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INTRODUCTION

The objective of thia research has been to characterize the effect of
support variations on the catalytic and surface properties of diapersed Group
VIII transition metals. Particular eaphasia has been placed on investigating
behavior modifications induced by lanthanide oxide supports, in comparison to
thoae of other, more conventional, support materiala. Our previcus stucieas of
pure lanthanide oxide catalyata, under DOE sponsorship of thia project, have
demonstrated a surface complexity in these materials that prompted our current
interest in their behaviors as metal catalyst supports.

Nost of the recently-reported investigationa of aupport effecta and
so-called "Strona Metal-Support Interactions" (SNMSI) have focuaed on the noble
netals, particularly platinue and rhodium, which are easily reducible and can
readily be prepared in highly dispersed férls. Few studies, on the other
hand, have exrained the influence of aupport veriaticna for the non-noble
Group VIII metals, such as iron and cobalt, which are more difficult to reduce
and ara typieally employed in relatively poorly diapersed forma containing
large metal particles (> 100 A). Conzequently, our investigations have
focused primarily on support effects involving dispersed iron and cobalt
catalyats. Our most complete and detailed results thus far have been obtained
for a series of aupported cobalt catalyats, and thia progress report has been
derived largely from a manuscript entitled "The Influence of Support on the
Reduction Bekavior of Diaperaed Cobalt Catalyats" that we have recently
submitted for publicatien.

Our results demonatrate that the nature of the support has a aignificant
influence on the reduction and aurface properties of disperaed cobalt. X-ray
photoelectron spectroascopy (XPS) atudies show that reduction in H2 of Si0z~-

aupported Co(N03)2, without prior calcination, resulta in conaiderable bulk



metal formation, but that extensive nonolayer reéions of unreduced Co2%t
species remain on the surface, even after treatment in H2 at 500-700°C.~ If
the supported Co(NO3)2 is converted to CoOy by prior calcination, on the other
hand, subsequent treataent 1n‘52 resnlts in essentially complete reduction to
the zero-valent metal. On a Ti02 saupport, cobalt- is more easil& reduced than
on 5i02, and on the lanthanide oxide suppoits La03, Eu203, and Cel2.
reduction occurs even more readily, but extensive additional interactions

exist, particularly with CeG2.



EXPERIMENTAL METHODS
Kateriala

ALz Producta Co. research purity (99.9995X ain.) hydrogen and Matheaon
purity (99.99% ain.) carbon monoxide from MNatheson Co. were used for all
reduction treatments and CO hydrogenation reactions. Hydrogen and carbon
monoxide were passed through aeparate lesaer Griesheia “Oxyaorb” coluans to
reduce the 02 content to leas than 1 ppm, and were then pamsed through a
liquid "~ N2-coocled trap (-1969C) before use. All supported cobalt catalysts
were prepared using Fisher Chemical Co. certified 8.C.S. grade Co{ND3)2-6H0.
Supports used for preparing catalysts were SiD2 from Davison Chemicai Co.
{grade S7, 310 a2/g), TiO2 from Johnson Matthey Chemicals Ltd. (puratronic
grade, 99.998%, 1 x2/g), and Lap03 (99.9%, 12 n2/g), Eu203 (99.9%, 13 22/9),
and Ce0z (99.9%, 17 m2/g) from Alfa Chemicals Div. of Ventron Corp. The SiOp
was washed with 10X HRO3 to remove base metal impurities and was then calcined
at 5009C <for 16 hrs to remove organic contaminants. The other four supports
were refluxed in deionized water £for 16 hra to achieve maximua surface
hydrolyzation prior to impregnation and to increase their asurface areas to the

values indicated.
Procedures

Catalyat DPreparationa

All catalysts contained 2.5 wtX cobalt and were prepared by an incipient-
wetness technique using aqueous solutions of the corresponding nitrate salts.
Unlike the standard incipient-wetnesss technique, ip which the surface is
wetted with an amount of solution that it can absorb to saturation, a slight

excess of solution was vsed in the preparations involving TiN2, Laz03, Euz03,



and Ce02 becauae of their lqw aurface areas and conasequently small pore
volumes. Each wetted catalyst was then dried with continuous stirring at
€0~700C, to assure that an eveﬁ distrihution of the cobalt nitrate on the
support was attained. After drying, the catalyats were transferred to an oven ~
and maintained at 1i109C for 48 hours, and were then stored in sealed vials to
prevent rehydration by atmospheric water.

Samples used in the x-ray photoelectron spectroscopy (XPS) measurements
were pressed into 6 m= uafe;s to fit the sample holder and aample probe of the
apectroscter. All reduced cobalt catalyats used for CO hydrogenation
reactions and surface characterizations were prepared by treataent of
supported cobalt nitrate sanpléa in 500 torr of H2 using a atirred-batch Pyrex
reactor system of the closed-loop recirculation type. The temperature of the
sample pretreatment was varied in the range 300-700°C. In each case, the
temperature was increased at 2°C/iin. and then maintained at the desired final
pretreataent temperature for 16 hra. After reduction (or reaction), the wafer
was evacuated to 10‘§ torr in the reaction'sy#tel before it was transferred,
without expoahre to the air, to. a Vacuum Atmoapheres Co. glove box that
enclosed the sample probe of the XPS instrument. Water and 02 were reroved
from the N2 used to £111 the chamber by a Mesaer Griesheim "Oxysorb” column.
The nitrogen in the glove box was further treated by continuous circulaticn
through a Vacuum Atnoaphereé Co. DRI-TRAIN HE-4393 asyastem to reduce H20 and 02

contaminants to less than S ppx.

X-ray Photoelectron Spectroscopy Measurements

X~ray photoelectron apectra were recorded on a Hewlett-Packard S950A ESCA
sﬁectro-eter uaing a monochromatic Al K¢ (l+:6.5 eV) source operated at a beanm
power of 800 watts. In order to aveid surface charging effects, which are

caused by the loss of electrons from the surfzce of non-conducting sanmples



during the photoemiasion proceasa and which change the binding energiea of the
observed peaks, an electron flood gun was used to bathe the surface of the
samples with low energy electrons. Before acanning the binding energy range
of interest, the electron energy and emission levels of the flood gun were
appropriately adjusted. A Hewlett-Packard 185234 Flood Gun Controller was
utilized to control the energy and emission levels of the electrons. The
binding energies of Au 4f3/2 and 4£fg5/2 peaks vere used as references for the
fiood gun adjugtlent. All spectra zere corrected for background contributions

using a Hewlett-Packard 9825B computer interfaced to the ESCA apectrometer and

a software package obtained from Surface Science Laboratories.



RESULTS

Co/Si0:

XPS spectra in the Co 2p binding energy region are shown in Fig. 1 for
Co/Si02 samples treated in Hz at various temperatures. For the unreduced
sanple, the spectrum showed two major peaks at 797.4 and 781.7 eV.
correapénding to Co 253/2 and Co 2p1/2, with a apin-orbital splitting of 15.7
eV, The peak width at half =aaximux (PWHM) for the latter peak waa
approximately 4.2 eV. Each of the two peaks was accompanied by a strong
;atellite peak at approximately 5.5 eV higher binding energy than the parent
peak. The apéﬁtrun of the sample reduced at 3009C in H2 was virtually
identical to that o£ the unreduced sample. For the sgnple reduced at 400°C, a
small shoulder at 776.4 eV waas cbserved, and no further change occurred in the
XPS spectrum for a sarple reduced at S00°0C. However, the Co 2p XPS spectru=m
for a sample reduced at 7009C exhibited a decrease in binding energy for both
Co 2p peaka of approximately 2 eV.

When a1 Co/Si02 sample that had been reduced at 400°9C in H2 was
subsequently exposed to 1 atm of a3 2/1 Hz/C0 mixture at 250°C, no significant
change in the XPS spectrum was observed following the‘ réactién (Fig. 2).
However, a sample reduced in Ho at 7009C and then expesed to a H2/CQ mixture
exhgbited significant changes in its XPS spectrus. A sharp peak with PWHM
leess than 3 eV developed at 777.0 eV, and the two satellites peaks
disappeared. No sigqificant changes, however, occurred in the Si 1s and O 1s

peaks.

Co/Ti05
Fig. 3 ashows Co 2p XPS apectra of Co/Ti02 samples treated in Hp at

varioua temperatures. As with Co/5102, the ‘apectrum of unreduced Co/TiD2



exhibited two major peaka, at 797.0 and 781.1 eV, with apin-orbital aplitting
of about 15.9 eV. Each peak was again acconmpanied by a strong satellite peak.
Slight broadening of both peaks was observed with increasing reduction
temperature, and a small shoulder developed at 778.9 eV for the sample reduced
at S00°C. The spectrum of the sample reduced at 7009C exhibited two new peaks
at 794.2 and 779.1 eV, with spin-orbital splitting of only 15.1 eV and a PWHM
of lems than 3 eV. No satellite peaks remained. Unlike the case of Co/SiO2,
for which essentially ne change in Co 2p spectra occurred after exposure to an
H2/C0 mixture at 250°C of a sample reduced in H2 at 4000C, distinct peaks at
794.2 and 779.1 eV developed after exposure to Hp/CO mixtures of Co/TiO2 that
had been reduced in H2 at 4009C (Fig. 4). For the sample reduced in Hz at
7009C, no further change in the Co 2p KPS spectrua was obmerved after exposure
to an H2/C0 mixture.

The influence of treatment conditiona on the Ti02 support is exhibited in
Fig. 5. The Ti 2p1/2 and 2p3/2 peaks for a pure Ti02 sample treated in H at
7000C are shown in spectrum (a), which is identical to that of a TiOz sample
that had received nec treatment in H3. The binding energies correaponding to
Ti 2p1/2 and 2p3/2 were 465.0 and 459.2 eV, respectively. Although no
evidence for valency changes in the Ti02 support was observed in the XPS
apectrum, a color change from white to dark blue occurred following Ho
treatment at 70005. Ti 2p XPS spectra for Co/Ti02 samples treated at various
tesperatures showed no significant differences from that of a pure TiOz
sample, except for the sa-plé treated in H2 at 7009°C. 1In the latter case, a
marked peak broadening occurred, as shown in spectrua (o). However,
subzequent exposure to an H2/C0 mixture (spectrum (b)) completely elirminated

the species generated by the Hp treatment at 7000C,



Co/Las0a and Co/Eu20
The reduction behaviors and XPS apectra of Co/La2f3 and Co/Eu03 closely

reseabled each other, and, for the sake of brevity, deta;led results will be
presented 6nly for Co/Laz03. Fig. 6 summarizes XPS spectra obtained for
Co/La203 that had been treated in H2 at various temperatures. Unlike Co/Si02
and Co/TiOz, which exhibited marked sateliite peaks whose intensities were |
30-50% as great as those of their Co 2p1/2 agd 2p3/2 parent peaks, Co/La203
and Co/Euz03 ashoved relati;ely weak satellite peaka (< 10%). However; the
2p1/2-2p3/2 spin-orbital aplittinga (15.7 eV) and PWHH were comparable to
thogse for Co/Si02 and Co/Ti02. In addition to the differences observed in
satellite peak intensities, the colof of Co(NO3z)2—impregnated La203 and Euz03
was dark blue, rather than the light pink color observed in the cases of S5i02
and Ti02 supports. With increése in H2 reduction temperature, a slight
decrease in spin-orbital splitting occurred. For samples reduced in Ho at
4000C, significant broadening toward lower binding emergy of the Co 2p peaks,
together with depression in satellite intensity, was ob;erved. However, when
Co/Laz03 samples were treated in Hz at 5009C, the PWHHM decreased and the Co 2p
peaks shifted toward higher hindiﬁg energ;es again. Further increase in
binding energy and apin-orbital splitting occurred folilowing Hé treatment- ;t
7000C. |

Exposﬁre of Co/Laz03 samples reduced at either 4000 or 700°C in H2 to am
H2/C0 mixture at 250°C resulted in the development of a new peak in the Co
2p3/2 region at 777.5 eV having a PWHM of less than 3 eV and spin-orbital
aplitting of oniy 1S.0 eV, as shoun in Fig. 7. A similar peak developed in
the cases of Co/Si02 (Fig. 2) and Co/Ti02 (Fig. 4) only for samples that had

been reduced in H2 at 7009C prior to H2/CO exposure.



Fig. 8 ahows that aignificant changea alao océurred in the 0 1a XPS
spectra of Co/Laz03 following Hp treatment and H2/C0 expocsure. For unreduced
sanplep, only a single broad peak at 529.0 eV was cbaerved. However, when
samples were treated in Hp at 40C9G, two O 1s peaks developed at $28.0 and
530.5 eV, The relative intensities of these two peaks reversed after exposure
to H2/C0 mixtures, the former decreasing and the latter increassing. 0O ls
spectra of pure La203 and La2(C03)3 pretreated in H2 at 4009 and 700°C are
shown in Figs. ¢ and 10 for comparison. Béth compounds exhibited a single O
1s peak at 530.5 eV before Hp treatment, but two 0 1s peaks, at $28.0 and
S30.5 eV, following H2 pretreatment. in the case of Laz03, an overall
increase in intensity of both peaks cccurred in going from an H2 treatment
temperature of 4000 to one of 7009C, but the relative intensities of the two
peaks remained egaentially unchanged. With La2(C03)3, on the other hand, the
relative intensities of the two peaks were reversed when the H2 treatrent

terperature was increased from 4000 to 7000C.

Co/Cel2

Fig. 11 shows Co 2p XPS spectra for Co/CeQ2 samples pretreated in H2 at
varioua temperatures. In behavior ainilar to that observed for Co/Si02 and |
Co/Ti02, intense satellite peaks were obaerved for the Co 2p peaks of Co/CeQ2.
However, unlike all the other supported cocbalt catalysts studied, which showed
little change in Co 2p XPS spectra for mamples pretreated in H2 at or belaw
4000C, significant péak broadening toward lower binding energy was observed
with Co/Ce02 samples pretreated in H2 at only 3000C, and a new peak at 778.9
eV with PWHN < 3 eV, as well aa marked depreasion of aatellite peak intenaity,
were observed with samples pretreated in Hp at 4000C, The spin-orbital
splittings were also decreased with increasing reduction temperature.

However, for samples treated in Hz at S0Q0°C, a new peak, different from all

10



thoae obaerved previously, bae geneﬁated. The binding enerqy of thia peak was
781.0 eV, with a PWHM of approximately 3.6 eV and a spin-orbital aplitting of
15.3 eV, Concurrent with the development of this new péak. the Co 2p
satellite peaks also disappeared. When ganples were treated in H2 at 700°C,
the resulting specirum resembled that of the sample treated at 10000._ As seen
in Fig. 12, no significant changes were cbserved with sanples'pretreated.in Hz
at 4000C and then exposed to an Hp/C0 nmixture at 2509C following the H2
treatment. However, for samples previously treated in Hz at 7009C,
significant increase in the 778.8 eV peak intensity and conplete disappearance
of the asatellite peaks occurred after expogure to ﬁz/CO mixtures.

0 1s spectra of Co/Ce02 samples were quite aimilar to those observed with
Co/Laz03 and pure Laz03 treated at various conditions. Only the relative
intensities of the peaks at 528 and 531 eV were smaller than those observed
with Co/La203 at all pretrectneﬁt conditicna. Fig. 13 shcwa that, following
treatment of pure CeGz in Hp at 7009C, a new Ce 3ds/2 peak appeared at 886.1
eV, and the peak at 383.8 eV, obaserved previously in the untreated sample, was
greatly reduced in intensity. The color of the Ce02 sample also changed froa
pale yellow to light blue following the high~temperature H2 treatment. Unlike
Co/Ti02, no further change 1h the spectrum of the CeQ02 support was observed

following exposure to H2/C0 mixtures.

Reduction_by CO

A detajled study of sample reduction by carbaon mnonoxide uaé not
performed. However, fragmentary XPS spectra revealed that, with only one
exception, a sharp, relatively intense Co 2p peak developed at approxinately
777 eV following sample treatment in CD at 4009C. Only in the c;se of Co/Si02

did CO treatment at 400°C fail to produce the peak at 777 eV.
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DISCUSSION

Aa ahown in a previous XPS atudy (1), Co 2p3/2 binding energresa 1in
cobaltous (Co2*) compounds norrally vary between 780 and 782 eV, while those
in cobaltic (Co3*) compounds are typically in the range 779 to 782 eV, varying
somevhat according to chemical environment. Hence, it is very difficult ¢to
identify the oxidation state of cobalt aolely on the basis of the chemigal
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 aatellite peaks (2). Among all the
Co2* compounds examined by Okamoto and co-workers, most shewed intense 2p
satellite peaks, but no such strong satellites were found for Co3+ conrpounds
or zero-valent cobalt wmetal. Satellite~parent splittings (5.S.) and spin-
orbital splitting (dE) of the Co Zp1/2-2p3/2 levels are also very useful
indicators for distinguishing among Co2*, Co3* and Co® 5. sies. Values of
S.5. for the Co 2p1,/2 and Co 22342 levels of Co2+ are typ.cally in the range
£.0 to 6.7 eV and 3.7 to 5.6 eV, respectively; the corresponding values for
Co3t ara 8.4 to 9.3 eV and 8.9 to 10.3 eV. However, the satellite peaks of
Co3* are usually very weak, the intensity ratio of the satellite to its parent
peak being typically less than 0.1, so it is difficult to obtain accurate S.S.
values for Co3*. 1In the case of zero-valent cobalt retal, no value for S.S.
has been reported since no satellite peaks exist. Values of dE for Co2t, Co3+
and Co® are 15.7 to 16.1 eV, 14,7 to 1S.1 eV and 15.1 eV, respectively.

The XPS results obtained for supported cobalt catalysts in the present
investigation clearly demonstrate that the support not only influences the
reducibility of dispersed cobalt, but may also greatly alter the surface

properties of the metal. In order to compare the effecta of support, the
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oxidation atete(a) of cobalt netai obaerved on all of the aupports atudied,
following various pretreatments, are aunnarized. in Table 1. The oxidatien
states listed were aésigned on the bagis of CJo 2p1/2-2p3/2 spin-orbital
gplittings, satellite peak intensities, and PWHK values, the 2p peak width of

"Co® being invariably at least 1 eV less than those of Co2+ and Co3+.

Treatzent in Ho

S402-supported cobalt showed only trace amounts of XPS-detectable reduced
Co® following treatment in Hp at 2 4000C (Fig. 1), and most of the surface
cobalt appeared in the XP$ spectra as Co2t even after H2 treatment at 7000C.
Horeover, the Co2* remained primarily in the high-epin state (i.e., three
unpaired 3d electrons), as shown by the rélatively high intensi.ies of the
2p1s2 and 2p3,2 satellite peaks ().

It quite unexpected to observe supported cobalt remain principally as
unreduced Co2+ following Hp pretreatments at temperatures of 400°C or above,
since the study by Okamoto et al. (1) and a more recent atudy by Santilli and
Castner (3) both reported coaplete reducgion of Co/5i02 in H2 at about 400°C,
based on YPS measurements. However, it should be ncted that the metal loading
levels (viz., 10 wtx by Okamato et al. aqd 5 .wtx by Santilli and Castner),
used in both of these studies are considerably higher than that (2.5 wi%) of
our catalysis. Metal loading levels have been widely zreported to have a
signiiicané influence on the reducibility of aupported cobalt (3-5). A recent
XPS study of silica—~supported cobalt catalysts by Sato et al. (6) demonstrated
that surface coball in 7.5 wtX Co/Si02 can be easily reduced to zero-valent
Co® in H2 at 450°C, while no =zero-valent cobalt cduld be detected on a 3.35
wtX Co/SiD2 surface following the same treatment. The low apparent
reducibility of our Co/Si0z samples nay be due to more extensive support

interactions caused by the low =metal loading. Fdrthernore, the Co/SiQ2
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catalyata atudied by Okamoto et al. and by Santilli and Caatner were calcined
in 02 prior to the Ho treatments, which may have caused a significant decrease
in dispersion, due to agglomeration of cobalt oxides, and prevented the
support interaction. These factcrs may have contributed to the greater ease
of reduction of their Co/S5i02 samples. It is worth noting, in this regard,
that Bartholomew alao observed incolplete metal reduction in recent studies of
supported cobalt catalysts that had been treated in Hz without prier
calcination in 0z, a finding that is consistent with our observation (4,7).

A possible explanation for this observed behavior of Co/Si02, which may
be applicable to other supports ss well, is that prior calcination in 02
generates a uniform, hichly agglomerated CoOy phase that reduces readily to
Co® upon exposure to H2 at 2 4009G. Treatment in H2 of uncalcined
Co(N03)2/5i02, oa the other hand, involves both direct reduction of Co2* and
theraal decomposition of the nitrate salt, vyielding CoOyx and NOy. The
presence of both NUx and gaseous HHO3, resulting from H2 reduction of
Co(RU3)2, may promote an interaction between the support surface and either
the unreduced Co2+ species and/or Co® that leads to the formation of monolayer
regions of highly stable Co2* species that are quite resistant to reduction by
Hz. Substantial amounts of reduced, metallic cobalt may indeed exist on the
surface, but as very large particles whose net contribution tc an observed XPS
spectrua is disproportionately semall compared to that of the unreduced CoZ2+
regions. Recent temperature-programmed reduction measurements of Co/Si03
catalysts have demonstrated that samples which had been previoualy calcined in
02 at S00°C arm more readily reducible in Hp thar Co(N03)2/5i02 that had not
been calcined (8), The latter samples atill underwent at least 80-90%
reduction to the zero~valent =metal, howevier, based on cumuiative H

consumption at SS09C, confirming that the relative amounts of Co® and Co2+
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apecies on 4the auppert aurface are not thoae suggeated by the XPS 5pectr;.
For the catalysta atudied in the preeent investigation, therefore, it appears
that the XPS aspectra are best used to‘colpare differences in surface behavior
of the dispersed cobalt, rather than as quantitative indicators of actual
digtributions of net;l oxidation states on the support surfaces.

The increase in Co .2p binding energy observed with Co/S5i02 samples
treated in Hp at 7009C may be due to Si-Co alloy formation. Evidence of alloy
formation in silica-supported metal catalysts at high reduction -empe;atures
has been observed previously by Praliaud and Martin by specific saturation
»agnetization leasﬁrements of 20 wtx Ni/SiO2 catalysts (9). The temperature
reported for the formation of Ni-5i alloy was 1180 K; however, since the metal
loading level was ruch smaller in our case, "this type of =etal-support
interaction may occer at a3 considerably lower temperature. It‘uas also
reported that formation of the alloy only occurred at the low heating rate of
20C/min.: a Ni/Si02 catalyst heated at 209C/min. to 1180 K showed ne Ni-S5i
alloy foraation. The heating rate used fér cur reduction of Co/Si0% was alse
29C/min., so formation of a Co-Si alloy may have 5een attained at 7009C in H2.

TiOz-supported cobalt showed similar reducibility behavior to that of
Si0z-supporied cobalt (Fig. 3). Significant reduction of surface cobalt was
not observed even at a Hp treatment temperature of S00°C, at which point
Co/Ti02 exhibited approximately the same amount of XPS-detectable zero-valent
cobalt as did Co/sSi02 samples treated at the same temperature. Following
treatment of a Co/TiD2 sample in H2 at 7009C, hawever, the disappeafance of 2p
satellites, the decrease in 2p binding energy from 781.1 toc 779.1 eV and in
tﬁe value of dE from 15.9 to 1S.1 eV, and the marhed decrease of PWHX from 4.5

to less than 3.0 eV all confirm the formation of zero-valent, metallic cobalt.
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Accompanying the reduction of detectable surface cobalt from Co2t to Co®
at 7009C reduction temperature was evidence of surface Ti02 reduction <£from
Ti*4 to Ti*3, as shown by the substantial broadening of the Ti 2p3/2 peak in
spectrum (¢) of Fig. S when compared to the same peak in the cases of pure
Ti02 and Co/TiO treated in H2 at lower temperatures. Although partial
reduction of Ti02 is considered to be an essential feature of the so~called
SMSI effect (10-13), none of the previcusly-reported studies have conclusively
demonstrated surface reduction of Ti02 in TiOz-supported metal catalysts by H2
pretreatment alone; most such assertions have been based on the color change
of samples (from white to blue) following H» treatment. XPS spectra that have
previoualy been used to demonstrate the formation of a lower oxidation state
of titanium on a surface have been obtained using TiO2-supported metal films
(14). As shown in spectrum (a) of Fig. 5, no evidence for the formation of a
lower oxidation state titanium species was observed on the pure "~Ti02 surface
treated at 7009C. However, a color change froa white to blue following this
treatment suggests that bulk reduction of the Tipz ray have occurred. The
surface reduction of Ti02 observed in the case of Co/Ti02 reduced at 7009C
suggests that the presence of supported cobalt may catalyze or stabilize
formation of the lower oxidation state titanium gpecies on the surface.
Comparison of the XPS results obtained for TiO02~ and Si0z-supported cobalt
catalysts suggests that the partial reducibility of Ti02 may be responsible
for the somewhat more facile reducibility of surface cobalt on TiO2 than on
S5i03.

Due to the evidently weak interaction between cobalt =metal and TiOp
support, the Co2+ on TiO2 support appeared to be predominantly in the high=-
aspin form, as was observed for Co/Si02. Lag03~ and Eu203-supported cobalt, by

contrast, produced much weaker satellite structures for the Co 2p1/2 and Co
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2p3/2 peska than did Co/Ti02 and Co/Si82 (Fig. 6).' It ia very unlikely that
oxidation of surface 002*‘tg Co3+ (which, as noted previously, has very4weak
Co 2p satellite peaks) would occur under the mild  conditions used in the
impregnation process, and the observed dE .value (15.7 eV) also indicates that
the surface cobalt remained as Co2*. As reported by Okamoto and co-workers,
Co2+ compounds, such as Co{CN)2, that involve strong crystal~field ligands
also exhibit virtually no Co 2p satellite peaks (1). Since the electronic
configuration of Co2* in Co(CN)2 is the low-spin state, i.e., one unpaired
electron, and the unpaired spin nmay be distributed over the cyano liéands
becausé of their large nephelauxetic effect, Co(CN)2 may behave like
diamagnetic compounds in the XPS study of 2p satellites. The relatively weak
satellite structd}es of Co 2p XPS sapectra for Co/La203 and Co/Eu203 indicate
that the surface Co2t in these cases is present prinérily in the low-spin
(L.e., one unpaired 3d electron) state, due to a relatively strong interaction
with the basic lanthanide oxide supporfs. Additional evidence fqr the
formation of a low-spin Co2* complex on these oxides was provided by the color
change from pink to dark blue that was observed during catdlyat preparation.
The color of Co2+ low-spin compounds such as Co(CN)2 is aléo‘blue.

There was clear indication of CoZ* reduction to Co® om Co/L#203 and
Co/Eu203 pretreated in Hz at 4009C. Broadening of the Co 2pi/2 and 2p3/2
peaks toward lower binding energy which is due to the overlapping of Co©, Colt
and, possibly, Co3* peaks, was observed following Hz treatment at this
temperature, and, wien combined with the decrease in area of the Co 2p3gs2
satellite peak, suggests that<extensi;e reduction tgo zero-valent cobalt metal
had occurred. With further increase in pretreatment temperature, however,
reoxidation of cobalt appeared to cccur, since the Co 2pi,s2 and 2p3/2 peaks

narrowed again, and dE decreased from 15.9 eV at 4000 to 15.5 eV at 7CG00%C.
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Reoxidation of surface Co® in H2 above 400YC has also been observea on LaCel3z
(1S), and was attributed to surface denydroxylation above 3SU00CT that
reoxidized the Ca©.

Evidence of support change for Co/lLaz03 with variation in H2 treatment
temperature is presented in Fig. o. Prior to reduction tspectrum {(a)) a
single 0 1s peak at S529.2 eV was present, but after H pretreatment at 400°C
(spectrum (b)) this peak had disappeared and was replaced by separate 0 1;
peaks at 530.5 and 528.0 eV. In order to further Lnvestigate the'nature of
surface oxygen-containing species on Co/sLa203, samples of pure La203
(containing a virtual aocnolayer of aurface hydroxyls) and Laz(C03)3 were
treated in Hz at 4000 énd 7009C, and were then exasined by XPS. As shown 1in
Figs. 9 and 10, both materials showed a decrease in the intenaity of a peak at
$30~-531 eV (resulting from the oxygen atoms in surface QH and CO3 species)
with increasing treatment temperature, and an accompanying increase in the
relative intensity of a peak at 528 eV (corresponding to surface 02~ ions in
the Laz03 lattice). Thus, the reoxidation of surface cobalt on Laz03 support
following H2 pretreatment at higher temperatures was nost likely caused by
decarbonation and/or dehydroxylation of the Laz03 support under reduction
conditions.

In the case of Eup03-supported cobalt, Co2* again existed mostly im the
low-spin state, and a relatively greater amount of Cof@ than that observed with
Si0p, Ti02 and La203 supports was evident after Hp treatment at 460°C. The
APS-detectable Co®/Co2* ratio increased at 5009C reduction temperature, and
then decreased at 7009C, due to apparent reoxidation of surface cobalt in a
manner similar to that observed for Co/Laz03,

Unlike the behavior of Co/Laz03 and Co/Euz03, Co2* on the auch less basic

Ce02 support remained in the high~spin form as shown by the intense 2p
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aatellite peaka that cloaely feaenble thoge qbserved with 8162 and Ti03
aupports (Fig. 11). Alone " among the f£five catalyats astudied in this.
investigation, CeOz-supported cobalt showed evidence for a substantial amount
of ¥PS-detectable cobalt reduction following Hz treatment at only 4009C. But
at S00OC reduction temperature, all evidence for Co® d;sappeared, and Co3+
becane the. predominant cobalt species obéerved by XPS on the surface, .
indicating that Ce0O2 reduction by H2, accompanied by cobalt exidation, had
occurred. This result is consistent wiﬁh the disappeatancevof catalytic
activity for cgrbon-nonoxide hydrogenation that was observed with a Co/CeOz
catalyst that had been pretreated at SQ0CC (186). lﬁz treatment at 7009C showed
evidence for partial re-reduction of Co3* to Co®. However, qatalytic activity
for hydrogenétion of CO was stillv not observed with a Co/Ce07 catalyst
pretreated at the same condition, indicating that the re-reduced zero-valent
cobalt may have becoaze enéapsulated in a thin layer of a partially-reduced
Ce0x phase that migrated onto the setal éarticles in a manner similar to that
suggested for Til2 (11,12). XPS ‘evidence of Ce02 reduction is presented in
Fig. 13. After reducing Co/Ce02 in H2 at 7009C, 3 new peak developed in the
Ce 3dg/2 region at 886.0 eV, a binding energy which LQ in good agreement with
those previously reported in the 3d region forf CefIII)_(l?). Although no
surface reduction of Ce(IV) could be observed in the XPS spectra of Co/Ce02
tréated in Hp at 5000C, the observed oxidation of cobalt metal indicated that
bulk reduction of Ce(IV) may have occurred.

The extent. of XPS-detectable reduction of surface cobalt on the five
supporte studied, following H2 treatment at 4009C, may be summarized as

follows:
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Co/Ce0z > Co/Eu203 % Coslag03 » Co/Ti02 > Co/Si07 (B

Although the reducibility of the support itself appeared to have aonme
influence on the reducibility of supported cobalt, no clear correlation of
reducibility of supported Co with that of the support could be =ade. For
example, although Eu203 is reﬁorted to be partially reducible at > 6509C in H2
atmosphere (18), no evidence for surface reduction of Eu3* to Eu2t was
observed in our XPS spectra of Co/Euz03 samples treated in Hz at 7009C. La203
is gquite irreducible in the temperature range studied, yet both the Eu03~ and
La203-supported catalysts showed considerable evidence of reduced Co®
following Hz treatment at 4000C, while Si02-supported cobalt showed only trace
amounts of Co9 under the same pretreatnént conditions. The relative amcuant of
surface Co® observed for Ho-treated Co/Euz03 at 4009C was higher than that for
Cos/Ti02. Ti02 is evidently much more eagily reduced in H2 than is Eu203, as
shown by the observed color change from white to blue of the pure Ti02 sample
treated at S009C in H2, and by the peak broadening of the Ti 2p3/2 peak in the
XPS spectrum for Co/Ti02 treated in Hp at 7000C (see Fig. 5). These results
indicate that other effects, be#ides reducibility of the support Cor
electronic effects), may alao play a aignificant role in influencing the
reducibility of supported cobalt. Such additional factors might include

structural (i.e., morphological) effects or support basicity.

Exposure to H5/CO Hixture

Although differences in the extent of reduction of supported cobalt were
observed following H2 treatment, further changes in the surface properties of
supported cobalt following exposure to H2/C0 reaction mixtures were evidenced
by the XPS measurements. In the case of Co/5i02 pretreated in Hp at 4009C, no

evidence for further reduction of the cobalt was observed after subsequent
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‘exposure to an H2/C0 nixture -at 2509C, However, when the sémple had been
“pretreated in Hz at 700°C, substantial further reduction of cobalt occurred
following subsequent H2/C0 exposure at 2S09C (Fig. 2). The difference in
cobalt reduction behavior for Co/5i02 between the samnples pretreated in H2 at
46606 and at 7000C and then exposed to an H2/C0O mixture at 2509C may be due to
a structural effect caused by the SiOz suppeort. The XPS data showed a
chelical shift of the Co 2p peaks toward lower binding energy for the sample
pretreated in Hz at 7009C, which may indicate Co-5i compound fornation. Such
a structural change may be responsible for the relatively greater ease of
reduction by exposure to an Hp/CO mixture of the sample reduced at 7009C.

TiO2-supported Co, after reduction in H2 at 400°C and following exposure
to a 2/1 Hz/CO mixture, showed considerably rore Co© than did the Hp—-treated
sample before H2/C0 exposure (Fig. 4), presumably due to Co2* reduction by the
C0, as ashown by XPS evidence for -CO reduction of Ti02-supported cobalt. The
lower oxidation state titanium formed by Hz pretreatment of Co/Ti02 at 70009C
was destroyed folloﬁing exposure to H2/C0 reaction nmixtures, as shown in Fig.
S. This may bz due to the reoxidation of surface Ti3+ caused by the H20
produced during CO hydrogenation.

Although a substantial amount of Co® was observed by XPS on the Laz03
support after reduction in Hp at 4000C, an even further increase in reduced
CoO was 6bservéd after the sample had been exposed to an H2/C0 mixture.
Similar behaviors were also observed with Co/Eu203 and Co/Ce02. Again, these
may all be due to Co2+ reduction by CO. It worth noting that, unlike surface
Ti3* on Co/Ti02, surface Ce3+ observed with Co/Ce(z reduced in Hp at 7Q09C did
not reoxidize after subsequent exposure to H2/C0 reaction mixtures (Fig. 13).

Apparently, surface Ce3+ ig more stable under these conditions than is Ti3+,
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It 1a apparent that the tendency toward further cobalt reduction by H2/CO
mixtures anong the five supports is gimilar to that summarized in equation (1)
for reducibility by Hp. CeO2-, Eup03-, and La203-supported cobalt underwent
aore extensive reduction than did Co/TiO2, which, in turn, underwent more
extensive reduction than did Co/S$102, <following expcaure to an Hp/CO ailxture
at 2509C. One of the significant differénces between Laz03, Eup03, and Ce02z
supports on the one hand and Si0O2 and TiO2 on the other are that the former
undergo extenasive decarbonation/dehydroxylation during H2 reduction, and
carbonation and/or hydroxylation during the H2/CC reaction (see Figs. 8 to
10); while the latter do not. .The structural changes involved in the
reduction and reaction processeas for the lanthanide oxide supports caused by
these behaviors may have a aignificant impact on the reducibility of supported
Co. The reduction and agglomeration of supported cobalt =aetal may be very
sugceptible to such environmental changes. However, direct interactien, i.e.,
a localized interaction between supported cobalt and lanthanide oxides cannot
be ruled out, particularly in the case of La03 and Eu203 supports, since
significant changes in the Co 2p XPS sapectra vere observed with the non—Hz-
treated samples indicating that a strong interaction between the metal and the

support may have occurred.
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‘Treatuent

None

Hp at 300°C

Hz at 4000C

Hp at 50090

Hp at 7009C

€0 at 4009C

2 at 400G,
Hp/CO at 2509C

By at 7009C,
Ho/CD at 2509C

Table 1

Susmary of Caobalt Surface Species on Various
Supperts Following By, €0, or Hz/CO Treatment *

Sit2

(a2t

Co2t, (Co%)
Co?t, (%)
Co2t, (Co®)
Colt (Co%)

Golt, (Co0)

Co?,Co?t

Ti02

o2t
Cot, (Ca0)
Co2t, (Ca®)
CoP, (Ca?h)
Co9, Co2t

Ce2t,Co®

€Ca?, (Coh)

Support.

Laz03

Ca9, (Ca2t)

€00, (Ca2h)

Euxl3
Co2t
Co2¥
Co2t,Co0
Co2t,Co0

Ga?t, (Co%)

Co0,Co2t

002{' ,COO

|8

Co2t, Co3t

C09,Co2t ,(;03!'

c°3f'c°2+ ,Go8

Ca0 (Coh)

Ga?,Go2t

Ce9, (Co2t)

* ¥here sore than one species is indicated, the predominant one in the XPS spectrum is
listed first. Species shown in parenthescs vere present in only barely obeervable

asounts,
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Figure 1
Eigure 2
Fiqure 3
Figure ¢

Figure S

Figure 6
Figure 7

Eigure 8

Fiqure 9

Figure 10

FIGURE CAPTIONS

XPS apectra of Co/Si02 catalysta in Co 2p1/2 and 2p3/2 regiona.
Reduction at the indicated temperatures involved treatment with
500 torr of H2 for 16 hra.

XPS apectra of fresh and used Co/Si0z catalyasta tn Co 2p1/2 and
2p3/2 regions. Used catalysts had been exposed at 250°C to a
2/1 H2/C0 mixture at 1 atmx for 4 hrs. '

XPS apectra of Co/TiD2 catalyats in Co 2pi,2 and 2p3/2 regilons,
Reduction at the indicated temperatures invelved treatment with
S00 torr of H2 for 16 hra.

XPS spectra of fresh and used Cos/Ti02 catalyats {n Co 2p1/2 and
2p3/2 regions. Used catalysts had been exposed at 2S09C to a
2/1 Hp/C0 mixture at 1 ata for 4 hra.

?

¥PS apectra in' Ti 2pi/2 and 2p3;2 regione. (a) Ti02 treated in
500 torr of Ho at 7009C; (b) Cos/Ti0O2 treated in 500 torr of H2
at 7009C and then exposed to 1 atm of 2/1 H2/CO mixture at 250°C
for 4 hra: (o) Co/Ti02 treated in SO0 torr of Hz at 7009C.

APS apectra of Co/Laz03 catalysts in Co 2pi,;2 and 2p§/2 regiona.
Reduction at the indicated temperatures involved treataent .with
500 torr of H? for 16 hrs.

XPS apectra of fresh and used Co/Laz03 catalyata in Co 2py/2 aad
2p3/2 regione. Used catalysts had been exposed at 2509C to a
2/1 Hp/CO mixture at 1 atam for 4 hra.

XPS aspectra of Co/Laz03 in 0 1la region. (a) enreducad; (b)
treated in 500 torr of Hp at 4009C; (¢) treated in 500 torr of
Hz2 at 4009C and then exposed to 1 atm of 2/1 H2/C0 mixture at
2500C for 4 hrs.

—_—

XPS spectra of La203 in 0 1a region. (a) without pretreataent;
(b) treated in SO0 torr of H2 at 4009C; (¢) treated in SO0 torr
of H2 at 700 ©C. : :

XPS spectra of La2(C03)3 in 0 1a region. (a) without
pretreatnent; (b) treated in 500 torr of Hz at 4009C; (c)
treated in SO0 torr of H2 at 7009C.
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Fiqure 11

Figure 12

Fiqure 13

¥XPS apectra of Co/Ce02 catalyata in Co 2pj1;2 and 2p3,/2 regiana.
Reduction at the indicated temperatures involved- treatment in
500 torr of Hp for 16 hrs.

XPS spectra of freah and uaed Co/Ce07 eatalysta in Co 2p1/2 and
2p3/7 regions. Used catalysts had been exposed at 250°C to a
2/1 H2/C0 mixture at 1 atm for 4 hrs.

XPS apectra of CeQ2 in Ce 3dgs2 reglon. (a) without
pretreatment; (b) treated in SQ0 torr of H2 at 700°C.
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Figure 2
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Fidure 3
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Figure 4
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Figure 11
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Figure 12
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