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OVERVIEW

The purpose of this project is to investigate various fundamental
aspects of Fischer-Tropsch catalysts, using modern ultrahigh vacuum techniques
in combination with classical reaction dynamic studies. The information
obtaired is used to help understand and develop catalysts that give a high

specificicy for useful products, such as olefins, oxygenates, and high
molecular weight hydrocarbons. In this report, we councentrate on four
areas of our research which have yielded the most interesting results.
First, the resulrs for €O hydrogenation reactions on rhodium foils and
various rhodium oxides are discussed. For rhodium foils we find an inverse
deuterivm effect and develop a kinetic model consistent with the data.

Oo various rhodium compounds we correlate the oxidarion state of rhodium

at the active sites with the observed product distribution. For exaumple,
FeRhO3 produced a significant fraction of alkenes, while LaRk03 produced
large amounts of oxygenated products. Second, we discuss our results for

C0 hydrogenation on promorted thorium compounds. These catalysts have
proven to produce methanol at high rates and selectivities. Third, we
describe our resulcs on the effect of potassium promoters on small molecular
adsorbartes on platinum. Significant and informative changes in the chemisorption
of CO and benzene are noted when coadsorbed with potassium. In the final
section, we briefly review our resulrs for CO hydrogenatiou on model Re,

Fe, Pr, and Pd catalysts. Re and Fe both produce hydrocarboas at high
.rates, with Fe showing a better selectivity towards hHigher molecular welght
products. Alkali metals enhanced the selectivity towards higher molecular
ueighc-products {and from alkenes to alkames}. Pt and Pd showed very low
Tates in comparison to Fe and Re hut Pd proved interesting in that it

yvielded mostly methanol.
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Experimental

Our studies have been carried out in three ultrahigh vacuum scainless
steel chambers (see figure 1), pumped by ion and oil diffusion pumps, and
achieve a base pressure of 10710 torr.) The chambers are equipped
with various ultrahigh vacuum features to clean and examine the surface
of a given sample. These include 2 mass spectrometer for thermal desorption
spectroscopy (see figure 2), low energy electron diffraction (LEED) for
surface structure, Auger electron spectroscopy (AES,-See figure 3) to determine
the atomic composition of the surface, and X-ray photoelectron spectroscopy (XPS,

see figure 4} giving information on the oxidation state of major components
on the surface, as well as some compositional information. An argon ifon
gun is vsed to clean the surface of the model catalysis samples. Molecular
dosers conmected to leak valves are used ro expoase The sample with known
amounts of gases. Twe of these chambers are also equipped with a high
pressure cell, (sz2e figure 1b), which is mounted on a piston driven bellows
system. This cell can be closed over the sample, with 2000 Psi sealing
pressure, creating a loop to which high pressure (<20 atm) hydrogen and
carbon monoxide mixtures can be added and circulated. 1In this way the
system can be run as a batch reactor, with products detected b§ injecting
samples into a gas chromatograph.

In some of the experiments, potassium was deposited using a “Saes
Gerters” source mounted 3 cm from the crystal. Deposition rates were
typically 1 monolayer/ minute. Sulfur was deposited from az electrochemical

source in vacuum.
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Resulrs
1.1 Rh foil

Studies on rhodium foil have found several unique features for
the hydrogenation of carbon monoxide. a proposed reaction mechanism
is shown in figure 5. For rhodium feoil four assumptions can be made to
help determine a model rare law for the foruwation of mechane. Firsc,
the surface is nearly saturated with adsorbed carbon monoxide, as is
seen by in situ infrared studies (Kellner & Bell). Second, all surface
oxygen is removed as water, which is what we see using mass spectroscopy
on this system. Third, all the steps in the mechanism indicated as
being reversible are in fact at equilibrium. Fourth, the rzate determining
step is the formation of wethane. Thea for the case of rhodium foil
where methane production is predominant, -96 mole percent, the model
rate law for the reaction is given by Rens ™ K-P;% P;i.s- This
form of rate law is expected for a comperitive adsorption dissociation
process.

1f we now conduct experiments to find the rate law for wethanation
over thodium foil by varying the parrial pressure of the reactant gases,
Hy and CO, while holding the total preSSufe and temperature coostant
(see figure 6), we find the rate law, at 6arm rocal pressure and
300°C to be RCH4= K PEéPZi. This corresponds well with our model
and suggests that our proposed mechanism is fairly realiscic.

An experiment performed to gain information about the rate
determining scep of the reaction is to substitute deuterium for hydrogen
in the reacrant gases. Two effects from this substirtution can occcur.
Firsct, the thermodynamic isotope effect, which iz due to the difference

in hydrogen and deuterium gas zero point energies and the respecrive
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metal hydrogen or metal deuterium zero point energies. From the thermo-—
dynamic isotope effect more hydrogen should be presenc on the surface
relative to deuterium. Second, the kinetic isotope effect, which is due to
the activarion energy difference between the M=-H *+ C-ty and M-D - C-D,
reactions, where M-D - C-D, is the lower. The kineric isotope effect
predicts thar deuterium will react faster than hydrogen with carbon on

the surface. Experimentally we find (see figure 7) that the methanation
reaction procedes faster with deuterium in the reaction mixture which
would indficate that the rate de:erﬁining step is in fact one of the
hydrogenation steps of the reaction.

Some conclusions from the work on rhodium foil can be drawn ar this
poiat in our work. Rhodium foil is a stable syngas uwethanation catalyst
with "mediocre™ activiry. Iz displays an inverse isotope effect which
implies that one of the hydrogenatic steps is rate limiting. The observed
rate law for methanation follows our model rate law quite closely, indicacing

that the formation of methane from metal-CH3 is probably rate limiting.

1.2 Rh Compounds

A number of Rh oxides were prepared and characterized following
the procedure in Figure 8. The surface composition of each oxide,
mounted on a gold foil, was determined by Auger elecrron SPectroscopy.
X-ray photoelectron spectroscopy was used to find the approximate oxidation
state of the surface components. Thermal desorption measuremencs were
carried out on Bhy03, LaRhQ3, and Rh foil. The -desorption temperature
{top axis) and heat of descrption (bottom axis) for Dy and CO thin film

oxides are shown in fipure 9. An anomalous GO deserprion spsctrum occurs

for the used LaRh03 sample. Examination of the LaRhGO3 after running
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the Fischer-Tropsch resction shows twe binding states for CO. One appears
to correlate with the CO desorprion from the frash oxide. The appearance
of the second peak may be a result of carbon deposited on the surface

during the reaction, or wmay reflect a change io the oxidatico state of

the Rh at the catalyst surface.

There is an apparent correlation between the Dy heat of desorptiom
and the oxidation state of rhodium on the surface. The heat of desorption
of the deuterium increases from 20 to 23 to 27 Keal/mole as the oxidation

state of the rhodium goes from 0 (Rh)} to -1 (used Rhp03, used LaRhOg3)
to 3 (LaR.h03, Rh203).

Product accumulation curves (figure 10) show a large change in the
MeCHO/EtCH yields. This is due to a slow alteration in the nature of
the catalyst surface during the reacrion. After ;eplenishment of the
reactants, ethanol production resumes at essentially the same rate as at
the end of the initial reaction while the ethanzl production continues
at a somewhat higher rate, but substantially less than its startiog value.
Additional evidence for catalyst aging is shown in the third sectioun of
figure 10). Here the sample has been treated by heating in oxygen-(aso C
1 x 1073 torr, 5 min) and cleaning by argon ion bombardment {1000eV,
5 pA for 30 min) before restarting the reaction. After this treatment
the production MeOH and EtOH is very similar to the producticn rates
under the inirial conditions. Thus the gradual change in the product
discribution is not linked to post reaction eveants, but is due to catalyst
aging.

Rb>03 has been shown to produce up te 25 wt. X of oxygenated

products. This finding led the way to a possibiliry of selecrively



producing higher energy products, alkenes, alachols, and aldehydes,

on rhodium compounds. Exploratery work has been done in several other
rthodates {(figure 11). From these initial results it appears that iron
rhodate is a good candidate for further srudies since the hydrogenation

of carbou moﬁoxide over it produces large quantities of alkenes. Lanthanum
rhodate, LaRhO3, produces up to 60 wr. % of oxygenated products.

Copper thodate, CuRhO3, appears to have the same product distribution

as rhodium foill bur shows a much slower rate. When the sample is analyzed

with AES and XPS after the reaction, it is found that rhodium has been

reduced co rthodium metal and a partial copper overlayer has formed on

the surface.

Trom work on the wmixed rhodium oxides we have found several

useful resulrs. The rhedium in all the oxides tried partially teduces
woder the reaction conditions possibly creating more than one type of
active site. By changing the structure and the other metal in the lattice
we may be able to slow this tendency and thereby create a more product
selective catalyst. The product distribution appears to be affected, to
some degree, by three factors: structure of the oxide larctice, oxidation
state of the active rhodium center and the other wmeral present in the

lattice. Future work is planned to separate these effects.

2. Thorium Oxide

High surface area catalysts based on ThOs were prepared and evaluated
for activity in synthesis gas reactions. Caralysts having surface areas
on the order of 100 mz7g were found to be highly selective towards the
formation of alcohéls, particularly methanol and isobutanol. These

reactions, when carried cut at moderate pressures (<l00atm)} and temperatures
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(<350°C), showed ThO, catalysts to have higher activities and lower

accivation energies for methanol synthesis than the conventisnal ZnO

based catalysts.

Surface analysis of active ThO, catalysts show them to have complicated
structures, with substantial amounts of univalenrt impurity ions present.
The role of the impurity ifomns in determining the defect structure of ThO2
and the resulring effect on catalytic acrivity is currently under investigavion.

3. Coadsorption Studies
An understanding of alkali coadsorption induced changes in traosition

metal catalysis is of great value in heterogeneous catalysis. In particular,
potassium is used as a promoter on catalysts for the hydrogenatrion of carbon
monoxide. In an attempt to understand the promoter effect, recent c¢oadsorption
experiments in cur laboratory and others have shown that alkali metals change
the chemisorptive characteristics of small reactive wolecules {i.e. CO, Hz,
N, and 02) on catalyst surfaces. On iron and nickel surfacas, potassium
<4ppears to increase the heat of adsorption and the dissociation probabiliry

of CO. In addition, potassium increases the sticking probability of oxygen

on platinum and bismuth and promotes oxide formarion on iron, nickel, and

bismuth surfaces. Also, both the heat of adsorption and the dissociarion

probability of Nz increase on iron surfaces in the presence of potassium.
In the first study we have investigated the chemisorption of carbon

monoxide on the platimum (111} surface in the presence of potassium as
a medel system. Due to the promoter action of potassium-in Fischer<Tropsch
teactions we believe that this type of ultrahigh vacuum/analvsis op model

catalyst scrfaces is very imperrant.

e



High resolution electron energy loss spectroscopy (HREELS) was used to
determine the vibrational frequencies, thereby identifying the adsorprion
sites and relative site concentration of CO molecules when coadsorbed
with potassium. Thermal desorption spectroscopy (TDS) provided information
about changes in heats of adsortion of the coadsorbad system. Ultraviolet
Photoelectron spectroscopy (UPS) was utilized to determine the work

function chuage of the surface as a function of potassium and CO coverage.

3.1 K+ 0 on Pr(1l1)

The preadsorption of potassium has marked effects on the adsorption

of CO on Pt(ll.). Our main experimental findings can be summarized as

follows:

i} The addition of submonolayer amounts of potassium continuocusly
increases the heat of adsorption of CO on Pr{lll) from 25 kcal/mole for
clean Pr(1lll) to 36 kcal/mole for near monolayer coverages (see figure 12).
ii) Associaced with the increase in heat of adsorption is a 310 cm!
decrease i the stretching frequency of the bridge bounded €O molecules

from 1870 »"l on clean Pr(111) o 1560 cm~! wirh 0.6 monolayers of K
coadsorbed {see figure 13).

1ii) The CO thermal desorprion peak broadens continuously to a maximum
©I 200K (full-width at half-maximum) -at saturation CO coverages as the
petassium coverage is increased.

iv) At a constant potassium coverage, the CO vibrational frequencies
for both linear and bridge adsorption sites decrease substantially with

decreasing CO coverage.
v} On the potassium—free Pt{l1ll) surface, CO prefers to Qccupy top

adsorption sites while on the porassium—covered surface CO adsorbs
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preferentially on bridged sites.
vi) The work function of the Pt(l11l) surface decreases by 4~4.5 eV

upen the adsorprion of one~third of a monolayer of potassium, but increases

by 1.5 eV when CO is coadsorbed (see figure 14).

These results can be interpreted by examining the electron acceptor
character of CO and the changes in charge density at the platinum surface

as potassium is adsorbed.

The bonding of carbon monoxide to metal aroms iavolves a synergistic
electron transfer from the highest occupied molecular orbitals of GO
(5 0 ) to the metal, and in turn metal electrons are backdonated inro
the lowest unoccupied wolecular orbital (2x*) of CO. The backdonation
of metal electrons into the 2a* orbital leads to a simultaneocus
strengthening of the M-C bond and a weakening of the CO bond, as seen
in figure 15a, where the dp, - 2 n* orbitals are in phase (bonding)

betwer Pt and C, while being out of phase (antibonding) between C and 0.

In our experiment c¢hanges in backdonation to CO are induced by
using an electron donor, potassium (figure 15b). Charge is transferred
from the potassium to the platiznum, with electrostatic screening of the
‘Tesultant positive charge on the potassium by metal electrons. This
polarization is displayed by the 4—4.5eV drop in work functionm upon
potassium adsorption (figure 14). Then, upon CO coadsorption, an
eahancement (relative to clean Pt) of backdonation into the GO occurs
as a result of the potassium induced surface charge deasity changes.

The 11 kcal/mole increase in adsorption energy of €O upon potassium

coadsorption supports the model of enhanced electron backdonation.
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In addition to strengthening the meral-carbon bond, backdonacion should
also weaken the carbon-oxygen boud as noted above, lowering its vibrational
frequency. This indeed occurs since the vibrational frequency of bridge

bonded CO at saturation coverage decreases by 310 cm™l as the potassium

coverage is increased to 0.6 monolayers.

The change in CC adsorption site from Iinmear to bridged with increasing
potassium coverage is a striking effect. Nieuwenhuys has receatly shown
that the degree of electron backdonation increases with the lowering of
the work function of a metal surface. OQur results not only indicate
an increased heat of adsorption and decreased vibrational frequency due
to the decreased work function, but also a change in CO site locatiocn.
By continuously lowering the work funcrion of the Pr surface by the adsorprion
of potassium, we are changing the wost energetically favorable site

location from top to bridged.

It wust be noted that we cannot rule out the existence of the
three-fold site CO molecule when the stretching frequencies decrease
to their low coverage values. However, no clear evidence for the

occupation of this site exists.

-Although the Pr{l11l)/K system studied here is different from the
multicomponent surfaces used on actual industrial catalysts, the catalytic
implications of our results are significant, especially with respect
to CO hydrogenation reactions. The increase in backdonation strengthens
the M-C bond and weakens the C-0 bond, thus increasing the ability
of adsorbed hydrogen to react with CO, Furthermore, the iucreased
binding evergy means that the surface residence time of adsorbed CO

will increase. It should also increase its probability of dissociationm,

247



as is seen on iron and nickel. Both these consequences should lead to

the formation of longer chain hydrocarbons, as is shown in our catalytic

studies (see helow).

In summary, the chemisorption properties of carboun monoxide are
significantly altered when coadsorbed in the presence of potassium on
Pt(lll). The adsorption energy is increased by 11 kcal/mole and the
€O vibrational frequencies decrease markedly. WNo dissociative adsorption
vas observed in our low pressure studies, alrthough dissociation is
induced by potassium on many other metals. These effects are explained
by a simultaneous charge transfer from the potassium adatoms to the
platinum substrate and an increase in backdonation from the rlatioum

into the c¢oadsorbed CO molecules. For a fixed potassium coverage, the
CO molecules appear to compete for the “excess” charge donated by potassium.
Direct bonding between cocadsorbed CO and K is insignificant. Finally, a

change in the CO site occupancy frem top =o bridge position is showm to

aoccur with increasing potassium adsorption.

3.2 K + other small molecular adsorbates omn Pr{lll)

Following our extensive study of the interactions of €O with
potassium (promoters), we examined the effects of potassium on other
swall adsorbed molecules in order to develop a general model of
promoter action in cataysis. The interaction of co~adsorbed potassium
with s—orbiral containing molecular adsorbates (benzene, PF3, NO,
C4Hg, and CH3CN) on cthe Pt(1ll) crystal face was studied by thermal
desorption spectroscopy. We found that co-adsorbed potassium significantly
weakened the platinum—benzene bond. More of the benzene desorbed intact

upon heating, instead of dissoclating to yield Hz and surface carbon.
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Adsorbed NO was fourd to disscciate in an amount proportional to
the K concentration, yielding Ny and N;O (as well as NO) in the desorption
Spectra. The adsorption of PF3,CqHg and CH3CN was blocked by potassium,
and no additional or shifted peaks were observed. We have developed a
simple molecular orbital description to account for the potassium induced
effects. The dominant idea is that only adsorbates having molecular
orbitals with energy levels located near to Ef can be significantly

affected by "electronic promotion® in catalysis.

3.2.1 Benzene

A fraction of the benzene adsorbed on clean Pt(1ll) will desorb
intact upon heating, while the remainder dissociates giving off hydrogen.
This behavior is also seen on other transition metals, such as Ni or w®h,
but the Pt(1ll}) surface appears unique in its low activity for C-C and
C-H bondbreaking.

It has been proposed that dissociation of benzene occurs at steps
or other defect sites because of gecmetric (steric) and/or electronic
variations at these sites. We found that all of the adsorbed benzene
dissociated upon heating for exposures of up to = .7 L, and most of the
additional benzene desorbed intact up to exposures of 2 L (see figure 1l8).
For exposures greater than 2 L at room temperature the sticking coefficient
became zero; presumably the first monolayer was saturated at this point.
Thus, our results imply that benzene molecules on the flat Pt(1lll) surface
can readily dissociate upon heating (as well as at step/defect sites)
since the amount dissociated is much in excess of the estimated defect
site concentration (<5%).

On Pt{lll), that fraction of benzene that desorbs molecularly above
rocm temperature yields two peaks in the thermal desorption spectrum at
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approximately 375 and 450 K. The appearance of these two peaks is not

yet fully understood although several inrerpretations are possible to
explain thelr origin: lateral interactions at high coverages, different

surface scructures (as revealed by LEED), different sites being occcupied

(presumably top or threefold), etc.

Much more of the benzene desorbed intact upen heating when the Pt

gsurface was pre-dosed with potassium: this is seen both from the

larger thermal desorption peak area at low exposures (figure 17) as well
as the smaller fraction of carbon that remajns on the surface {as detected
by AES) after heacing. In addition, we observed a lower temperature for
the benzene desorprtion race maximum as potassium is added. Thus, desorprion
and decomposition should be viewed as competing reaction pathways: however,
only the desorption energy (and pathway) is strongly affected by potassium

coadsorption.

Both the decrease in desorption temperature and the increased
amount of molecular desorption imply that the benzene-platinum bond
strength is weakened when potassium is present. Several explanarions
can be proposed. Benzene 1s thought to be an electron donor in transition
metal complexes, with the n-orbital often involved in a symmetric
coordination with the wetal atom or ion. Thus, one might expect that
if the platinum surface is already “electron-rich™ due to charge transfer
from potassium, the benzene might not be able to donate charge, hence

bond, as strongly.

This type of explaration however, is probably too simplistic, and

a more complete understanding of the electron energy levels is required
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to develop even a qualitative model of the potassium induced changes of

" adsorptlon. Figure 18 shows the molecular orbital diagram for benzene=

chromium. Of ingerest here are the molecular orbitals involved near the

“Fermi level,” i.e. the highesr occupied and lowest unoccupled melecular levels.
All of the filled orbitals in the benzene chromium bond are either bondiayg

or non~honding between the benzene n-ring and chromium d-orbitals. The

lowest unoccupied level, however, is “anti-bonding” between 2lg and

chromium d-orbitals. Thus, Lf one electron were added to the svstenm,

this electrou would £ill the 2e level, weakening the metal-benzene

iateraction.

Of course there is quite a difference between a chromium acton
and a platinum surface, but we believe that the general character of
the bonding is the same: in both cases rthere is a svmmetric coordinafion
to the metal atom(s), and benzene can be considered primarily as an
electron donor. For the platinum surface promoted with potassium, the
Pt atoms can be considered to increase their electroa deasity in the
neatr surface region as they screen the slightly ionized porassium atoms.
This surface poiarizarion also drops the work function, and the platinum
should then be able to donate charge more readily to adsorbactes. If
we assume similar bondinyg characteristics to the chromium complex, then
the lowest unoccupied acceptor level of the benzene-platinum system is
anti—-bonding between the ring and the metal. Potassium should help
populate chis level, weakening the wetal-ring bond. Another
complementary effect would be the inability of benzene to donate charge
into rhe metal iIf cthe population of the 6s Pr level was increased due to

the potassium. We feel, however, that this is a micor perturbation in

comparison to donation into the anti-bonding level, because the analogous
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effect of bond weakening was not seen for CO. Recent calculations by AB.
Anderson et . al. show that changes in the occupation of the benzene elg

antibonding level {2e in figure 18) cause changes in the bending of the

hydrogen atoms on benzene toward or away from its surface.

3.2.2 Phosphorous triflucride

Adsorped phosphorous trifluoride was found to desord intact from
both clean and partially potassium covered surfaces at about S00K. The
thernal desorption spectra also showed some peak Hroadening, and a slight
decrease in desorption maximum temperature. The lack of a large effect
was at first surprising, since we had expected to observe effects similar
to those seen for the (X+CO)/Pt(lll) system, i.e. a 200K increase in
deso:pl:‘ion temperature.

However, for PF3 bound to a metal, the g—donor energy level is
located well below Ef at = 8eV, while the 2= acceptor level is split
into two levels, one located 4.5eV below Ef {see figure 19). Tnus,
the absence of significant potassium induced chemisorption changes in
PF3 could be explained by 1) assuming that the g doner levels, and the
bonding 2w-acceptor levels, are fully ocrupied prior to potassium
coadsorption, and 2) that the nearest unoccupied PF3 level is too far
above Ef to be able to accept 2lectrons from the metal, even upon
potassium coadsorption. One explanation for the slight drop in PF3
desorption temperature is that there could be a decrease in ¢ {PF3) to
s-band {Pt) overlap, resulting from a filling of the 6s Pt band
when potassium is adsorbed as mentioned above.

For CO, which exhibits a large change in bonding when co—adsorbed
with potassium, the 2» bonding orbital is located only =0.6-2.0 eV
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>2low Ef. Here the potassium is able to enhance the d-2® overlap, which
strengthens the M-C bond and weakens the C-0 bond {zince the 2=
level is antibonding between the C and O atoms). €O is therefore more

sensitive to changes in surface electron density.

3.2.3 Acetonitrile {CH:CN)

CH3CN desorbed mostly intact from Pt(1lll) as has been observed in
Previous studies. Some dissociation occurred upon heating, as was monitored
oy AES following the thermal desorption cycle. Preadsorbed potassium
was found to effectively block sites for acetonitrile adsorption, as was
cbserved for PF3 and butene, but no shifts in desorption peak temperature

or width were detected.

Acetonitrile is known to be o-bonded to metals via the lone pair
orbital of its nitrogen. No accessible back-bonding levels are located
near Eg, so thera is no possibility of additional charge transfer
between the metal and the unoccupied molecular orbitals. Therefore
no significant changes in bonding are expected and none were found

upon co—adsorption of this molecule with potassium.

3.2.4 Butene

The stable structure of alkenes adsorbed on the Pr(lll) surface
M
-~
at 300K is thought to be a R—C{M species. Thus one does not expect any
]

accessible adsorbate eneryy levels to exist near Ef since the highest
o-bonded levels are usually 5-15 eV below Eg. The similar shape of
the Hp thermal desorption profiles following butene exposures with and
without potassium pre-deposition is therefore to be experted, assuming

that metal carbon bonding has an effect on the hydrogen desorption
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temperature. The changes induced in the second Hp desorption peak are
difficult to interpret and will require more information on the nature
of the CH, fragments believed to be present at these temperatures. In
any case, as alkylidynes are thought to be important intermediates in
the Fischer-Tropsch reaction, it is interesting to note the absence of

a large potassium induced effect here.

3.2.5 Nitric oxide

The general features of non-dissociative NO and CO adsorption on
metals are similar. The major difference, for our purposes, is that the
gas phase NO molecule has one electron in the 2r* antibonding orbital,
while CO has none. wuhen NO was exposed to a potassium covered surtface,
it adsorbed dissociatively. The general feature observed with increasing
potassium coverage is an increased yield of Ny and NyO in the desorption
spectra. NO was found to react directly with K as observed for NO SxXpoOSUres

on K multilayers: hence no K induced NO-Pt changes could be proven.

In sumary, the bonding of benzene and (€O to the platinum (111}
surface is markedly altered upon the co-adsorption of potassium. The
weakening of the benzene-metal bond and the strengthening of the CO-metal
bond by co-adsorbed potassium can be explained by charge transfer into
molecular orbitals of the adsorbates with energy levels near the Fermi
level, Ef. The absence of significant bonding changes of adsorbed
PF3, CH3CN, and CaHg in the presence of potassium is analogously
explained by the absence of accessible molecular orbitals for charge

transfer within 2ev of = Eg.
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4. €O hydrogenation on promoted (unsupported) Fe,Re.and Pt samples.

Following our ultrahigh vacuum studies {see above), we began a series
of model CO hydrogenation experiments on well defined Fe, Re, Rd, and Pt

catalysts. Using our high pressure/low pressure chambers, we wera able
to characterize a sample before and after reactions to check for surface
impurity concentrations of K, O, 3, N, C, etc. It was interesting to

note that we were able to reproduce actual industrial (non-zeolytic)

catalyst products, rates, and selectivities on our model catalyst foils

and crystals. Recently we have been able to produce methanol with high
selectivities on P foil. The runs usually were characterized by a brief
induction time, followed by a long stable pericd which would slowly

decay after several hours. As will be shown below, this decay is attributable
to the slow build-up of a carbonacecus layer which poisoned thwe surface

reactivity.

Methane was the dominant product on most samples studied, but
higher molecular weight olefins and alkanes were also monitored.
In figure 20 we show an example of an Arrhenius plot of various runs on
rhenium foil. The results of rthe Arrhenius plots and the selectivities
are displayed in figure 21. The turnover rates used are the maximum
values reached by the catalyst following any induction period {usually <30
min. after initiation). The turnover frequency listed assumed an active
surface number of sites of 1015 over which the catalyst was uniformly
heated. This number is hard to know accurately for several reasons. wWe
believe however, that it is correct within 50%, as our results are in
good agreement with data from iron F-T catalyst at similar temperztures. In any

case, it is the relative values, nor s¢ much the absoiute ones, which are
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needed to discuss promoter effects.

Th= main mechanism of F~T catalyst poisoning was carbon buildup.
In figure 3 we show an iron foil Auger spectrum before a catalyst run.
Figure 22 shows a close-up of the carbon peak after a reaction. ‘The
anount of carbon on the surface after a given run was a function of
catalyst pretreatment, reaction temperature, and reaction time. Ppartial
CO & Hy pressures also are important in detemining poisoning time as

will be discussed below.

Several interesting features were found concerning this carhonaceous
layer. The layer was either “graphitic® (unreactive) or "carbidic"
(reactive) depending on the reaction conditions (as discussed by other
authors) . It also contained larje amounts of adsorbed (or trapped) oxXygen
and hydrogen, as was noticed in the thermal desorptinn of adsorbed Jases
ftollowing the reaction. “Carbidic" carbon was the dominant species
tollowing low temperature, short reaction time runs. “Graphitic® carbon
was the dominant species following high temperature runs, or after flashing
any postreaction surface to >700K.

Another type of poisoning was found when sulfur was present on the
surface. Sulfur could be put on the surtace either by heating the iron

otv rhenium up to a high temperature (>1000K), where sulfur will become

mobile enough to Seyregate to the surface upon cooling, or by chemical
vapor deposition. Sulfur changed the selectivity (toward methane), and
ir poisoned the surface by decreasing the numnber of active sites. we .
are currently studying the distinctions between electronic and structural

2ffects of sulfur poisoning. In figures 21 we show the selectivities

for the Re and Fe surfaces following oxygen and alkali promotion. A
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major problem occurred here concerning the number of active surface
sites to be used in calculating turnover numbers. As noted by Goodman
er. al, oxidation tends to increase the surface area of the catalyst, if
the oxidation reaches only 10-20A into the surface. A second, more
complicating factor arises when one finds that the degree of oxidation
is not only a function of catalyst pretreatment, but it is constantly
changing throughout the reaction as a function of catalyst temperature
and reaction time. Higher temperatures favor less oxygen incorporation
in vacuum, but under a high CO pressure (>l atm), this is perhaps compensated
for by an increased rate of CO dissociation and subsequent oxygen incorporation.
‘Thus, the values citaed are the best values we could deduce from a knowledge
of pre—and post-reaction surface content.. 2AES and ‘IDS (thermal dexcrption
spectra) were used to helo in this determination.

Platinun and palladiun showed much lower reactivities than Fe and Re.

Palladium did prove interesting in that we were able to praduce methanol

sclectively. Wwe believe that palladium's ability to hold large amounts -

of hydroven in the bulk is related teo its unique properties of hydrogenating
CO directly. Others have shown that CO + Hy go to methanol without
dissociating the €O, but in their studies on supported catalysts, they
claimed that Pd was in an oxidized state when it was doing the catalysis.

we have now shown that the reaction runs on the reduced Pd as well.
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H!'GH PRESSURE / LOW PRESSURE CHAMBER
FOR CATALYST SURFACE STUDIES
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Figure 1
Schematic representation of a chamber used to do
both high pressure catalvsis and ultrahigh vacuum

studies.
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CQC TOS from P1(i11)

1.0 L

Mass 28 Signal Intensity

300 400 500
Desorption Temperature (K)
XBLBIS-6465 4
Figure 2
Thermal desorprion spectra of (U from clean Pc{lll)
for variocus 0O coverages ( expressed in rerms of

Tangmuirs ).
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Figure 4
X-ray photoelectxon spectrum of TiRhO, mounted
o gold foil.
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Reacvion MecHanisMs FoR THE HYDROGENATION OF Carson MonoxIDE

Primary ReacTions: SiDE REACTIONS:
H
H2=H H H“‘O-‘-‘O"'I;'I"'"'* H;O
D L J— " -
0 CEIES PSS IR Fidear?
i 1
o= ¢ = c+og - C o> Co,
45 [ T— L WA =
7Er frifreey Fid grarer
C*+C = C-Ct+ > CARBONACEOUS
Fa - M )
sepLees Frrssstes DEPDSITS! COKE

SeconDaARY REACTIONS:

E‘!?"iH

H L HH -
_g_-lv H = 5\4 H £ ¢+ H o= \f{‘“ H - CH.' MeETHANATION
PErttesy trerrliy Irflr e’ RN FI
HH!‘i

HHH ¢
c “'\C, & s o3y __.,C;H; ETHANE
At Tt~ -
FrELS S S, i -, ALXKEHES AND ALKANES
HHH HHH HH HM
W+ = ‘imf “Zow CyHy ETHYLENE

i

(TR /{Hf:—.'(

Probuction oF OxveenaTES

g
HRH o} N

o » cp

C +¢ = € *H ~ CH;CHO ETHANAL
. | " ’ 1

rran brag |1 * Fiadpy

HHH ATy

i 8

c +o = O * M == CH,0H METHANOL

i H O M _pH

C +* H*  +p2 7 ALCOHOLS
e =L A

H

+ = o
¢ Te EHs0 ALDEHYDES
74-)~.-rrrr D e
Figure 5

Possible reaction pattsmys for the formariom of alkanes ,
alkenes , and oxygenated products. Also shown are the

side reactions for the formation of 05, HyO , and coke.
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PRESSURE DEPENDENCE OF CO AND
H_ FOR METHANATION ON RHODIUM FOIL

-1 _+3
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S
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A4S -0 -5 0 s L0 /5
log PARTIAL PRESSURE

“Figure 6
Experimental plot to determine the rate expression
for methsmation on rhodium foil.
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Rh METHANATION RATES

foil
2:1 H2:CO
6 atm T OTA L PRESSURE
_Ea/RT
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Figare 7
Rates for methimation are plotted versus teaperatire
showing the inverse deurerium effect.
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OXIDE PREPARATION / CHARACTERIZATION

MIX WATER SOLUBLE SALTS
PRECIPITATE WITH AMMONIUM CARBONATE

FIRE CARBONATE PRECIPITATE AT 500°C
(IN AIR FOR 12 HOURS)

GRIND OXIDE TO PASS THROUGH 40} MESH stmEEN

CHARACTERIZE OXIDE WITH A SEM

B)  X-RAY DIFFRACTION
BET SURFACE AREA DETERMINATION
MOUNT ON GOLD FOIL

AUGER ELECTRON SPECTROSCOPY
X~RAY PHOTOELECTRON SPECTROSCOPY

Figware 8

Procedure for preparing and characterizing
cxide samples.
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Desorption Temperature {°C)
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SATURATION CO COVERAGE .(T=300K) ON Pr{tt) /K

1965
1725
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¢
O

INTENSITY (orbilrary units)

Figarre 13

HREFLS spectra for saturation (0 evposures with
various potassium coverages.
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Figure 15

(a) A todel of the electron orbitals believed to interact
most strongly in the bonding of (0 to platimm.(b) A schematic
diagram of electron transfer in the Pr(1il)/K/CD svstem.
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Mass 51 (Benzene fragment) Intensity

Benzene Thermal Desorption from Pt{Il)
Following Several Exposures

SL

] ] |

300 400 300
Temperature (K)

XBL 82!11-§880

Figure 16
Benzene thermal desorption spectra following several exposures.
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Moss 51 (Benzene fragment) Intensity

Benzene Thermal Desorption
Fcllowing | L Benzene Exposure on Pt(lll) +K

8. =02
K = 0.l
=03
/ =0.45
1 _ 1 1
300 400 300

Temperature {K)

X8L 8211-6882

Figure 17

Benzene TDS from Pr(lll) following 5 L exposures. (Heating rate
= 30 K/s ). Note that a potassium monclayer ( sammation ) is
defined such that 8,~1 and is about 1/3 the atomic density of the
platimm surface layer.
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Valence Orbitals of Benzene -Cr: Energy levels are approximate: -

2u 7

x8L a211-6884
Figure 18

Molecular orbical correlation diagram for dibenzene-chromium
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Approximate Energy Levels of PF3
in the Gas Phase and on q Metal Surfgce

PF3 PF; - Metal
(gas phase)

(") (4d-T7e)

~ 4G eV
‘e

i~45eV

(7r) (4d + 7e)

8::1I
xaLaezi-688ex

Figure 19
Approximate positions of orbital energies for PF3 Both
gas phase and chemisorption positions are given.
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Arrhenius plot of the In of the methane turmover mmber versus
Note the bending at high T which implies poisoning.
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Auger Spectra of Carbon Species
on lron Foil

Carbidic

Graphitic

AUGER INTENSITY dN (€)/de

1 l l L
200 220 2490 260 280 300

El ECTRON ENERGY (eV)

Figure 22
‘Sample of -carbon species found on surface "afte:; ‘reactions.
Carbidic is an active carbon, while graphitic is relatively
inactive to hydrogenation or oxidation.

27¢



