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IMTRODUCTIOH 

The o b a e c t i v e  o£ t h i s  r e s e a r c h  has  been t o  c h a r a c t e r i z e  the  e f f e c t  o£ 

support variations on the catalytic and surface properties of dispersed Group 

V~II transition metals. PaEtlcular emphasis has been placed on investigating 

behavior nodi~ications induced by lanthanide oxide supports, in conpariscn to 

those o~ other, more conventional, support materlals. Our previous studies of 

pure lanthanlde oxide catalysts, under DOE sponsorship o£ this proaect, have 

delonstrated a surface complexity in these ~aterials that prompted our current 

interest in their beha.,iors as metal catalyst supports. 

Moat of the recently-reported investigations of support effects and 

so-called "Strona Metal-Support Interactions" (SMSI] have focused on the noble 

metals, particularly platinun and rhodium, which are easily reducible and can 

readily be prepared in highly dispersed forms. Few studies, on the other 

hand, have ex~slned the influence of support variations for the non-noble 

Group VIII ~etals, such as iron and cobalt, which are Lore difficult to reduce 

and ar~ t.]pi~all 7 elployed in relatively poorly dispersed forms containing 

large metal particles (> i00 A). Consequently, our investigations have 

focused primarily on support effects involving dispersed iron and cobalt 

catalysts. Our most colplete and detailed results thus far have been obtained 

for a series of supported cobalt catalysts, and this progress report has been 

derived largely f~om a manuscript entitled "The Influence of Support on the 

Reduction Be~avior o~ Dlape~sed Cobalt Catalysts" that we have recently 

submitted for publication. 

Our results delonstrate that the nature o~ the support has a significant 

~nfluence on the reduction and surface properties o£ disperaed cobalt. X-ray 

photoelectron spectroscopy (XPS) studies show that reduction in H2 o~ Si02- 

supported Co(~03)2, without prior calcination, results in considerable bu!k 



metal formation, but that exten6ive aonolayer regions of unreduced Co 2÷ 

species remain on the surface, even after treatment in H2 at 500-700oc. If 

the supported Co(H03)2 is converted to CoO x b7 prior calcination, on tl~e other 

hand, subsequent treatment in H2 results in essentlall7 complete reduction to 

the zero-valent Retal. On a Ti02 support, cobalt-ls .ore easily reduced khan 

on 5i02, and on the lanthanide oxide supports La20s, Eu203, and Ce02, 

reduction occurs even more readily, but extensive additional interactions 

exist, partlcularly with Ce02. 



EXPERIMENTAL METHODS 

Materi~la 

Az:  P r o d u c t s  Co. resea rch  p u r i t y  (99 .9995x  n l n . )  hydrogen and Matheson 

p u r i t y  ( 9 9 . 9 9 x  n i n . )  carbon monoxide f rom Matheaon Co. were used f o r  a l l  

reduction treatnents and CO hydrogenation reactions. Hydrogen and carbon 

nonoxlde were passed through separate ~esaer Grieaheil "Oxyaorb" columns to 

reduce the 02 content to less than 1 ppn, and were then passed through a 

liquid "N2-cooled trap (-196oc) before use. All supported cobalt catalysts 

were prepared u~ing Fisher Chenical Co. certified A.C.S. grade Co(MO3)2.6H20. 

Supports use~ for preparing catalyst8 were SiC2 fron Davlaon Che~icai Co. 

(grade 57, 310 n2/g), TiC2 fron Johnson Matthey Chenicals Ltd. (puratronic 

grade, 99.998~, 1 ~2/g), and La203 (99.9~, 12 n2/g), Eu203 (99.9~, 13 12/g), 

and Ca02 (9g.9~, 17 n2/g) fron &lEa Chelicals Div. of Ventron Corp. The SiC2 

was washed with i0~ HH03 to re~ove base natal inpurities and van then calcined 

at 500oC for 16 hr8 to renove organic contaminants. The other four supports 

were re£1uxed in deionlzed water ~or 16 hra to achieve naxinun surface 

hydrolTzation prior to lapregnatlon and to increase their surface areas to ~he 

value~ indicated. 

P=ocedures 

CatalTat ~re~aratlons 

All catalysts contained 2.5 wtX cobalt and were prepared by an incipient- 

wetne~ technique using aqueous solutions o2 the corresponding nitrate salts. 

Unlike the standard inciplent-wetnesas technique, in vhich the surface i8 

wetted vith an aaount of solution that it can absorb tc~ saturation, a slight 

excess o2 solution was used in the preparations involving Ti02, La203, Eu203p 



and Ce02 because of their low surface areas and consequently small pore 

volumes. Each wetted catalyst was then dried with continuous stir;lug at 

60-70oC, to assure that an even distribution of the cobalt nitrate on the 

support was attained. A~ter drying, the catalysts were transferred to an o~en 

and maintained at 110oC for 48 hours, and were then stored in sealed vials to 

prevent rehydratlon by atmospheric water. 

Samples used in the x-ray ph:t~electronspectroscopy (XPS) measurements 

were pressed into 6 mm wafers to ~it the ~ample holder and sample probe of the 

spectrometer. All reduced cobalt catalysts used for CO hydrogenation 

reactions and surface characterlzatiox~ were prepared by treatment of 

supported cobalt nitrate aslples in 500 tort of H2 using a stlrred-batch Pyrex 

reactor system o£ the closed-loop reclrculation type. The temperature o£ the 

sample pretreatment was varied An the range 300-700°C. In each case, the 

temperature was increased at 2oc/ain, and ~hen maintained at the desired final 

pretreataent temperature for 16 hrs. After reduction (or reaction), the wafer 

w a s  evacuated to 10 -5 torr in the reaction system before it was transferred, 

without exposure to the air, to a Vacuum Atmospheres Co. glove box that 

enclosed the sample probe of the XPS instrument. Water and 02 were re~oved 

from the H2 used to ~I11 the chamber by a Messer Grieshelm "Oxysorb" column. 

The nitrogen in the glove box was further treated by continuous circulation 

through a Vacuum Atmospheres Co. DRI-TRAIN HE-493 system to reduce H20 and 02 

contamlnant~ to less than 5 ppl. 

XTray.photoelectron Spectroscopy. Measurements 

X-ray photoelectron spectra were recorded on s Hewlett-Pscka~d 59~0A ESCA 

spectrometer using a monochromatic A1KG (1466.6 eV) source operated at a beam 

power of 800 watts. In order to avoid surface charging effects, which are 

caused by the loss of electrons from the surface of non-conductlng samples 



d u r i n g  t h e  p h o t o e ~ i a a i o n  p r o c e s s  and which change t h e  b i n d i n g  e n e r g i e s  o i  ; h e  

observed peaks, an electron flood gun was used to bathe the surface of the 

~iples with low energ 7 electrons. Before scanning the binding energy range 

of interest, the electron energy and e~i~ion level8 of the flood gun were 

appropriatel 7 adjusted. A Hewlett-Packard 18523A Flood Gun Controller was 

utilized to control the energ7 and e~is6ion levels of the electrons. The 

bind£n9 energie6 of Au 4f312 and 4f5/2 peak8 were used a6 references for the 

flood gun ad3ustaent. All spectra ~ere corrected for background contributions 

using a Hewlett-Packard 98255 computer interfaced ~o the ESCA spectrometer and 

a software package obtained from Surface Science Laboratories. 



RESULTS 

XPS s p e c t r a  in  t h e  Co 2p b i nd i n g  e n e r g y  r e g i o n  a r e  shown i n  F i g .  1 / o r  

Co/Si02 samples t rea ted  in  H 2 a t  va r ious  temperatures. For the unreduced 

sample, the spectrum showed two ma3or peaks at 797.4 and 781.7 eV, 

corresponding to Co 2p312 and Co 2pi/2, ,ith a spin-orbltal splitting o£ 15.7 

eV. The peak wxdth at hal/ maximum (PWHK) /or the latter peak was 

approximately 4.2 eV. Each of the two peaks was accompanied by a strong 

aatelllte peak at approxlmatel 7 5.5 eV higher binding energy than the parent 

peak, The spectrum of the sample reduced at 300oc in H 2 u~s virtually 

identical to that o£ the unreduced sample. For the sample reduced at 400oc, a 

small shoulder at 776.4 eV was observed, and no £urther change occurred in the 

XPS speutrum for a sample reduced at 500oC. However, the Co 2p XPS spectrum 

/or a sample reduced at 700oc exhibited a decrease in binding energy for both 

Co 2p peaks o£ approximately 2 eV, 

When a Co/Si02 sample t ha t  had been reduced at  400oc i n  H2 was 

subsequently exposed to 1 arm of a 2/1H2/CO mixture at'250oG, no s i g n i f i c a n t  

change in the XPS spectrum was observed following the reaction (Fig. 2). 

However, a sample reduced in H2 at 700oc and then exposed to a H2/CO mixture 

exhibited signi£~cant changes in its XPS spectrum. A 5harp peak with PWHM 

less than 3 eV developed at 777.0 eV, and the two satellites peaks 

dlsappeared. No significant changes, however, occurred in the Si Is and 0 Is 

peaks. 

Fig.  3 shows Co 2p XPS spectra o£ Co/TiO 2 samples t r ea ted  in  H2 at 

various temperatures. As with Co/Si02, the spectrum o£ unreduced Co/TIO2 



exhlbited two ma3or peaka~ at 797.0 and 781.1 eV, w~th spin-orbital splx~ing 

of about 15.9 eV. Each peak was again accompanied by a strong satellite peak. 

Slight broadening of both peaks was observed with increasing reduction 

temperature, and a small shoulder developed at 778.S eV for the sample reduced 

at 500OCo The spectrul of the sample reduced at 700oc exhibited two new peaks 

at 794.2 and 779.1 eV, with spin-orbltal splitting of only 15.1 eV and a PWHM 

of leas than 3 eV. Ho satellite peaks remained. Unlike the case of ColSiO 2, 

~or which essentially nc change in Co 2p spectra occurred a~ter exposure to an 

H2/CO xixture at 250oc of a sample reduced in H 2 at 400oc, distinct peaks at 

794.2 and 779.1 eV developed after exposure to H2/CO mixtures of ColTi02 that 

had been reduced in H 2 at ~O0oC (Fig. 4). For the sample reduced in H2 at 

700oc, no further change in the Co 2p KPS spectrum was observed after exposure 

to an H2/CO mixture. 

The influence of treatment conditlone on the TiO2 support is exhibited in 

Fig. 5. The Ti 2pi/2 and 2P3/2 peaks for a pure TIO 2 sample treated in H 2 at 

700oc are shown in spectrum (a), which is identical to that of a Ti02 sample 

that had received no treatment in H 2. The binding energces corresponding to 

Ti 2Pi/2 and 2P3/2 were 465.0 and 459.2 eV, respectively. Although no 

evidence for valenc7 changes in the Ti02 support was observed in the XPS 

spectrum, a color change from whlte to dark blue occurred following H2 

treatment at 700OCo Ti 2p XP~ spectra for Co/TiO 2 samples treated at various 

temperatures showed no significant differences from that o~ a pure TiO 2 

sample, excep~ for th~ sample treated in H2 at 700oc. In the latter case, a 

marked peak broadening occurred, as sho~n in spectrum (c). However, 

subsequent exposure to an H21CO mixture (spectrum (b)) completely eliminated 

the species generated by the H 2 treatment at 700oc. 



Co/La~O~ and CoiEu~O~ 

The reduction behaviors and XPS spectra o£ CoiLs203 and Co/Eu203 closely 

resembled each other, and, for the sake of brevity, detailed results will be 

presented only for ColLa203. Fig. 6 summarizes XPS spectra obtained for 

Co/La203 that had been treated in H2 at various temperatures. Unlike Co/Si02 

and Co/Ti02, which exhibited marked satellite peaks whose intensities were 

30-50~ as great as those o£ their Co 2pl/2 and 2p3/2 patent peaks, Co/La203 

and Co/Eu203 showed relatively weak satellite peaks (< 10~). However, the 

2Pl12-2P3/2 spln-orbltal splittings (15.7 eV) and PWHM were comparable to 

those for ColSi02 and ColTi02. In addition to the differences observed in 

satellite peak intensities, the color o£ Co(HO3)2-iapregnated La203 and Eu203 

was dark blue, rather than the light pink color observed An the cases o£ Si02 

and Ti02 supports. With increase in H 2 reduction telperature, a slight 

decrease in spln-orbltal splitting occurred. For samples reduced in ||2 at 

400oc, significant broadening toward lower binding energy of the Co 2p peaks, 

together with depression in satelilte intensity, was observed. However, ~hen 

Co/La203 samples were treated in H2 at 500oC, the 9WHH decreased and the Co 2p 

peaks shifted toward higher binding energies again. Further increase in 

binding energy and spin-orbital splitting occurred following H2 treatment at 

700oc. 

Exposure of  Co/La203 samples reduced at either qO0O or 700oC in H2 to an 

H2/CO mixture at 250oc resulted in the development o£ a new peak in the Co 

2P312 region at 777.5 eV having a PWHM o£ less than 3 eV and spin-orbital 

splitting o£ only 15.0 eV, as shown In Fig. 7. A similar peak developed in 

the cases of Co/Si02 (Fig. 2) and Co/Ti02 (Fig. d) only for samples that had 

been ~educed in H2 at 700oc prior to H2/CO exposure. 



Fig. 8 shows that slgni~cant changes also occurred zn the 0 14 XPS 

spectra of Co/La203 following H2 treatment and H2/CO exposure. For unreduced 

sample~, on17 a single broad peak at 529.0 eV was observed. However, when 

samples were treated in H 2 at 400oc, two 0 ts peaks developed at 528.0 and 

530 .5  eV, The r e l a t i v e  i n t e n s i t i e s  o~ t h e s e  two p e a k s  r e v e r s e d  a f t e r  e x p o s u r e  

to H2/CQ aixtures, the forler decreasing and the latter Increasing. 0 is 

spectra of pure La2Q 3 and La2(C03) 3 pretreated in H2 at 400o and 700oc are 

shown in Figs° 9 and i0 ~cr comparison. Both compounds exhibited a single 0 

14 peak at 5~0.5 eV before H2 t=eat~ent, but two 0 Is peaks, at 528.0 and 

530.5 eV, following H 2 pretreataent° In the case of La203, an overall 

increase in intenslt 7 of both peaks occurred in going froa an H2 treatment 

temperature of 400 ° to one of 700oc, but the relative intensities o~ the two 

peaks reaained essentiall7 unchanged. With La2(C03)3, on the other hand, the 

relative inuensities of the two peaks were reversed when the H 2 t_Teat=ent 

temperature was increased from 400o to 700oC. 

Co/CeO? 

Fig. ii shows Oo 2p XP5 spectra for GolCe02 samples pretreated in H 2 at 

various temperatures. In behavior sim£1ar to that observed for Co/$i02 and 

Co/Ti02, intense satelllte peaks were observed for the Co 2p peaks of Co/Ce02. 

However, unlike all the o~her supported cobalt catalysts studied, which showed 

little change in Co 2p XPS s~ectra for saaples pretreated in H 2 at or below 

400oc, significant p~ak broadening toward lower binding energ7 was observed 

with Co/CeO 2 sasples pretreated in H 2 at onl 7 300oc, and a new peak at 778.9 

eV with PWHM < 3 eV, am well am asrked depresalon o£ satellite peak Intenslty, 

were observed with samples pretreated in H2 at 400oC. The spin-orbital 

splittings were also decreased with increasing reduction temperature° 

However, for samples treated in H 2 a~ 500oc, a new peak, different ~ros all 

10 



t hose  obse rved  p r e v i o u s l y ,  was g e n e r a t e d .  The b ind ing  ene rgy  o£ t h s s  peak was 

781.0 eV, with a PWHM of approximately 3.6 eV and a apln-orbital spl£ttlng of 

15.3 eV. Concurrent with the develop,ant of this new peak, the Co 2p 

satellite peaks also disappeared. When ~amples were treated in H2 at 700oc, 

the re6ulting spectrum resembled that of the sample treated at 400oc. As seen 

£n Fig. 12, no significant changes were observed with samples'pretreated in H2 

at 400oc and then exposed to an H2/CO mixture at 250oc following the H2 

treatment. However, for ~a~ples previously treated in H 2 at 700oc, 

significant increase inthe 778.9 eV peak intensity and co,plate disappearance 

of the sstelllte peaks occurred after exposure to H2/CO mixtures. 

O ls spectra of Co/Ca02 samples were quite ~imllsr to those observed with 

Co/La203 and pure La203 treated at various conditions. Only the relative 

intensities of the peaks at 528 and 531 eV were smaller than those observed 

with Co/La203 a~ all pretre~tment condltiona. Fig. 13 shows that, following 

treatment of pure Ca02 in H 2 at 700oc, a new Ce 3d5/2 peak appeared at 886.1 

eV, and the peak at 889.8 eVp observed previously in the untreated sample, was 

greatly reduced in intensity. The color of the Ca02 sample also changed ~rom 

pale yellow to light blue following the high-temperature H2 treatment. Unlzke 

Co/TIe2, no further change in the spectrum of the Ce02 support was observed 

following exposure to H2/CO mixtures. 

Reductionb¥ CO 

A detailed study of sample reduction by carbon monoxide was not 

performed. However, fragmentary XPS spectra revealed that, with only one 

exception, a sharp, relatively intense Co 2p peak developed at approxlmately 

777 eV followlng sample ~reatment in'CO at dO0oC. Only in the case of Co/SiO 2 

did CO treatment at 400oc fail to produce 5he peak at 777 eU. 

II ¸ 



DISCUSSION 

As shown in a previous XPS study C1), Co 2P3/2 blnd~ng energies ~n 

cobaltous (Co 2+) compounds normally vary between 780 and 782 eV, while those 

in cobaltic (Co 3+) compounds are typically in the range 779 t o  782 eV, varying 

somewhat according to chealcal environment. Hence, it is very difficult to 

identify the oxidation state o~ cobalt solely on th~ basis of the chemical 

shift of the binding energy. It is well known that paramagnetic species of 

some first-row transition metal compounds show satellite(s) for the 2p lines 

as a result Of a shake-up process, e.g., a 3d ~ 4s transition, while 

diamagnetic compounds do not exhibit such satellite peaks C2). Among all the 

Co 2+ cospounds exasined by Okaaoto and co-workers, most showed intense 2p 

satelllte peaks, but no such strong s~ellitea were found for Co3+ cu~pounds 

or zero-valent cobalt metal. 

orbital splitting (dE) of the Co 

indicators for distingui8hilg 

3atellite-parent splittings (S.S.) and sp~n- 

2Pi/2-2p3/2 l e v e l s  are also v e r y  useful 

among Co 2+, Co 3+ and Co ° K~,.cies. Values of 

S . S ,  f o r  t h e  Co 2P1/2  and Co 2~3/2 l e v e l s  o f  Co2+ a r e  t y p _ c a l l y  zn t h e  ralLge 

5 . 0  t o  6 .7  eV and 3 .7  t o  5 .6  eV, r e s p e c t i v e l y ;  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  

Co3+ are 8.~ to 9.3 eV and 8.9 to i0.3 eVo However, the satellite peaks of 

Co 3+ are usually very weak, the intensity ratio of the satellite to its parent 

peak being typically less than O.l, so it is difficult to obtain accurate S.S. 

values for Co 3+. In the case of zero-valent cobalt natal, no value for 5.S. 

has  been reported since no satellite peaks exist. Values of dE for Co2+, Co3+ 

and CoO are 15.7 to 16.1 eV, 14.7 to 15.1 eV and 15. I eV, respectively. 

The XPS results obtained for supported cobalt catalysts in the present. 

investigation clearly delonstrate that the support not only influences the 

reducibility of dispersed cobalt, bu t  Ray also greatly alter the surface 

properties of the setal. In order to compare the e f f e c t s  o£ support, the 

12 



oxidation state(a) o£ cobalt metal observed on all o£ the supporus studledp 

following various pretreatmentz, are auamarized in Table I. The oxidation 

states listed were assigned on the basis of Co 2plI2-2P3/2 spin-orbital 

spllttingsp satellite peak intensities, and PWHM values, the 2p peak width of 

"Go o being invariably at leant I eV less than those o~ Co 2+ and Co 3+. 

Treatment ~nH? 

Si02-supported cobalt showed only trace amounts o£ XPS-detectable reduced 

Coo following treatment in H 2 at ~ ~Ooc (Fig. 1), and most of the surface 

cobalt appeared in the XPS spectra as Co 2+ even after H2 treatment at 700oc. 

Moreover, the Co 2+ remained primarily 

unpaired 3d electrons), ae shown by the 

2PI12 and 2p312 satellite peaks (I). 

in the hlgh-spin state (i.e., three 

relatively high intcnsi.ies of the 

It quite unexpected to observe supported cobalt remain principally as 

unreduced Co2+ following H 2 pretreatments at temperatures of 400oC or above, 

since the study by Okamoto et al. (1) and a more recent stud 7 by Santilll and 

Castner (3) both reported complete reduction of Co/SiO 2 in H 2 at about 400oc, 

based on ~PS Beasurementa. However, it should be noted that the ,etal loading 

levels (viz., 10 wt~ by Okamoto et al. and 5 wt~ by Santill£ and Castner), 

used in both of these studies are Considerably higher than that (2.5 wt~) of 

our catalysts. Metal loading levels have been widely reported to have a 

significant influence on the reducibility of supported cobalt (3-5). A recent 

XP5 study ol silica-supported cobalt catalysts by Sato et al. (6) demonstrated 

that surface cobalt in 7.S wt~ Co/Si02 can be easily reduced to zero-valent 

Co ° in H2 at 450oc, while no zero-valent cobalt could be detected on a 3.a@ 

wt~ Co/SiO2 surface following the same treatment. The low apparent 

reducibility of our Co/Si02 samples may be due to ~ore extensive support 

interactions caused by the low ,etal loading. Furthermore, the Co/Si02 

13 



catalysts atudled by Okaaoto et al. and b7 Santilll and Csa~ner were calcined 

in 02 prior to the H 2 treatments, which may have caused a aigni£1cant decrease 

in dispersion, due to aggloaeration of cobalt oxideap and prevented the 

support interaction, These factors any have contributed to the greater ease 

of reduction of their Co/Si02 samples. It is worth noting, in thla regard, 

that Bartholomew also observed i,lcomplete metal reduction in recent studies of 

supported cobalt =atalTsts that had been treated in H 2 without prior 

calcination in 02, a finding that is consistent with our observation (~,7). 

A pousible explanation for this observed behavior of Co/Si02, which may 

be apglicable to other supports as well, is that prior calcination in 02 

generates a uni£orm, hi~.hl7 a~glomerated CoO~ phase that reduces readil7 to 

Co ° upon exposure to H 2 at ~ 400oC. Treataent in H2 of uncalcined 

Co(H03)2/Si02, on the other hand, involves both direct reduction of Co 2+ and 

thermal decoapoaition of the nitrate salt, 7ieldln9 COOx and MOx. The 

presence of both NOx and gaseous HN03, resulting from H2 reduction of 

Co(HO~) 2, may promote an interaction between the support surface and either 

the unreduced Co2+ ~pecies and/or Co ° that leads to the formation of monolayer 

re~iona of highly ~table Co2+ species that are quite resistant to reduction b7 

H2. Substantial amounts of reduced, metallic cobalt may indeed exist on the 

surface, but a~ ver 7 large particles whose net contribution to an observed XPS 

8pectrua is disproportionately ~aall compared to that of the unreduced Co2+ 

regions. Recent temperature-programmed reduction measurements of ColSi02 

catalysts have demonstrated that ~amples which had been previouai 7 calcined in 

02 at SO0oC are more readi17 reducible in H 2 than Co(H03)2/SiO 2 that had not 

been calcined (8). The latter samples still underwent at least 80-90~ 

reduction to the zero-valent metal, howew~r, based on cumulative H 2 

consumption at 550oc, confirming that the relative amount~ of CoO and Co2+ 

14 



species on the support surface are not those suggested by the XPS apectr~. 

For the catalysts atudied in the present investigation, therefore, ~t appears 

that the XPS spectra are best used to oolpare differences in surface behavior 

of the dispersed cobalt, rather than as quantitative indicators of actual 

dlstrlbutlon~ of .etal oxidation ~tates on the support surfaces. 

The increa6e in Co 2p binding energy observed with ColSiO 2 samples 

treated in H2 at 700oC may be due to Si-Co alloy formation. Hvidence of alloy 

format%on in silica-supported metal catalysts at high reduculon _emperatures 

has been observed previously by Praliaud and Martin by specific saturation 

magnetization meaGurements of 20 wt% Ni/Si02 catalysts (9). The temperature 

reported for the formation o~ Ni-Si alloy was 1180 K; however, since the metal 

loading level was much smaller in our case, this type o£ letal-support 

interaction may occur at a considerably lower temperature. It was also 

reported that formation of the alloy only occurred at the low heating rate of 

2oC/min.~ a Ni/$iO 2 catalyst heated at 20oC/min. to I180 K showed no Ni-Si 

alloy formation, The heating rate used for our reduction of Co/S£02 was also 

2oGI/in., so formation of a Co-Si alloy ,ay have been attained at 70OCt ~n H2. 

TiO2-supporued cobalt showed aimllar reduclbxlity behav%or to tha~ o£ 

Si02-supporled cobalt (Fig. 3). 3ignificant reduction of surface cobalt was 

not observed even at a H2 treatment temperature of 500oc, at which point 

Co/TiO 2 exhibited approxlaately the same amount of XPS-detectable zero-valent 

cobalt as dad Co/SI02 saRples treated at the same temperature° Followlng 

treatment of a Co/Ti02 sample in H2 at 700oc, however, the disappearance of 2p 

satellites, the decrease in 2p binding energy from 781ol to 779.1 eV and in 

the value of dE from 15.9 to 15.1 eV, and the marked decrease of PWHM from 4.5 

to less than 3.0 eV all confirm the formation of zero-relent, metallic cobalt. 
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Accospanying the reduction of detectable surface cobalt from Co 2÷ to Co ° 

at 700oc reduction temperature w~s evidence of surface Ti02 reduction from 

Ti +4 to Ti +3, a8 shown by the substantial broadening of the Ti 2p3/2 peak in 

spectrum (c) of Fig. 5 when compared to the same peak in the cases of pure 

TIO 2 and Co/TiO 2 treated in H2 at lower temperatures. Although partial 

reduction of Ti02 i~ considered to be an essential feature of the so-called 

5MSI effect (10-13), none of the previously-reported studies have conclusively 

demonstrated suriace reduction ol TiO 2 in TiO2-supported metal catalysts by H2 

pretreatment alone; most such assertions have been based on the color change 

of as,plea (~roa white to blue) following H 2 treatment. XP$ spectra that have 

previously been used to demonstrate the fcraatlon of a lower oxldaulon state 

of titanium on a surface have been obtained using TiO2-supported metal film6 

(1%). As shown in spectrum (a) of Fig. 5, no evidence for the formation o£ a 

lower oxidation state titanium species was observed on the pure TiO 2 surface 

treated at 700oC. However, a color change from white to blue following this 

treatment suggests that bulk reduction of the Ti02 may have occurred. The 

surface reduction of TiC2 observed in the case of Co/TiO 2 reduced at 700oc 

suggests that the presence o~ supported cobalt may catalyze or stabzlize 

formation of the lower oxidation state titaniul species on the surface. 

Comparison of the XPS results obtalned for Ti02- and Si02-supported cobalt 

catalysts suggests that the partial reducibility of Ti02 may be responsible 

for the somewhat more facile reducibility of surface cobalt on Ti02 than on 

SiO 2. 

Du~ to the evidently weak interaction between cobalt metal and TiO 2 

supporu, the Co2+ on Ti02 support appeared to be predominantly in the high- 

spin form, as was observed for Co/$202. La203 - and Eu2Oa-supported cobalt, by 

contrast, produced much weaker satellite structures ~or the Co 2Pl/2 and Co 
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2P3/2 peaks  than  dld Co/Ti02 and Co/Si02 (F ig ,  6 ) .  I t  l a  ve ry  un lzke lF  tha~  

oxidation o£ surface Co2+ to Co3+ (which, as noted previously, has very weak 

Co 2p satelllte peaks) would occur under the ni~d conditions used in the 

impregnation process, and the observed dE value (15.7 eV) also indicates that 

the surface cobalt reaalned aa Co2+. As reported by Okamoto a~d co-workers, 

Co2+ compounds, such aa Co~CN)2, that involve strong cryatalTfield liganda 

also exhibit virtuall7 no CO 2p satellite peaks (I), 3ince the electronic 

configuration of Co2+ in Co(CN)2 is the low-spin state, i.e., one unpaired 

electron, and the unpaired spin ma 7 be distributed over the cTano ligands 

because of their large nephelauxetlc effect, Co(CN) 2 ma 7 behave like 

diamagnetic coRpounds in the XPS study of 2p satellites. The relativel 7 weak 

satellite structures of Co 2p XP$ spectra lot CoiLs203 and Co/Eu203 indicate 

that the surface Co2"~ in these cases is present primarily in the low-spin 

(i.e., one unpaired 3d electron) staue, due to a relatively strong Interacuion 

with the basic lanthanide oxide supports. Additional evidence for the 

formation of a low-spin Co2+ co,plex on these oxides was provided b7 the color 

change from pink ~o dark blue that was observed dur%ng ca~alTst preparat%on. 

The color of Co2& low-spin compounds such as Co(CN)2 is al~o blue. 

There was clear indication of Co 2+ reduction to Co ° on CoiLs203 and 

ColEu203 pretreated in H2 at 400oC. Broadening of the Co 2pl/2 and 2p3/2 

peaks toward lower binding energy which is due to the overlapping of Co o, Co2+ 

and, possibly, Co 3+ peaks, was observed followlng H2 treatment at this 

temperature, and, when comblned with the decrease zn area of the Co 2P312 

satellite peak, suggests that extensive reduction to zero-valent cobalt metal 

had occurred. With further increase in pretreatment temperauure, however, 

reoxldaulon of cobalt appeared to occur, since the Co 2pi/2 ~nd 2p3/2 peaks 

narrowed again, and dE decreased froa 15.9 eV at 4000 to 15.5 eV at 7OOoC. 
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Reoxidation of surface Co ° in H2 above qO0°C has also been observeu on LaCo03 

(15), and was attributed to surface dehydroxyiatzon above 500~U tha~ 

reoxidized the CoO. 

Evidence of support change for Co/ha203 with varxa~zon ~n H2 treatment 

temperature is presented In Fig. $. Prior to reductlon (spectrum (a)) a 

single 0 ls peak at 529.2 eV was present, but after H2 pretreatment st 400°C 

(spect rum (b ) }  t h i s  peak had d i sappeared  and was rep laced  by s e p a r a t e  0 l s  

peaks a t  530 .5  and 528 .0  eV. I n  o r d e r  t o  f u r t h e r  ~nvestzgaue the  n a t u r e  o f  

surface oxygen-containing species on Colha203, samples of pure La203 

(conSalning a virtual monolayer of surface hydroxyls) and La2(C03)3 were 

treated in H2 at 400 ° and 700oc, and were then examined bY XP5. As shown in 

Figs. 9 and i0, both materials showed a decrease Ln the intensity of a peak at 

530-531 eV (resulting from the oxygen atoms in surface OH and C03 species) 

with increasing treatment temperature, and an accompanying incroase in the 

relative intensity of a peak at 528 eV (corresponding to surface 02- ions in 

the ha203 lattice). Thus, the reoxidation of surface cobalt on La203 support 

~ol!owlng H2 pretreatment at higher temperatures was most likely caused by 

decarbonation and/or dehydroxylation of the La203 support under reduction 

conditions. 

In the case of Eu203-supported cobalt, Co 2+ again existed mostly in the 

low-spin state, and a relatively greater amount o~ Co ° than that observed with 

Si02, TiO 2 and La2Q 3 supports was evident after H2 treatment at 400oc. The 

~PS-detectable CoO/Co 2÷ ratio increased at 500oc reduction temperature, and 

then decreased at 700oc, due to apparent reoxidation of surface cobalt in a 

manner similar to that observed for Co/La203. 

Unlike the behavior of Co/La203 and Co/Eu203, Co 2+ on the much less basic 

Ce02 support remained in the high-spin form as shown b 7 the intense 2p 
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satellite peaks that closely resemble those observed wlth SiO 2 sad Ti02 

aupports (Fig. ii). Alone "among the £1ve catalyata studied in this 

investigation, CeO2-supported cobalt showed evldence for a substantial amount 

of XPS-detectable cobalt reduction following H2 treatment at only 400oc. But 

~It 500oc reduction temperature, all evidence for CoO disappeared, and Co3+ 

became the predominant cobalt species observed b 7 XP5 on the surface, . 

indicating that Ce02 reduction by H 2, accompanied by cobalt oxidation, had 

occurred. This result is consistent with the disappearance of catalytic 

activity for carbon monoxide hydrogenation that was observed with a Co/CeO 2 

catalyst that had been pretreated at 500oc (16). H2 treatment at 700oc showed 

evidence for partial re-reduction o£ Co3+ to CoO. However, catalytic activity 

~or hydrogenatlon of CO was still not observed with a ColCeO 2" catalyst 

pretreated at the same condition, indicating that the re-reduced zero-valent 

cobalt may have become encapsulated in a thin layer o£ a partlally-zeduced 

CeOx phase that migrated onto the ~etal particles in a manner s~milar to that 

suggested for Ti02 (11,12). XPS Wvidence o£ Ce02 reductzon ~s presented in 

Fig. 13. After reducing ColCe02 in ~2 at 700oC, a new peak developed in the 

Ce 3d512 region at 886.0 eV, a binding energy which ~s in good agreemenn with 

those previously reported in the 3d region for Ce(III) (17). Although no 

surface reduction o£ Ce(IV) could be observed in t~e XPS specnra of ColCe02 

treated in H 2 at 500oc, the observed oxidation of cobalt metal indicated that 

bulk reduction o£ Ce(IV) may have occurred. 

The extent o£ XPS-detectable reduction o£ surface cobalt on the five 

supports studlt~, following H2 treatment at 400oc, may be summarized as 

follows: 
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ColC~02 > Co/Eu203 ~ Co/La203 ) Co/TI02 > Co/SI02 (I) 

Although the reducibility o£ the support Itself appeared to have sore 

in£1uence on the reducibility of supported cobalt, no clear correlation o£ 

reducibility of supported Co with that of the support could be xade. For 

exaaple, although Eu203 is reported to be partia1!7 reducible at E 650°C in H2 

atmosphere (18), no evidence for surface reduction of Eu3+ to Eu 2+ was 

observed in our XPS spectra of Co/Eu203 saaple~ treated in H 2 at 700oC. La203 

is quite irreducible in the temperature range studied, yet both the Eu203- and 

La203-supported catalysts showed considerable evidence of reduced Co ° 

follow£ng H2 treatment at 400oc, while Sl02-~upported cobalt showed only trace 

amounts of Co o under the same pretreat.ent conditions. The relative a~ount ol 

surface Go o observed for H2-treated Go/Hu203 at 400oc was higher than that for 

Co/Ti02. Ti02 is eviden~l¥ luch sore easily reduced in H 2 than i~ Eu203, as 

shown by the obaeEved color change froa white to blue of the pure Ti02 sample 

treated at 500oc in H 2, and by the peak broadenin9 of the Ti 2p3/2 peak in the 

XPS spectrum for Co/TiO 2 treated in H2 at 700oC (see Fig. 5). The~e result~ 

indicate that other effects, besides reducibility of the support (or 

electronic e~fecta)p may also pla 7 a significant role in Ln£1uenclng the 

reducibility of supported cobalt. Such addltional factors light include 

~tructural (i.e., morphological) effects or support basicity. 

Exposure to H?ICO Mixture 

Although dlf£erence~ in the extent of reduction o£ supported cobalt were 

observed followin9 H2 treataent, further changes in the surface properties of 

supported cobalt following exposure to H2/CO reaction mixtures were evidenced 

by the XPS measure, ent6. In the case of Co/Si02 pretreated in H 2 at 400oc, no 

evidence for further reduction of the cobalt was observed after subsequent 
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• exposure t o  an H2/CO m i x t u r e  a t  250°C. However, when t he  sample had been 

"pretreated in H2 at 700oc, substantial further reduction of cobalt occurred 

following subsequent H21CO exposure at 250oc (Fig. 2). The difference in 

cobalt reduction behavior for Co/Si02 between the samples pretreated in H 2 at 

qO0OC and at 700oc and then exposed to an H21CO mixture at 250oG may be due to 

a structural effect caused by the $i02 support, The XPS data showed a 

chemical shift of the Co2p peaks toward lower binding energy for the sample 

pretreated in H2 at 700oc~ which say indicate Co-Si compound formation. Such 

a structural change aaF be responsible for the relatively greater ease of 

reduction by exposure to an H2/CO =ixture of the sample reduced at 700oC. 

TiO2-supported Co, after reduction in H 2 at 400oC and following ezposure 

to a 2/I H2/CO mixture, showed considerably note CoO than did the H2-treated 

sample before H2/CO exposure (Fig. 4), presumably due to Co 2+ reduction by the 

CO, as shown by XPS evidence for CO reductlon of TiO2-supported cobalt. The 

lower oxidation state titanium formed by H 2 pretreatment of Co/TiO 2 at 700oc 

was destroyed following exposure to H2/CO reaction mixtures, as shown in Fig. 

5 .  This may be  due to the reoxidation of surface Ti 3+ caused by the ~20 

produced during CO hydrogenation. 

Although a substantial amount of CoO was observed by XPS on the La203 

support after reduction in H 2 at 400oC, an even further increase in reduced 

Co ° was observed after the sample had been exposed to an H2/CO m ix%ure. 

Similar behaviors were also observed with Co/Eu203 and Co/Ce02. Again, these 

say a~l be due to Co 2+ reduction by CO. It worth noting that, unlike surface 

Ti3 + on ColTi02, surface Ce 3+ observed with ColCeO 2 reduced in H 2 at 700oc did 

not reoxidize after subsequent exposure to H2/CO reaction mixtures (Fig. 13). 

Apparently, surface Ce3+ is lore stable under these conditions than is Ti 3+. 
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It Is apparent that the ~endency toward ~urther cobalt reducZ~on by H2/CO 

aixtures among the ~ive supports is similar to that summarized in equation (I) 

for reducibility by H2. Ce02-, Eu203-, and La203-supported cobalt underwent 

more extensive reduction then did Co/Ti02, which, in turnp underwent more 

extensive reduction than did Co/Si02, ~ollowlng exposure to an H2/CO mixture 

at 250oC. One of the significant differences between La203, Eu203, and Ce02 

supports on the one hand and Si02 and TiO 2 on the other are that the ~orser 

undergo extensive decarbonatlon/dehydroxylatlon during H 2 reduction, and 

carbonation and/or hydroxylation during the H2/CO reacaion (see Figs. 8 to 

10)~ while the latter d~ not. .The structural changes involved in the 

reduction and reacuion processes ~or the lanthanlde oxide support~ caused by 

these behaviors Ia7 have a significant impact on the reducibility o~ supported 

Co. The reduction and agglomeration of supported cobalt aetal may be very 

susceptible to such environmental changes. However, direct interaction, i.e., 

a localized interaction between supported cobalt and lanthanlde oxides cannot 

be ruled out, particularly in the case of La203 and Hu203 supports, sin=e 

significant changes in the Co 2p XPS spectra were observed with the non-H 2- 

treated samples indicating that a strong interaction betweerL the metal and the 

support may have occurred. 
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Table t 

Smu~ of P4baiP. Su+'~c~ Species on ratio,,. 
~ W l x ~  Eoll~l~J E/~ CO, or t12/~ Trealmwnt ~ 

Treatment 

llme 

SuRer 

s~oz Tio2 ~@~ ~u~o~ ceoz 

H 2 a~ ~)Oo(: Co 2÷, (Co o ) Co 2+ , (Co o ) Co2÷,~ o Co2~,Co o Co°,Co2+,Co 3~ 

H2 at ~0~ Co2~,C~O) ~2~,(CoO ) ¢o2~ C o 2 f ~  ~1+ 

~2 =t 7o0q: co2÷,(coo) coo,¢P42+) co2+ Co2t, cCoO) ~3t,co2+,co o 

~2 .t ~ ,  ~9+,cco o) co2÷£oo coo, cco2h coo,~9+ c+o,co2+ 
B2/~ at 2SOot 

~z at 700~, coo,c~2÷ r~ ,  cco2+) coo, cco2h ¢o2÷,r.~o ¢@,(~2+) 
H2/CO at 250oC 

sore than one s l~ ies  i~ indicated, the pr~l~in~at one in the IPS spectrus is  
listed f i r s t .  Specles ~ in parentheses v~e present in only b~rely ol~erveble 
~otmt4. 
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FIGURE CAPTIOMS 

F i q u ~ e l  XPS spectra o£ Co/Si02 catalysts in Co 2pl/2 and 2p3/2 regzons. 
Reduction at the indicated temperatures involved treatment wlth 
500 tort o£ H2 ~or 16 hrs. 

~luure2 XPS spectra o£ fresh and used ColSI02 catalysts in Co 2p112 and 
2p9/2 regions. Used catalysts had been exposed at 250°C to a 
2/I H2/CO mixture at I arm for 4 hrs. 

Fi__.quwe XPS s p e c t r a  o£ Co/Ti02 catalysts in Co 2P112 and 2P312 reglons. 
Reduction at the indicated temperatures ~nvolved treatment with 
500 tort of H2 for 16 hrs. 

Fiqure 4 

Fiqure S, 

FiGure 6 

XPS spect=a o£ fresh and used Co/Ti02 catalysts in Co 2pi/2 and 
2P3/2 regions. Used catalysts had been exposed at 250oC to a 
2/1H2/CO alxture at I arm for 4 hrs. 

XPS spectra £nTi 2PI12 and 2p3/2 regions. ¢a) Ti02 treated in 
500 tort of H2 at 700oC; (b) Co/Ti02 treated in 500 torr of H2 
at 700°C and then expoGed to i arm of 211H2/CO mixture at 250°C 
for 4 hrs: (c) Co/Ti02 treated in 500 tort of H 2 at 700oc. 

XPS spectra o£ CoiLs203 catalysts in Co 2pI12 and 2p312 regions. 
Reduction st the indicated temperatures involved treatment .with 
500 tort o£ H2 for 16 hrs. 

Fiqure 7 XPS spectra of fresh and used CoiLs203 catalysts tn Co 2Pl/2 and 
2p3/2 reglone. Used catalysts had been exposed at 250oc to a 
211H2/CO mixture at I arm for 4 hrs. 

Figure 8 

Fiqure,,g 

XPS spectra o£ Co/La203 in 0 ls region. (a) unreduced: (b) 
treated in 500 tort of H2 at 400oC~ (=) treated in 500 tort of 
H 2 at 400oC and then exposed to i arm of 211H21CO mixture st 
250aC for 4 hrs. 

XPS spectra o~ La203 in 0 ls region. 
(b) treated in 500 tort o£ H2 at 400oc~ 
o£ H2 at 700 oC. 

(a) without pretrest~ent~ 
(c) treated in 500 tort 

Flqure I0 XPS s p e c t r a  o£ La2(C03)3 in 0 1~ r e g i o n .  (a) wi thout  
pretreataent~ (b) treated in 500 torr of H2 at 400oc; (=) 
treated in 500 tort o£ H 2 at 700oc. 
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Fiau~e 11 XPS spectra of Co/Ce02 catalysts in Co 2p112 and 2p312 regions. 
Reduction at the indicated tenperaturea involved, treatment in 
500 tort of H 2 for 16 hrs. 

Figure 12 XPS apect~a a£ ~reah 8nd uaed Co/Ce02 catalyats ~n Co 2PI/2 and 
2P3/2 regions. Used cata178ts had been exposed at 250°C to a 
2/1 H2/CO nixture at i atm for 4 hr6. 

Fiqure 13 XPS spectra of Ce02 £n. Ce 3d5/2 region. (a) 
pretreatnent~ (b) treated in 500 tort of H 2 at 700°C. 

without 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 10 
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F.igure 11 
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Figure 13. 
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