecular weight paraffin products (Fe, Ru, Co) that form by a chain- 

growth mechanism 7-11. Only Rhmatal foils produce CI-C 3 hydrocarbons 

exclusively under these experimental conditions. 

The selectivity of =he reaction on Ho showed a high proportion of 

oleflnic products. This indicates that Mo is a poor hydrogenation cata- 

lyst. The hydrogenation of carbon monoxide on Mo produces less than 

I% of hydrocarbons with more than three carbon atoms. This, and the high 

alkene-to-alkane ratio, leads us to conclude that the rates of carbon-carbon 

and carbon-hydrogen bond formation reactions are slow rela=ive to the 

desorptlon rates of small hydrocarbons on Mo. 

The positive power of rate dependence on the pressure of CO is 

unusual since the methanation rate has a negatlve-order dependence on CO 

partial pressure over Ni, Fe, Ru and Co 7,8. Thus: on Mo the adsorption 

of CO does not inhibit the hydrogenation rate as it does on other transi- 

tion metals. One explanation for the observed positive-order pressure 

dependence for CO is that the high carbon levels observed under typical 

reaction conditions strongly weaken the bonding of CO to the surface, so 

that the rate-llmlting step of the reaction is the formation of "active", 

or carbldic carbon by CO dissociation. With this model an increase in 

the CO partial pressure results in an increase in the surface coverage of 

active carbon and thus to an increase in the concentration of the reaction- 

limiting species. The reaction proceeds through the same intermediate as 
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is assumed for other Flscher-Tropsch catalysts and therefore the  actlva- 

tlon energy is similar. This mechanism could be verified perhaps by the 

absence of a deuterium isotope effect. Another explanation for thls 

observation can be made by proposing a mechanism similar to that suggested 

by Slnfelt 12 and later modified by Vannice 13. In terms of Chls model the 

rate-determlnlng step is the final hydrogenationof the CO-H 2 surface 

complex to rupture the C-O bond and all steps preceedlng it are In quasi- 

equilibrium. The following set of elementary steps was proposed. 

KI 
CO - CO(ad) I 

K2 
H2 " H2(ad)  II 

CO(ad) + H2(ad ) - CllOH(ad) III 

K 4 
CHOH(ad) + y12 H2(ad ) - CHy(ad) + H20 

fast 
CHy(ad) + H 2 - CH4 V 

If the surface is covered predominantly by a strongly adsorbed CHxOH 

species, whose surface coverage can be approximated by 

KPcoPH2 

O CHOR = . (KPcoPH2)N. 
I + KPcoPH2 

The s i tes remaining fo r  hydrogen adsorption: ,iii be 

1 - o c - O ~ (KFcoPu2)-1 

and the  f r a c t i o n  of  the  t o t a l  s u r f a c e  cove red  by hydrogen w i l l  be 

® KK2 PH2 
O H2 = ~- ® KH2Plt2 

1 + ~2PH2 

Then for the case where hydrogen is weakly adsorbed, KH2<<I and the race 

of me~hanatlon is 
v/2 

rCH 4 = K O C ® H 2 



102 

and u p o n  substituting for the values of O C and ® H2 we obtain an equa- 

tion of the form 

rCH 4 =KPcoN-y/2PH2No 

Then for our case, N=I and y=l would lead to a rate expression of 

the form 
rCH4 . KPco+O. 5PH2+l. 0. 

It should be remembered that this mechanism for CO hydrogenation was 

first proposed in detail by Storch in 194814 and later extended by Knmmer 

and Emmett in 195315. 

It should be noted, however, that in spite of the different reaction 

mechanism that is proposed here, based on the unusual CO partial pressure 

dependence of the rate, the activation energy for methane formation is 

24 kcal/mol, very similar to that found on other transition metals. In 

fact, the similar activation energy for ethane formation indicates that 

this hydrocarbon is formed by a mechanism similar to that for methane. 

The production of ethene or propene can occur by the carbonylatlon 

of CH x or C2H x fragments and their subsequent hydrogenation and dehydra- 

tion by reaction sueps similar to those proposed for methane formation. 

It" should be noted that carbonylatlon is usually the chaln-terminating 

step in CO hydrogenation as was added to the reaction mixture in the hope 

that propene or other higher molecular weight hydrocarbons would be 

produced. However, we found the ethene was either hydrogenated to ethane 

or did not react. This observation leads us to conclude that carbonylatlon 

is either a slow process or does not occur under our reaction conditions. 

The hydrogenation of carbon monoxide uver Mo surfaces is structure- 

insensitive under our reaction conditions. This is indicated by the fact 

that rates and selectivlties over foils and single crystal surfaces are 

similar. The structure-lnsensltivity of most Fischer-Tropsch catalysts 
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has been used to support the model that the reaction takes place on top 

of a carbldlc overlayer on Fe, Ru and Co. 

Our studies on carbon coverage and its relation to a catalyst deacti- 

vation revealed that the reaction probably takesplac e on top of a carbldic 

overlayer. This overlayer will deactlvat~ by forming graphite on the 

surface and blocking the reaction sites (see F~g. 5,9). We found that with 

higher temperatures or higher partial pressures of carbon monoxide the rate 

of this deactivation process increased. 

In an attempt to study the catalytic activity of molybdenum oxide we 

produced a surface layer of MoO 2 using the procedure described by Zhang 

et el, 5 Reactions performed over these surfaces exhibited the same rates 

and p roduc t  a l s t r l b u t i o n s  as those  on c l ean  s u r f a c e s .  Auger s p e c t r a  

taken a f t e r  the  r e a c t i o n  i n d i c a t e  t h a t  the  s u r f a c e  was #educed r a p i d l y  

dur ing  the  hydrogena t ion  (see F ig .  5 . 1 0 ) ,  sugges t ing  t h a t  aga in  the  observed 

reaction takes place on a carbldlc overlayer on the metallic surface, 

Alkali doping of many metal surfaces facilltates carbon monoxide dis- 

sociatlon into carbon and oxygenl6,'17. It has been proposed that this is 

caused by lowering the.dlpole component of the work function at the 

surface thereby increasing .back-donatlon ~f metal elec£rons into the CO 

2 ~* antibondlng orblta116 (see Fig, 5, ii). At reaction temperatures this 

accelerates the dissociation of CO, leading to higher coverages of carbon 

and oxygen on ~he surface, Assuming that hydrogenation is the rate- 

limiting step in ~he production of saturated hydrocarbons, K doping of 

the surface will Increase the relatlve rate of productlon of unsaturated 

hydrocarbons 18,19, as we have observed. Our observation of the K pro- 

motion effects differs from the work of Bridzewater et al. 20 on supported 

Ms catalysts. Under reaction condltlons similar to ours, Bridgewater 
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Fig 5.9. The rate of methane formation is plotted versus the carbon c~1- 
erage, as determined by AES. 'the rate is observed to dec rea se  
linearly with increasing ~ coverage. 
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MoO 2 

Electron Energy 

f 

Fig. 5.10. The AES of Mo/O 2 (Mo + 02, 5XI0 "7, 1150 K, 10 rain), top, and Mo 
after a CO/H 2 reaction are shown. The oxide is ot~erved to be 
reduced immediately during the high pressure reaction. 
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Pt /Sd 

Pt (Ill) 

Fig. 5.11. The electron donating effect of K on metal surfaces is shown. 
In this example, with K on the surface, the electron donating 
capability of the 5d orbitals of Pt are shown to be enhanced, 
helping to dissociate CD. 
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found that doping of Mo catalysts with K to 17 atomic ~ercent results in 

a 20-fold reduction in activity, It is possible that this discrepancy 

is caused hy the segreKation of K to the surface of the supported catalyst. 

This night be expected given the relative surface free energies of K s 

(397 dyn/cm) 16 and Mo s (Ig00 dyn/cm) 21. A second explanation is that K is 

oxidized on the surface leading to altered cataly=ic properties. Since 

Bridgewater gave data for one particle size and did not use a surface- 

sensitive spectroscopic technique such as AES, it is not possible to 

determine the surface concentration of K on his catalyst. 

The addition of S to the surface increases the olefln-to-paraffin 

ratio. We can rationalize our observation in terms of a selective blocking 

of ~ adsorption sites. The work of Clarke 22 has shown that CO adsorption 

on the Ho(lO0) surface is blocked completely at sulfur coverages of "0.5 ML 

(see Fig. 5.12). Other work in this laboratory shows that H 2 adsorption 

is effectively blocked by ordered S overlayers at coverages as low as 

0.25 HL 23'24. If sulfur preferentially inhibits H 2 adsorption then its 

presence on the Mo surface will result in a decreased hydrogen-to-carbon 

ratio on the surface. Although there will be an overall decrease in 

reaction rate, the oleflnto-paraffln ratio should increase, as observed. 
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EFFECT OF SULFUR OVERLAYERS ON DEUTERIUM AND 

CARBON MONOXIDE ADSORPTION AT CONSTANT EXPOSURE 
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Fig. 5.12. The effect of S on D 2 and (33 adsorption is displa~l. D 2 is 
observed to be blocked f~om the me~l surface at lo~e~ coverages 
of S than CO, leading ~ less hydrugenated p~oducts in the high 
p~sure reaction. 
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CHAPTER SIX: MODEL CATALYTIC HYDRODENITROGENATION AND 
HYDRODEOXYGENATION REACTIONS OVER CLEAN AND SULFIDED MOLYBDE.~UM 

SINGLE CRYSTALS AND FOILS 

S e c t i o n  6 . 1 :  I n t r o d u c t i o n  

Many workers have studied the hydrodesulfurlzation of model com- 

pounds 1' '10.  These  have i n c l u d e d  b o t h  u l t r a  h igh  vacuum s u r f a c e  s t u d i e s  

and high pressure kinetic studies. The hydrodenltrogenatlon (HDN) II-16 

and hydrodeoxygenatlon (HDO) 17-20 reactions have received some at~entlon, 

hut due to the importance of lIDS in crude oil refining, HDN and RDO, 

which accompany HDS in the refining process, have received much less 

consideration. In this study, catalytic HDN and HDO reactions are observed 

to occur over both clean and sulflded Mo single crystal and loll catalysts. 

Product d i s t r i b u t i o n s  and reaction rates are reported for several model 

compounds, 


