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ABSTRACT 

The continued investigation of dispersion and metal-support interactions and their 

effects upon the adsorption, activity/selectivity, and electronic properties of the metal in 

cobalt/alumina (and to a lesser extent on iron/alumina) catalysts is proposed. The objectives 

of this research are to (i) determine the effects of surface structure and metal dispersion on the 

adsorption and catalytic properties of cobalt, and (i=') determine the effects of metal-support 

interactions, i.e. effects of decorating support species on metal crystallites and of direct 

electronic interactions between metal clusters and the support, on the adsorption, catalytic and 

electronic properties of cobalt supported on alumina. 

The proposed work will build on the accomplishments of the previous studies of cobalt 

and iron catalysts condu=ed during the past three years. It will feature comprehensive 

experimental investigations of (i) cobalt layers deposited on different single crystal surfaces of 

tungsten to determine the effects of surface structure and alumina decoration on the adsorption 

and catalytic properties of cobalt and (ii) highly dispersed cobalt/alumina catalysts prepared 

from decomposition of metal carbonyls on dehydroxylated alumina to determine the effects of 

dispersion and alumina decoration on the adsorption, activity/selectivity, and electronic 

properties of cobalt. The kinetics and energetics of adsorption will be studied by 

temperature-programmed desorption of CO and hydrogen, while the distribution and structures 

of CO species adsorbed will be studied by infrared spectroscopy. The effects of direct 

metal-support interactions on the electronic properties of well-dL~-persed metal clusters of 

cobalt and iron on alumina will be studied by Moessbauer spectroscopy. Activity/selectivity 

properties of these surfacP_.s and catalysts in CO hydrogenation and ethane hydrogenolysis will be 

studied." 

Completion of the proposed work wgl yield quantitative, defin'.,tive experimental data on 

the nature of structure-sert.~ity of cobalt in CO hydrogenation and ethane hydrogenolysis and 

on the effects of support on the adsorption properties of cobalt for CO and hydrogen, the 

activity/selectivity behavior of cobalt in these reactions, and on the electronic properties of 

well-cl'~persed cobalt and iron dusters. These data will also provide a basis for controlling the 

activity/selectivity propertie.s, of cobalt and iron catalysts through choice of physical and 

chemical properties. 



I . [NTRODUC~ONANDBACKGROUND 

A. Introduction 

Cobalt, iron and nickel catalysts find wide application in the fuels and chemic~a! 

industries, particularly in hydrogenation and hydrotreat~ng react;ons. Most commercial 

catalysts containing these metal~, cons~t of a metal or metal oxide phase o%pe=ed throughout a 

high surface area ceramic c~n'ier or "support." The purpose of the s Jpport is bas~c~]ty twofold: 

(i) to facilitate the preparation of a well-dispersed, high surface area catalytic phase and (ii) 

to stabi~ze the active phase against loss of surface area. 

The effects of surface structure, dLspersion and support on a~ivity and select~viIy of the 

active catalytic phase were a~umed until recent times to be of secondary importance. However, 

evidence published mostly in the past decade provides evidence that surface 

structure/dispersion [1-4] and metal-support interactions [5-8] can dramatically influence 

the adsorption and activity/selectivity properties of thee metals in ~ number of reactions. In 

base metal catalysts the metal oxide-support interaction can determine the degree to which 

oxides can be reduced to the metaIl~c slate, the dLstn'bution of met~ and metat oxide s~lP.~ at the 

surface, and thus the surface chemistrj. While it is desirable to study separately the effects of 

surface structure, dispersion and metal-support interactions, it is experimentatly difficuIt to 

achieve sTnce these effects are often interrelated. For example, in most of the previous ~tudies 

of structure-sensitivity of supported metals ~n CO hydrogenation [9-16], metal d'~persTon w ~  

varied by yawing rhea! !o~din~; thus, the observed "structure-sensithr~y" could be a~r~uted 

to either changes in oSspersYon or changes in metaT-support interactions due to metal load;ng 

variations. 

During the past two ~nd one-half years, the BYU Catalysis L.aborato~ has been invoh, ed 

in an investigation of the interaction of cobalt (and to a le.~ser extent iron) metal(s) with 

aIumina, silica, titania, and c~rbon. The results of this inve~,~-tigatkm, summarized in a later 

section of this proposal, indicate that dispersion and metal-support interactions greatly 

influence CO and hydrogen ad.~orpt~on prope~es and the CO hydrogenation activ~j/selectiviry 

properties of cobalt and iron. The investig=ion of well-d~.spersed cobalt and iron clusters on 

alumina and carbon by Moe~sbauer spectroscopy ind'c~es that the electronic properties of the 

metal are apparently altered by interaction with the support. FJnaIIy, a study of a cobalt 

surface using Auger spectroscopy and other surface science techniques indicate~ thal the clean 

surface has the same asth~j  for CO hydrogenation as observed for 10-15% coball/alum~na 

catalysts, suggesting that metal-support effects rather than structure-sensitivity are 

responsible for the observed changes in activity with d'~persion and metal loading in the 
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cobalt/alumina system [9,10]. 

This is a proposal to continue the investigation of structure-sensitivity and 

metal-support interactions an additional three years using cobalt surfaces and cobalt/alumina 

(and to a lesser extent iron/alumina) as model systems. 

B. Background: Previous Work and Status of Present Knowledge 

1. Structure Sensitivity, Dispersion, and Metal-Support Effects in CO 

Hydrogenation: Previous Work 

a. Structure Sensi t iv i ty /Disp~rs ion Effects. Most of the previous work 

dealing with effects of dispersion and surface structure in CO hydrogenation on Group VIII 

metals has been reviewed by McDonald and Boudart [2] and by Fu and Bartholomew [10]. 

According to Boudart [1] catalytic reactions are either structure-sensitive or 

structure-insensitive. In structure-sensitive reactions specific activity is a function of the 

geometric distribution of surface sites. This distribution may vary with metal loading, 

crystailite size, dispersion (fraction exposed), or preparation method. If the specific rate of a 

reaction varies with crystallite size, we may say that it is aDDarentlv structure sensitive. 

Acx~ording to Boudart [1] there are a number of distinguishing features of structure sensitive 

reactions, namely they: (i) generally occur on large, multiple-atom sites, (ii) typically 

involve activation of C-C and N-N bonds, and (ii~ involve substantial effects of alloying and 

poisoning on the rate of reaction. Manogue and Katzer [17] classified structure sensitive 

reactions into two groups: (1") primary structure-sensitive reactions involving changes in 

activity with changes in surfacc structure and (~ secondary structure-sensitive reactions in 

which changes in activity are due to preferential contamination or poisoning of certain sites. 

There are generally two methods which have bern used to establish the structure sensitivity 

of a catalytic reaction. The first involves measuring activities of different single crystal 

surfaces of the same metal in which the surface structure has been varied. The second is to 

change the surface structure of metal crystallites in a supported metal catabyst by varying metal 

crystallite size. This latter method is based on the concept that concentrations of sites of low 

ooordination number increase dramatically as particle size is decreased from 10 to 1 nm [18 ]. 

The results of previous studies of d'~;pers'~n effects in CO hydrogenation are summarized in 

Table 1. In most of these studies metal dispersion was varied by varying metal loading. The 

same trend is observed in all of these studies, namely that of decreasing spechSc activity with 

decreasing particle size or increasing d~spersion. W~ge this phenomenon has been attn'buted to 

changes in surface structure with t:~anges in particle size, it could be also explained by 



T A B L E  1 

Pr~ous  stuC~s of Dispersion-Act~ty 

Corre~ons in CO I - ~ I ~  

~ ~ Aclivitv-Discersion CorreI~tion 

Unear decrease in log [init~ TOF a] 
w~h increasing log D 

Co on alumina,, 
sgica, tttan~ 
magnesia, carbon 

0.3-90 100 9.35 

3,10,15,25% 5-15 10 Linear decrease in steady state CO TOF 10,35 
Co/alumina with increasing D and metal loading 

FetMgO 7-£Z} 10 Increasing methane TOF w ~  increasing "l 1 
crystalrrte d'~3meler or decreasing D 

2-5% Fe/carbon 2-100 40 Increasing initlaJ CO TOF w~h incrP_.a~g 12 
crystalr~e d'~neter or decre~sir',g D 

1-10% 15-100 30 Increasing initial and steady-state CO 
FP_Jcarbon TOFs with increasing crystalr~e diameter 13 

and decreasing metal ~oadir~j 

1-15% NVa~urr~na 5-60% 5 Decreasing methane TOF with in.easing D 14 

Ru,'alurr~r~ 30-82 60 Decreasing methane TOF v~th increasing D 16 

aco  TOF = CO turnover frequency or the number of CO molecules converted per adsorption s~e 
per second. 

bMethane TOF = methane ~mover frequency orthe number of methane moIeculas produc, ed per 
adsorption site per second. 

metal-support effects due to vaz~tions in metal loading, e.g. greater decoration of the metal by 

support species or a more intimate contact and greater extent of electronic interaction in small 

metal clusters (see dLscussion in the next section). Moreover, Goodman et aJ. [19] have shown 

that CO hydrogenation rates are the same for different low index planes of s~ngle crystal nickel 

and ruthenium, while Somorjai and coworkers [20-22] observed the same CO hydrogenation 

activity for single and polycrystals of iron and rhodium, these results suggesting that CO 

hydrogenation may be structure-~nsensitive. However, one must be ca,.,tious in drawing thi.~ 

conclusion from t h e e  resuffs, s;rce low index planes expose no edge or comer sites such as 
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those found in stepped planes or those believed to be present on the surface of small metal 

crystallites. The importance of studying stepped planes is emphasized by the results of Erley 

and Wagner [23] showing that CO dissociation is significantly more favorable on stepped planes 

relative to smooth planes of nickel. 

Thus, the central question of why supported FT catalysts appear to be structure-sensitive 

has not yet been definitively addressed. The apparent decrease in activity with decreasing 

metal crystallite size may be attributed to: (i) primary structure sensitivity [1,17], (ii) 

selective self-poisoning by adsorbed carbon formed by CO dissociation [24], [i~ changes in the 

surface carbide level affecting the surface coverage of hydrogen to which the rate of reaction is 

proportional [25], (iv) metal support interactions in the form of decoration of metal 

¢rystallites by support species and/or (v) direct electronic interaction of small metal clusters 

with the support [6,7]. The main difficulty with the first theory is that a decrease in particle 

size would increase step site concentration, therewith increasing the rate of CO dissociation; 

thus, this theory predicLs an increase in reaction rate with decreasing particle size, while the 

opposite trend is observed. Nevertheless, none of these poss~ilities can be ruled out based on 

presently available data. 

b. Metal-Support Interactions. Metal-support interactions include a variety of 

phenomena involving the interaction of metal crystallites with a catalyst carrier or "support." 

Boudart [I] has classified metal-support interactions into 10 different types of which two, (3 

the Schwab Effect II (direct electron transfer between me,.~l and support) and 0n decoration of 

a metal crystallite with support species, are probably most applicable to well-dispemed metal 

systems, although it is generally thought that for a support to electronically influence the 

properties of a metal (i.e. Schwab II Effec.t ), the latter's crystallite diameter must be less than 

about 1-2 nm in diameter [1]. On the other hand, the decoration of metal crystallites by 

support species can lead to modifications of the metal surface in both small and large 

crystalIites. In fact, decoration of metal surfaces by reduced TiO x species has been 

experimentally observed in supported metal systems involving reducible supports such as 

titania and niobia following reduction in hydrogen at high temperatures [6,7]. Recent evidence 

[26-27] .suggests that decoration effects may be a more general phenomenon, even in 

metal-support systems involving difficult-to-reduce supports such as alumina and silica. For 

example, Raupp and Dumesic [28] have demonstrated that the adsorption properties of nickel 

foils are modified by decoration with alumina, that is, the alumina decorant increases the 

binding energy of hydrogen while decreasing the binding energy of CO on nickel. Furthermore, 

the observed hydrogen adsorption Idnelics and energetics on alumina-decorated nickel are very 

nearly the same as observed for hydrogen adsorption on nidml/alumina reduced at 450°C [29]. 



From previously cited work [5-8,13,26-29] there are two experimental approaches 1hat 

have provided definitive information regarding metal support inleractions: (i) l"ecent 

Moessbauer spectroscopy s tud i~ of well-dispersed irorVsupport and cobalt/support systems 

which provide evidence of changes in the electronic and magnetic properties of 1-2 nm metal 

r.Justers due to their direct interaction with the support [13,30] and (ii) TPD and laboralory 

reaction studies of purposely c~corated s~ngle crystals, films and supported metals [26-29] to 

determine the effects of support moieties on the adsorption and catalytic properties of these 

surfaces and which provide evid~:nce that such additives either block adsorption sites an~/or act 

as promoters or inhibitors. 

Other than the work performed on this ~ontract (summarized in the next section) there have 

been few reported investigations of cobalt-support and iron-support interactions. In work 

supported during the first three years of this contract Reuel and Bartholomew [9] invesligated 

the effects of different supports, ;ncIuding alumina, silica, titania, magnesia and carbon, on the 

adsorption stoichiometries of hydrogen and CO and on the activ~y/selectivitj properties of 

cobalt. Specific activities were found to vary over three orders of magnitude for cobalt on 

these different suppor'~. Nevertheless, the specific acthtities apparent;y correlated well wi~ 

metal d~spersion varied by changing metal loading. Thus, it was not clear whether these 

differences in activity were due to primary structure sensitivity er ~o decoration or ,some other 

metal-support effect. 

2. Summary of Accomplishments During the Past Three Years 

Accomplishments during the first three years of this contract were summarized in a 

previous final progress report [31] and in jouma! publications [9,82-34]. These included the 

investigation of (i) effects o~ support on hydrogen adsorptiorddes~rption kinetics on/from 

cobalt [32,33] and (ii) effect..s of support and d'~spersion on the adsorption and CO hydrogenatbn 

activity/selectivity properties of cobalt [9,34]. These studies provide evidence that 

metal-support effects and dLspersion greatly influence the adsorption and acthtitylselectivity 

properties of cobalt. 

During the last three year~ of the contract, the effects of support and dispersion on the 

adsorption, activitylselectiv;ty and electronic properties of supported cobalt and iron were 

im,,estigated in two lab reactor studio, a TPD/TPR study, a Moe~sbauer ~pectroscopy ~Iudy and a 

surface science investigation. AccompF~shmerrts during this period are summarized in TabIe .2, 

while some further details regarding each of these studies is provided below. 

a. Lab Reactor Study of the Effects of Dispersion and Extent of Reduct ion on 

CO Hydrogenat ion ActivltylSeiectivity of Colalum|na. Activities and selectivit;es of 

cobalt/alumina catalysts for GO hydrogenation were determined as a function of metal load~ng 

{3-25%), reduction temperature (250-450°C), and preparation (3 d~fferent preparations). 
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T A B L E  2 :  S u m m a r y  o f  A c c o m p l i s h m e n t s ,  1 9 8 4 - 8 7  

Area of S ~  

Lab rea~o~ sludy of 
me effec~ of d;spe~- 
sion and auct~nt of 
reducaon on CO hydro- 
genation aclivityh;ei- 
e¢~Wily of Co/lilm~iml 

Lab rea¢~" mucSy of 
lira elfecls oi  melal 
k~ding and d ~ k ~ n  
cm CO hy~mgena~n 
actWitylselectivity of  
F#C and r -~mm~ c a n d y ~  

TPD/TPWIR mudy of me 
effec:s ot 
m . ~  k ~ d ~  a .d  
extent of reducsk)n on 
CO adsorp~;on J,,;ne~cs 
and energe~cs of 
¢obalZ 

SlUC~ of I~e e fit, cls of 
suppon, met~ toadmg 

and exmm c~ rmduc~  
on th= c h ~  and 
n-~net ic  pmpe~ies of 
c ~ t  anti kon on 
alumina, carbon and 

tltaurdl 

Auger/Sudsce science 
relclmn study of clean 
unsupported cobaJt 

~ludemslSchotar 
Par[i¢i;)ation 

Uu Fu 
I/',si~'x~ ,Scholar 
Peoples Republic 
of China 

Valiem Jones 
M.S. Grad. Studem 

W ~  HoLee 
Ph.D. Grad. Student 

Lawrence Neubaum 
Ph.D. Grad. Sludem 

Wayrm Gocdm~ Head 
Sun'ace ScOnce Div. 
Sancrm Na~ L,'d~ 

Byron Johnson 
PloD. ~ 

Morn S~n~r~mt ResutLs 

1. $~eady.~a~e acdvlt , /a.d pm~'uc~ 
molecule' weight dec~emse linearly 
with increasing d*e;pe~n and 
decreasing m e ~  loading. 
2. Effec~ ol ~,xlent of reduc~k)n 
on ~ and s e l ~  are 
r,a~onda~. 

1. ~ and S 1 ~ - s t ~ l e  ac~ivit|es 
decrease wit~ inc~e~n~ d~per~m 
and decmadng mmai Im~r',g. 
2. Ac~r~ d e c ~ . ~  mp'cl~y w~th 
tlme. 

~. c o  is more s ~ j ~ / a d s o r b e d  
and d, ssod~es more ~ead~y on 
¢obaWalumina catalysts of higher 
Ioad~g and of h~gher ~ zerm. 
2. Adson~on states and bincru~ 
enei~P.~ ~ cons~e~ab~, w;m 

1. Supeq=m-amagneSc ctuslers of 
iron and cobaJ! axe observed in well. 
d'~;pen;ed iron and cobalt 

supported ¢n alumina and C ~ .  
The isomer shift Of these dupers 
varies wah reduclion t ~ r a ~ u r e  
and su~oa.  

2. The ~ mines and exzems 
of reckczkm of iron are 'h~h~ 
dependem upon suppoa. 

1. CO hFl~genat;oa act~vity and 
klneScs o / a  dean c~aJz sad, ace 
am ~miiar Io ]hose for high k~ding 
¢oball/alumina. 
2. Less ¢mn a monolayer of 
gra~hiz;c c;ubcm forms on me c:cbalt 
sudace during reaction: cobalt 
carbide is r ~  formed. 

Most ,.~3nir~nt Condus~ns 

1. Changes in spe¢~c activity may 
be due 1o either w/mary or 
se~0ndaw structure sensitivity. 
2. High-molecular-weight products 
ate favored on c~alysts having 
high ac~,vily and high rams of 
prcc~ga~orL 

1. Ch;u~jes t~ sl:xcifiC a ~ i ~  r ~ y  
be due Io either primmy structure 
setL~ivity or metal-support 
imemctions. 
2. Rapid ~ is due So 

d e p o ~  formed during 

reaction. 

Vaxia~ns in CO a d s o q ~ n  kinetics 
and energet~ may be due to 

or  secondary smcture 
~ .  ,Secondary effeczs due 
m c ~ e n  ©r support spedes 
conlarr~nafion of the metal surface 
am favored 

The cCseTved changes in isomer 
s]'dft 1or Fe(C)) ~ucJ~e~'¢ e l e c ~ n ~  
tm.,~er between su~pon and well- 

d ~ s e d  m~21 dzmers. 

1. The agreement of a c ~ i l ~ ; / o r  
unsuppormd and ~,;~poned 
sugges'u; ~ the reac~on is not 
structure-sensitive; dlspersion 
elfect, s are probably due Io 
~ntaminalion by carbon or support 
species. 
2. The a~ve  sudace k)r CO 
hydmgenatiorL ost ¢obah Ls cobzh 
mezal--nol cobalt carbide. 



Specific activities and average carbon number of the hydrocarbon product were found to vary 

s~gnific, antIy with metal loading, reduction temperature and preparation. These changes were 

also found to be linearly correlated with changes in dispersion indicating that CO hydrocjenation 

on Co/aTumina is apparently structure-sensit~e [see Rgs. 1 and 2]. The changes in ;~ctivity 

with dispersion can be explained by either (i) variations in the distribution of low arid high 

coordination sites or (in preferential decoration of small crystattites in catalysts of low ~oading 

with support species. Variations in the average carbon number of the product can be explained 

by changes in the rate of termination relative to the rate of propagati=n either due to '~-~urface 

structural or support effects. High-moIecurar-we$ght products are favored by catalysts havir~g 

high rates of propagation and low rates of termination. The results of thL~ study were presented 

at the International PACCHEM 1984 Honolulu meeting a~d published in three different journal 

articles [10,35,36]. 

b. Lab Reactor Study of The Effects o! Dispersion and Extent of Reduction on 

CO Hydrogenat ion Act iv i ty lSe]ect iv i ty of Iron/carbon and lron Titania CataIysts. 

Well-dispersed 1, 8, 10% Felactivated carbon catalysts by evaporative deposition of iron 

nitrate from a benzene/me/hanoi solutYon. Hydrogen adsorption measurements were carried out 

with using a flow system -with a thermal conductivity detector according to a new procedure 

developed as part of th~s contract [37]. From measurements of act'~.,ity and setectMty tor CO 

hydrogenation at 1 a/m, H2/CO = 2, and 450-5.30 K, it is evident that initial and steady-~ate 

specific act~vities and the olef~nfparaffin ratio decrease with decreasing metal crystalli~e s;ze. 

While high olefin/paraffin seIe~tk, ities were observed for these catalysts in agreement with 

previous workers [38-39], the act~v~y of well-dispersed Fe/C catalysts was founcl to decrease 

very significantly with t~me under typical FT synthesis conditions, i.e. ~t a H2/CO ratio of two. 

The resutts of this work were presented at the 1986 National AIOhE Meeting in New Odeans and 

published ~n a thesLs [40] ~s weIl as in the Emmett memorial issue of the Journal of Phys~al 

Chemistry [13]. 

Specific activity data were also obtained under sim~lar conditions for 1, 3, and 10% 

Fe/titanTa catalysts prepared by decomposition o; iron pentacarbonyI on dehydroxy]ated titania. 

The results summarized in Table 3 indicate that initia! specific activity decreases with 

increasing dispersion and decreasTng metal loading. The specific a=tMty of 10% Fe/ti~ania is 

apparently the same for catalysts reduced at 523 and 723 K respectively, although the 

dispersions of these t~vo catalysts are significantly different. These changes in actMry with 

metal loading and dispersion are best explained by preferential decoration of small me/at 

cryslallites w/th reduced TiC x spec;es observed in other studies [25-28]. The results of th~s 
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TABLE3 

Initial Turnover Fm:tuenctes a.~:! Acffvat~m Energies ti=¢ CO ~ During CO ~ i o n  on 
Fen~  C m ~ s  

Cataly~ Percentage N~oxl 03(s'1) a at Temperalure (K) F~ 

4"/3 ~ = s13 . . . . .  +~.no~ 

1% FerF~2c 54 . . . .  

3% Ferrio 2 13.5 0.59 1.9 6,9 124 

10% FerriO2~T)d 9.1 0.62 4.7 25 186 

10°/o Fe/TiO2(HT)e 2.9 1.0 4.1 20 151 

a. lniti~ turnover frequency for CO conversion (to Hydroca~ns and CO2): Le., the number of CO 
molecules converted per ~ site (based on H2 uptakes ) per second at H2/CO = 2and 1 a~.  

b. A~ration energy for CO conve~ion based on temperature dependence of Nco i- 
c. A~,'ity v~as too low to reproduc~ detect upto 533 IL 
d. A~er redu~n at ~:~v temperature (5~ K). 
e. After reduction at t;igh t ~  (7~ K). 

work were publ'=shed ix; an M.S. thesis [40] and are be3ng prepared for journal publication 

[41]. 

c. TIPDrrPRAR Study of the Effects of Sapport, Metal LoacUng, and Extent of 

R e d u c t i o n  o n  CO AdsorptJon Kinetics and EnergeUcs o f  C o ,  a l L  The 

adsorption/desorp~on k~et~cs and energetics of carbon ~ on cobalt catalysts s;~x>rled 

on alumina, ~Tca, tltarda, and magnesia (Ioad'mgs ranging from 1 to 15 wt.% cobalt) were 

by temperature ~ desorptbn (TPD), while CO hydrogena~n on these same 

¢ma~r~ts was ~ by temperature ~ reaction (TPR}. A comprehensive TPD study 

of CO desorpti0= from C~'a]umina ~ [42] indicates that CO is more sUongly adsorbed and 

¢rssoc~es more reac~ (forming CO~) on catabsts of h~gher bading and of higher reduction 

temperature (Rgures 3 and 4}. The ¢ o t r e s p o ~  TPR spectra for the same Co/alumina 

catalysts [43] mnta~n two peaks ~ of either ~ two cmbon i n t e ~  havi~ 

ddferem reactivilies or (E) two kiods of sites of d i f l e r~  hireling energies for reaction 



I i I 

'r(~:) 

1'(°o) 

1,Jr, Co/A~,o: 

I I , , I  I . . . .  I 

a~ ¢o/Al:O a 

I I , I  I, . . . . .  I 

~ . d , S a S ~  10'/, Oo/Al~zO a ' 7~ lo~, ©e/Aft= 

I ,00 '00 e o e  -400 . ~ Q  e . ~  

_ T(°O)  Unsupported Cob.,t / 

FIo, 3, 

T(~) 
TPD of O0 from Oo/Alumlna oatalym tollowlno 
aclsofl)llon ot CO ill 26°0 M el luflollofl of melal 
loading and reduollon lemperalure, (Ref, 42) 

FIo. 4. 

T(Oc) 
TPD of CO 2 from Co/Alumina oalalyala 
followln0 adsorption of CO at 25°0 as a function 
of metal loading and reduollon temperature. 
(Ref. 42) 

1--6 
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intermediates. These TPR data a~o show a trend of |ncreas;r,,g activity with increasing metal 

loading (and decreasing dispersion). Thus, there is a correTation of h~gher activity for ~the 

catalysts which bind CO more strongly and on which CO dissociates more readily. The results 

can be interpreted in terrr~ of either a primary structure sensiffvlty involving two kinds of 

active sites or in terms of preferential decoration of the well-dispersed c~talysts of low loading 

by support moieties. 

A similar TPD/TPR study w ~  conducted to determine the effects of loading and reduction 

temperature on the CO desorption kinetics and energetics and on the CO hydrogenation activ~ of 

3 and 10% Co/titania [44]. Chemisorption uptakes of CO were found to decrease with 

increasing reduction temperature (300-550°C) for both cata~]sts, the extent of suppression of 

CO adsorption being greater for the ~./= cobalt catalysts.. The temperature of the CO desorption 

rate maximum shifted to lower temperature and the rate of CO 2 formation decreased 

significantly with increasing reduction temperature. When the CO desorption peak area of 3% 

Co/titania was ptotted against reduction time to the one-half power, two linear regions were 

observed, the first region having the larger slope. After cataIy~,'t3 reduced at 5,50Oc were 

oxid'r.,ed in 10% oxygen at 200°C or above, their adsorption capac~tie3 initially observed after 

reduction at 300°C were restored. 

TPR spectra obtained during temperature-programmed reaction wilh hydrogen after CO 

adsorption on 10°/o Co/'i'~O 2 at room temperature, reveal two dLstinct methane peaks (A ~1 ~boul 

150°C and B at 220-337°C) whose areas decrease with increasing reduction temperature and 

reduction time. While the pos~on of Peak A remains unchanged, the position of Peak B ~hif~ 

toward higher temperature (lower reaction rate} with increasing reduction temperature and 

time. A linear relaSonsh;p between the log of preexponential factors and acthra1~on energies ~ r  

methanaZion, Le., a rate compens~Jon effect, was also observed. These observed changes in CO 

desorption kinetics and CO hydrogenation rate on Co/titan~ w~th increasing ='eduction 

temperature and time are cons~tent w ~  decoration of metal crysta~Utes with a T'rO x species, 

occurring to a greater extent at h~jher reduction temperatures and ~mes and wh~;h is reversed 

by treatment in oxygen. 

TPD and TPR studies of ¢obatt on alumina, siTca, and titania [45] showed s~gn'rficant effects 

of support on CO binding states, binding energies and reactivities towards hydrogen. For 

example, during CO TPD, o7~fferences in the number and population of states and temperatures of 

r'~te maximum were observed for cobatt on these d'~erent supports. Some of the TPD states 

have been correlated with CO species observed by IR spectrosc~y. TPR spectra obtained after 

CO adsorption at room temperature revealed two s'des for melhar~tion for all three catalysts. 

However, the relative populations and ~ n s  of the methane peaks vaded significantJy with 
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support. These results are probably most consistent with support decoration effects. 

The results of these TPD/TPPJ1R studies have been presented at several meetings [46-49], 

are being prepared in a sefias of four papers for publication [44-45], and will be published in 

a doctoral dissertation 150]. 

d. Moessbauer Spectroscopy Study of the Effects of Support ,  Metal Loading, 

and Extent of Reduct ion on the Chemical and Magnetic Propert ies of Cobalt and 

Iron on Alumina,  Carbon and Titania. A Moessbauer spectroscopy study of 

metal-support interactions in cobalt and iron catalysts (1-10 wt.%) supported by carbon, 

alumina, and titania was conducted [30]. Phase composition, extent of reduction to the metal, 

and changes in electronic and magnetic properties were measured as a function of metal loading, 

support, reduction temperature, and treatment in hydrogen, oxygen or synthesis gas. The most 

important results can be summarized as follows: 

1. Reducibility of cobalt and iron to the metallic state is strongly dependent on support and 

metal loading; it decreases in the order M/titania, M/carbon, M/alumina and increases, as 

expected, with increasing metal loading. Supported cobalt is apparently more easily reducible 

than supported iron for a given support. 

2. Small superparamagnetic clusters of iron or cobalt (1-2 rim) are the predominant 

phases in 1 and 3% Fe/carbon and 1% Co/carbon reduced at either 350 or 500°C; these tiny 

clusters are also present in 10% Fe/carbon, 1% FeJalumina and 1% Co/alumina catalysts 

reduced under similar conditions. The isomer shifts of these clusters are posilJve (by 0.1-0.2 

rnm/s) for the carbon-supported catalysts suggesting a depletion of electron density of the metal 

nuclei, poss~ly due to transfer of electron density from the metal to the support; the isomer 

shifts of these clusters are negative (by 0.1-0.2 mm/s} for the alumina-supported catalysts 

suggesting enhancement of electron density at the nuclei of metal atoms, ~ l y  due to transfer 

of electrons from the support to the metal (see F'~ures 5 and 6). 

3. From 1he magn'dudes of resonant (spectral) areas and temperature dependencies of lhese 

areas it is possrole to deduce that metal clusters in 1% Fe/C and Co/C catalysts have high 

surface/bulk ratios and are bound tightly lo the support (poss~ly as thin rafts). The 

corresponding 1% Fe./alu.~ina and 1% Co/alumina catalysts have lower surface/bulk ratios and 

are less tightly bound to the support (possibly as three dimensional crystall'des), whNe 

relatively large metal clusters in Feltitania am least weakly bound to support. Nevertheless, 

these dense, 3-D clusters in FeJtitania apparently spread into thin rafts during high 

temperature reduction. The data are consistent with decoration of metal clusters by support 

moieties, this effect being more important at higher reduction temperatures and lower loadings. 

4. After reduction the carbon-supported metals are easily ox~d',=,ed at room temperature, 

wh~e Co/alumina is relatively inert to oxidation, suggeslJng 1hat the cobalt e'dher migrates into 
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the alumina or is decorated by a skin of alumina-like species. During exposure to synthesis gas 

supported iron catalysts, particularly Fe/carbon catalysts, readily form carbides and are ezsily 

deactivated, while little deactivation and insignifcant carbide formation occurs on Co/alumina. 

Thus, these results provide evidence that the fraction reduced 11o the metal and the surface 

chemistry, magnetic, and electrical properties of cobalt and iron metal crystallites can be 

greatly affected by the support. The observation of isomer shifts for superparamagnetic 

clusters of cobalt and iron which depend on the support probably constitutes the most convincing 

direct evidence lodate for changes in the electronic properties of well-dispersed metal 

crystaUites as a result of interaction with the support. 

The results of this Moessbauer study have been detailed in a doctoral dissertation [30], 

while the results for Fe/carbon catalysts have been published in the Jouma! of Physical 

Chemistry [13]. Three other papers based on this work are in preparation [41,51-52]. 

e. Auger/Surface Science Reaction Study of Clean Unsupported Cobalt. This 

work, carded out by the PI during the Summer of 1986 at Sandia National Laboratories in 

collaboration with Wayne Goodman, involved the measurement of CO hydrogenation activity and 

selectivity of a clean cobalt surface as a function of temperature and reactant composition. The 

experimental procedure invck, ed a cycle of oxidation and reduction treatments to remove carbon 

and sulfur from a PolycJTstalline cobalt surface (originally in the form of a single crystal but 

transformed by the cleaning procedure; surface cleanliness was checked by Auger electron 

spectroscow(AES)) after which CO hydrogenation activity was measured ~ at a given 

temperature and starting composition in a batch reactor attached directly to the UHV system 

[,53]. From turnover frequency (TOF} versus temperature data at a H2/CO ratio of two (Fig.7} 

TOF (l/s) 

1 .000  

0 . 1 0 0  

0 . 0 1 0  

0 .001  , I l I I 
1 .90  1.xJ5 2 . 0 0  2 .0S  2 . 1 0  2 . 1 5  

RECIPROCAL TEMP (l/K) X 1000 

F--ag. 7. Ten'~r'~.,'m dependence of O0 hydmger~©n rate on clean P O ~  coba~.. H2~O - 2. 
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an activatlon energy of 110z-_ 8.6 ~;J/mole was obtained in very good agreement wlth that of 

113_. 18 reported for 2% Co/alumina by Vannice [55]. The observed TOF at 225°C of 22 :< 

10 -3 is intermediate between values of 12 and 63 x 10 -3 reported for 10 and 15% 

Co/alumina [91. From rate data obtain for different CO and hydrogen concentrations, the 

reaction orders of hydrogen and CO were found to be 1.75 and -1.04 compared to values of 1.2 

and -0.48 obtained by Vannice for Co!alumina [54]. After reaction the working surface of ~he 

cobalt catalyst was found to be co l~ t  metal covered by less than a monolayer of graphitlc cart>~n~ 

Thus, the results of this study indicate that the active surface in CO hydrogenation is coL, all 

metal, not cobalt carbide, and that its activity is comparable to that of poorly d~spersed 

10-15% Colalumina. The concentration and temperature dependendes for CO hydrogenation on 

clean cobalt are also comparable with those observed for cobalValumina. The agreement of CO 

hydrogenation activities for the unsupported polycrystalline cobalt and aIumina-suppor/ed 

cobalt suggests that the reaction may not be structure-sensit~e. 

The results of this work hav~ been submitted for presentation at ~.he North American 

Catalys~ Society Meeting [55] and are being prepared for publication [56]. 

3. Present Status of Knowledge 

From the brief review of prev~u.~ wod~ and the summary of accomp~'~hments in connect;on 

with this contract during the past 3 years, it is dear that metal loading, support and dL.~]:~rsion 

can greatly influence the CO hydrogenation activity/selectivity properties of cobalt and iron. 

Indeed, act;vities for cobalt catalys~ can vary over four orders of magnitude due to support 

effects [9] and over two orders of magnitude as a result of variations in metaJ loading and/or 

dispersion [9,10]. These resuIts suggest the poss~i ty  that CO hydrogenation on cobalt arid 

iron cata~sts is structure sensitive [1,2,10]. Yet, since most of the previous studies of 

d'~pe~ion effects [9-16] a~so involved variations in metal loading, it is not clear whether these 

effects are a result of structure sensitivity or due to metal-support effects ~uch as decoration. 

Moreover, the agreement of CO hydrogenation activ~es for clean unsupported cobalt ~r~d 

poody-c~t2persed Co/alum~na suggests that the reaction is not structure sens'd~ve. Neverthele~, 

the surface science study [56] was not conclusive, since the potycrystall~ne surface involved 

mainly the bsssI planes of coba~ wh=3e a study of stepped planes might uncover a structc:c, at 

dependence for the reaction s im~r  ~o that observed for CO d'~=oc~fion on stepped p~anes [57]. 

Accordingly, the need is dear for a careful study of the structure-sens~tht;~y of cobalt ~.~r~d 

iron catalysts in CO hydrogenation which includes the following elements: 

1. A study of smooth and stepped cobalt and iron surfaces to delermine the role of primary 

surface structure ~n CO hydrogenation; it should also include the investigation of the sa~e 

surfaces purposely decorated w~h support spedes to determine the possible role of decomt~on~ 

The poss~le influence of surface carbon levels on the rate of react;on [19] should also be 
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