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This report will cover all work whlch has been accomplished under
grant subcontract #04927. The report is divided into seven parts: first,
an overview of the work performed under grant subcontract #04G27; second,
an experimental section; third, hydrogenation of carbon monoxide on Rh
and Rh-containing compounds¥*; fourth, CO hydrogenation on promoted thorium
compounds*#; fifth, the effect of potassium on small molecular adsorbates
on platinum; sixth, hydrogenation of CO on rhenium and iron catalysts*¥;
and finally, the results of CO hydrogenation on molybderum and potassium

promoted molybdermam*,
Section 1

Work started on building a new chamber for doing high pressure
reactions, up to 20 atm, and surface analysis at 1x10-2 torr. Figure 1
shows a schematic of the completed chamber. It 1s equipped with LEED,
AES, Mass Spectroscopy, argen ion sputtering, a potassium source and a
high pressure loop which operates as a bateh reactor. Inttlal studies in
thls chamber included hydrogenation of carbon monoxide over Rhroil,
Rhp03, IaRhO3, FeRnO3, NapRhO3, and CuRnhpOy.

Section 2: Experimental

our studies have been carried out in three ultrahigh vacuum stainless
steel chambers (see Figure 1), pumped by ilon and oll diffuslon pumps, wlth
a base pressure of ~10-10 torr., The chambers are equipped
with various ultrahigh vacuum features to clean and examine the surface
of a given sample. These include: a mass spectrometer for thermal desorptlon

spectroscopy (see Figure 2), low energy electron diffraction (LEED) for

¥ Maruscript being prepared and to be forwarded to Unlon Carbide.
#¥% Marmscript enclosed.

338




-2

surface structure analysis, Auger electron spectroscopy (see Figure 3} to
determine the atomic composition of the surface, and X-ray photoelectron
spectroscopy (see Flgure 4) giving information on the oxidation state of

ma jor components on the surface, as well as some compositional information.
An argon lon gun 1s used to clean the surface of the model catalyst samples.
Molecular dosers connected to leak valves are used to expose the sample
with known amounts of gases. Two of these chambers are also equipped with
a high pressure cell, (see Flgure 1b), which is mounted on a plston 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 clrculated. In this way the
system can be run as a batch reactor, with products detected by injecting

samples 1into a gas chromatograph.

In some of the experiments, potassium was deposited using a "Saes
Getters" source mounted 3 cm from the crystal. Deposition rates were
typically 1 monolayer/mirute. Sulfur was deposited from an electrochemical

source 1n vacuum.

Section 3

3.1 Rh foll

Studies on rhodium foll have found several unique features for
the hydrogenation of carben monoxide. A proposed reactlon mechanism
is shown in Figure 5. For rhodium foil four assumptions can be made to
help determine a model rate law for the formation of methane. First,
the surface 1s nearly saturated with adsorbed carbon monoxide, as is
seen by in situ infrared studles (Kellner & Bell). Second, all surface

oxygen is removed as water, which 1s what we see using mass spectroscopy
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on this system. Third, all the steps in the mechanism indicated as

being reversible are in fact at equilibrium. Fourth, the rate determining
step 1s the formation of methane. Then for the case of rhodium foll

where methane production is predominant, (~96 mole percent), the model
rate law for the reaction is glven by RCHu =K Paé F;;'s. This

form of rate law 1s expected for a competitive adsorption dissociation

process.

If we now conduct experiments to find the rate law for methanation
over rhodium foil by varying the partial pressure of the reactant gases,
Hp and CO, while holding the total pressure and temperature constant
(see Figure 6), we find the rate law, at 6 atm total pressure and
300°C to be Rgy = K p~lptl, Tig corresponds well with our model

CO Hp
and suggests that our proposed mechanism is fairly realistic.

An experiment performed to gain information about the rate
determining step of the reaction 1s to substitute deuterium for hydrogen
1n the reactant gases. Two effects from this substitution can occur.
First, the thermodynamic lsotope effect, which is due to the difference
in hydrogen and deuterlum gas zero point energles and the respective
metal hydrogen or metal deuterium Zzero point energles. From the thermo—
dynamlc isotope effect more hydrogen should be present on the surface
relative to deuterium. Second, the kinetic isotope effect, which 1s due to
the activation energy difference between the M-H » C-Hy and M-D + C-Dy
reactions, where M-D + C-Dy is the lower. The kinetic isotope effect
predicts that deuterium will react faster than hydrogen with carbon on
the surface. Experimentally we find (see Flgure 7) that the methanation

reaction proceeds faster wilth geuterium in the reaction mixture which
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would indicate that the rate determining step is in fact cne of the

hydrogenation steps of the reactioen.

Some conclusions from the work on rhodlum foil can be drawn at this
point in our work. Fhodium foil 1s a stable syngas methanatlion catalyst
with "mediocre" activity. It displays an inverse isotope effect which
implies that one of the hydrogenation steps 1s rate limiting. The observed
rate law for methanation follows our model rate law qulte closely, indicating

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

3.2 ERh Compounds

A rumber of Eh oxides were prepared and characterized followlng
the procedure in Figure 8. The surface composition of each oxide,
mounted on a gold foil, was determined by Auger electron spectroscopy.
X~ray photoelectron spectroscopy was used to find the approximate oxidatlion
state of the surface components. Thermal desorptlon measurements were
carried out on Lay03, LaRhO3, and Fh foil. Figure 9 shows the desorption
temperature (top axis) and heat of desorption (bottom axis) for Dp and CO
thin film oxides. An anomalous CQO desorption spectrum occurs for the
used LaRhO3 sample. Examination of the LaRnO3 after running the Fischer-
Tropsch-reaction shows two binding states for CO. One appears to correlate
with the CO desorption from the fresh oxide. The appearance of the
second peak may be a result of carbon deposited on the surface during the
reaction, or may reflect a change In the oxidatlon state of the RKh at the

catalyst surface.

There 1s an apparent correlation between the I» heat of desorption

and the oxldatlon state of rhodium on the surface. The heat of desorption
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of the deuterium increases fram 20 to 23 to 27 Kcal/mole as the oxidation
state of the rhodium goes from O (Rh) to ~1 (used FhyO3, used LaRhO3)
to 3 (Laf&103 ’ 13203) .

Product accumilation curves (Figure 10) show a large change in the
MeCHO/EtOH ylelds. This 1s due to a slow alteration in the nature of
the catalyst surface during the reactlon. After replenishment of the
reactants, ethanol production resumes at essentially the same rate as at
the end of the initial reaction while the ethanal productlon contirues
at a somewhat higher rate, but substantially less than its starting value.
sdditional evidence for catalyst aging is shown in the third section of
Figure 10. Here the sample has been treated by heating in oxygen (450 G,
1 x 105 torr, 5 min) and cleaning by argon ion bembardment (1000eV,
5 uA for 30 min) before restarting the reaction. After this treatiment
the production MeCH and EtCH 1s very similar to the productlon rates
under the initial conditions. Thus the gradualcha.nge in the product
distribution 1s not linked to post reaction events, but is due to catalyst
aging.

RhpO3 has been shown to produce up to 25 wt. % of oxygenated
products. This finding led the way to a possibility of selectlvely
producing higher energy products, alkenes, alcohols, and aldehydes,
on rhodium compoxmds Exploratory work has been done in gseveral other
rhodates (Flgure 11). From these initlal results 1t appears that iron
rhodate 1s a good candldate for further studies since the hydrogenatlon
of carbon monoxide over it produces large quantitiles of alkenes. Lantharum
rhodate, lafhQ3, produces up to 60 wt. % of oxygenated products.
Copper rhodate, CufhC3, appears to have the samé product distribution
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25 rhodium foil but shows a much slower rate. When the sample 1s analyzed
with AES and XPS after the reaction, it is found that rhodium has been
reduced to rhodium metal and 2 partial copper overlayer has formed on

the surface.

From work on the mixed rhodium oxldes we have found several useful
results. The rhodium in all the oxldes tried partially reduces under
thas reaction conditions possibly creating more than one type of actlive
site, By changing the structure and the other metal in the lattice we
may be sble to slow this tendency and thereby create a more product
selective catalyst. The product distrivution appears to be affected, to
some degree, by three factors: structure of the oxide lattice, oxidatlon
state of the active rhodium center and the other metal‘present in the

lattice. BRuture work 1s planned to separate these effects.
Section 4: Thorium oxide

High surface area catalysts based on ThO, were prepared and evaluated
for activity in synthesis gas reactlons. Catalysts having surface areas
on the order of 100 m2/g were found to be highly selective towards the
formation of alcohols, particularly methancl and isobutaznol. These
reactions, when carried cut at moderate pressures (< 100atm) and temperatures
(< 350°), showed ThOp catalysts to have higher activities and lower
activation energies for methanol synthesls than the conventlconal ZnC

based catalysts.

Surface analysls of active ThOp catalysts show them to have zompll-
cated structures, with substantial amounts of urlvalent impurity ions

present. The role of the impurity lons in determining the defect structure
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of ThOp and the resulting effect on catalytic activity 1s currently

under Investigation.
Secticn 5: Coadsorption Studies

An understanding of alkali induced phenomena on transition metal
catalysis. In particular, potassium 1s used as a promoter on catalysts
for the hydrogenation of carbon monoxide. In an attempt to understand
the promoter effect, recent coadsorption experiments in our labortory
and others' have shown that alkali metals changc the chemisorp¥ive charace-
teristics of small reactive molecules (i.e. CO, Hp, Np and Op) on catalyst
surfaces. On iron and nickel surfaces, potassium appears to mcréase the
heat of adsorption and the disscclation probability of CO. In addition,
potassium increases the sticking probability of oxygen on platinum and
pismuth, and promotes oxide formation on iron, nickel, and bismuth surfaces.
Also, both the heat of adsor;ption and the dissociation probability of Na

increase on iron surfaces in the presence of potassium.

Tn the first study we have investigated the chemisorption of carten
monoxide on the platirum (111) surface in the presence of potassium as
a model system. Due to the promoter action of potassium in Fischer-Tropsch
reactions we belleve that this type of ultrahigh vacuum analysis on

model catalyst surfaces 1s very important.

High resolution electron energy loss spectroscopy (HREELS) was used to
determine the vibrational frequencies, thereby ldentlfying the adsorption
sites and relative site concentration of CO molecules when coadsorbed
with potassium. Thermal desorption spectroscopy (TDS) provided information

about changes in heats of adsorption of the coadsorbed system. Ultraviolet
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photoelectron spectroscopy (UP3) waz utillzed o detorming thoe work

function change of the surface as a funietion of potessivm agl 00 coverage.

5.1 K+ CO on Pt{lll)

The preadsorption of potassium bas werked efiects on the adsorptlon
of CO on Pt(11l). Our main experimsntal findlozs con be sumnaiclzed a8
follows:

1) The addition of submonclayer amournLs of potzgalum continnougly
increases the heat of adsorptilon of CC on Fo(idl) Prosm 25 kesl/mole for
clean Pt{111) to 36 kesl/mole f@f near monolayaer covoreges (ses Tlgure 12).
11) Assoclated with the incresse In hest of adsoirptlon 18 & 330 e
decrease in the stretching fregusmcy of the bridge borcad O meilenles
from 1870 o™+ on elesn PL(3il)-to 1560 et with 0.6 monelayers of K
coadsorbed (see figure 13).

111) The CO thermal dasorptior. pesk ﬁroadems continnously Lo & maximim

of 200K (FWHM) at saturstion C0 covorssen as il porasslun coverage 1s
‘increasedm

iv) At a constant potassium coveragc, the OO vibra tional fraqencles

for both linear and bridge adsorption sitas dropcase subst entially with
decreasing CO coverage.

v) On.the potassium-free Po(1ll) surface, CO prefers to occupy top
adsorption sites while on the potasslum-coviras surfzce CO adsorbs
preferentlally on bridgec sites

vi) The work function of the Pt(lll) surlane decresses by Lo 5 &V

upon the adsorption of one-third of & monolsyer of potassium, but increases

by 1.5 eV when CO is coadsorbed (se¢ Figire 14) .
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These pesults can be interpreted by examining the electron acceptor
character of CC and the changes In charge density at the platinum surface

as potassium 1is adsorbed.

The bonding of carbon monoxide to metal atoms {nvolves a synergistlc
electron transfer from the highest occupied molecular orbitals of €O (Se)
to the metal, and in turn metal electrons are backdonated into the lowest
unoccupled molecular orbital (2=*) of CO. The vackdonation of metal
electrons into the 2% orbltal leads to a simultanecus strengthening
of the M=C bond and 2 weakening of the CO pond, as seen 1n Pigure 152,
where the dpy — 27 orbitals are in phase (vonding) between Pt and

C, while being out of phase (antibonding) between C and Q.

Tn our experiment changes in backdonation to CO are induced by
using an electron donor, potassium (Flgure 15b). Charge is transferred
from the potassium to the platirum, with electrostatic screening of the
pesultant positive charge on the potassium by metal electrons. Thils
polarization 1is displayed by the 4-4.5eV drop in work funetion upon
potassium adsorption (Figure 14). Then, upon CO coadsorption, an
enhancement (relative to clean Pt) of backdonation into the CO occurs

as a result of the potassium 1nduced surface charge density changes.

The 11 kcal/mole increase in adsorption energy of CO upon potassium
coadsorption supports the model of enhanced electron packdonation.
In additicn to strengthening the metal—ca_wbon borid, backdonation should
also weaken the carbon-oxygen vond as noted above, lowering 1ts vibrational
frequency. This indeed occurs since the vibratlonal frequency of bridge
ponded CO at saturatlon coverage decreases by 310 em—} as the potassium

coverage ls increased b0 0.6 monclayers.
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" The change in CO adsorption site from linear to bridged¢ with increasing
potassium coverage 1s a striking effect. Nieuwenhuys has recently shown
that the degree of electron backdonatiocn increases with the lowering of
the work function of a metal surface. Our results not only Ilndicate an
iriereased neat of adsorption and decreesed vibrational frequency due to
the decreased work function, but also a change in CO site locatlon. By
contimwously lowering the work function of the Pt surface by the adsorption
of potassium, we are changing the most energetically favorable site

location from top to bridged.

Tt mist be noted that we camnot rule out the existence of the
three-fold slte CO molecule when the stretching frequencles decrease

to their low coverage values. However, no clear evidence for the

occupation of this site exlsts.

Although the Pt{1ll)/K system studied here is different from the
malticomponent surfaces used on actual industrial catalysts, the catalytic
implications of ocur 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 increased
binding energy means that the surface resldence time of adsorbed CO
will increase. It should also increase 1ts probabillty of dissoelation,
as 1s seen on 1ron and nickel. Both these consequences should lead to

the formation of longer chaln hydrocarbons, as 1s shown in our catalytic

gtudies (see below).

In summary, the chemlsorption properties of carbon monoxlde are

significantly altered when coadsorbed in the presence of potassium on
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Pt(111). The adsorption energy is increased by 11 kcal/mole and the

CO vibrational frequencies decrease markedly. No dissoclative adsorption
was observed in ocur low pressure studies, although dissoclatlon 1s

induced by potassium on many other metals. These effects are explained

by a simultaneous charge transfer from the potassium adatoms to the
platirum substrate and an increase in backdonation from the platinum

into the coadsorbed CO molecules. For a fixed potassium coverage, the

CO molecules appear to compete for the "excess" charge donated by potassium.
Direct bonding between coadsorbed CO and K 1s insignificant. Finally, a
change in the CO site occupancy from top to bridge position 1s shown to

occur with incereasing potassium adsorption.

5.2 K + other small molecular adsorbates on Pt(111)

Folloﬁing our extensive study of the interactions of CO with
potassium (promoters), we examined the effects of potassium on other
small adsorbed molecules in order to develop a general model of
pramoter action in catalysls. The interaction of co-adsorbed potassium
with m-orbital contalning molecular adsorbates (benzene, PF3, NO,
CyHg, and CH3CN) on the Pt(11l) crystal face was studled by thermal
desorption spectroscopy. We found that co-adsorbed potassium significantly
weakened the platirmm-benzene bond. More of the benzene desorbed intact

upcn heating, instead of dissociating to yleld Ho and surface carbon.

Adsorbed NO was found to dissociate in an amount proportional to
the K concentration, ylelding No and M0 (as well as NO) in the desorption
spectra. The adsorption of FF3, CyHg and CH3CN was blocked by potasslum,
and no additional or shifted peaks were observed. We have developed 2

simple molecular orbital description to account for the potassium induced
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effects. The domlnant idea is that only adsorbates having molecular
orbitals with energy levels located near to Ep can be signifilcantly

affected by "electronlc promotion” in catalysis.
5.2.1 Benzene

A fraction of the benzene adsorbed on clean Pt(111) will descrb
intact upon heating, while the remainder dlssociates giving off hydrogen.
This behavior is also seen on other transition metals, such as Ni or Fh,

but the Pt(11l) surface appears unique in its low activity for C-C and
C-H pondbreaking.

Tt has been proposed that dissoclation of benzene occurs at steps
or other defect sites because of geometric (steric) and/or electronic
variations at tﬁese sites. We found that all of the adsorbed benzere
dissociated upon heating for exposures of up to ~0.7 L, and most of the
additional benzene desorbed intact up to exposures of 2 L (see Flgure 16).
For exposures greater than 2 L at room temerature the sticking coefficlent
pecame zero; presumably the first monolayer was saturated at this point.
Thus, our results imply that benzene molecules on the flat Pt{11l) surface
can readily dissoclate upon heating (as well as at step/defect sltes)
since the amount dissociated 1s much in excess of the estimated defect

site concentration (< 5%).

On Pt(1ll), that fraction of benzene that desorbs molecularly above
room temperature ylelds two peaks in the thermal desorption spectrum at
approximately 375 and 450 K. The appearance of these two peaks 1ls not
yet fully understood although several interpretations are possible to

explain their origin: lateral interactions at high coverages, dlfferent
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surface structures (as pevealed by LEED), different sites being occupled

{presumably top or threefold), etc.

Mach more of the benzene desorbed intact upon heating when the Pt
surface was pre-dosed with potassium: this 1s seen both from the larger
thermal desorption pesk area at low exposures (FMgure 17) as well as the
smaller fraction of carbon that remains on the supface (as detected by
AES) after heating. In addition, we observed a.lower temperature for the
benzene desorption rate maximum as potassium 1s addéd. Thus, desorption
and decomposition should be viewed as competing reactlon pathways: however,
only the desorption energy (and pathway) 1s 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 1s weakened when potassium 1s present. Several explanations
can be proposed. Benzene is thought to be an electron donor in transition
metal complexes, with the a—orbital often involved in a symmetric
coordination with the metal atom or ion. Thus, one might expect that
if the platirum surface 1s 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 explanation however, is probably too simplistic, and
a more complete understanding of the electron energy levels 1s required
to develop even a qualitative model of the potassium induced changes of
adsorption. Flgure 18 shows the molecular orbital dlagram for benzene=—
chromium. Of interest here are the molecular orbltals involved near the
~ "Fermi level,” i.e. the nighest occupled and lowest unoccupled molecular
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orbitals. ALl of the filled orbitals in the benzene chromium bond are
elther bonding or non—bondiné between the benzene wn-ring and chromium
d-orbitals. The lowest unoccupied level, however, is "anti-bonding"
between ey and chromlum d-orbitals. Thus, Lif one electron were added to
the system, this electron would fill the 2e level, weakening the metal-

benzene interaction.

Of course there 1s quite a difference between a chromlum atom
and a platinum surface, but we believe that the general character of
the bonding is the same: 1in both cases there 1s a symmetric coordinaticn
to the metal atom(s), and benzene can be consldered primarily as an
electron donor. For the platimum surface promoted with potassium, the
Pt atams can be considered to Increase their electron density in the
near surface reglon as they screen the slightly ionized potassium atoms.
This surface polarization also drops the work function, and the platinum
should then be able to donate charge more readlly to adsorbates. I
we assume similar bonding characteristics to the chromium complex, then
the lowest unoccupied acceptor level of the benzene-platirum system is
anti-bonding between the ring and the metal. Potassium should help
populate this level, weakening the metal-ring bond. Another complementary
effect would be the Inability of benzene to donate charge into the metal
{f the population of the 6s Pt level was increased due to the potassiun,
We feel, however, that this 1s a minor perturbation in comparison to
donation into the anti-vonding level, because the analogous effect of
bond weakening was not seen for CO. Recent caleculatlons by A.B. Anderson
et. al. show that changes in the occupation of the benzene ejg antibonding
level (2e in Figure 18) cause changes in the bending of the hydrogen
atoms on benzene toward or away from 1ts surface.
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5.2.2 FPhosphorous trifluoride

Adsorbed phosphorous trifluoride was found to desorb intact from
voth clean and partially potassium covered surfaces at about S00K. The
thermal desorption spectra also showed some peak broadening, and a slight
decrease 1n desorption maximim temperature, The lack of a large effect
was at first surprising, since we had expected to observe effects similar
to those seen for the (K+CO)/Pt(1ll) system, l.e. 2 200K increase in

desorptlon temperature.

However, for FF3 pound to a metal, the g—donor energy level 1s
located well below Ep at » 8eV, while the 2 acceptor level is split
into two levels, one located 4.5eV below Ep (see Figure 19). Thus,
the absence of significant potassium induced chemisorption changes In
FF3 could be explained by 1) assuming that the g donor levels, and the
bonding 2w-acceptor levels, are fully occupled prior to potassium
coadsorption, and 2) that the nearest unoccupled PF3 level 1s too far
above Ep to be able to accept electrons from the metal, even upon
potassium coadsorption. (ne explanation for the slight drop in FF3
desorption temperature 13 that there could be a decrease in a(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 2ulbonding orbital is located only ~0.6-2.0 eV
below Ep. Here the potassium is able to enhance the d-2 overlap, which
strengthens the M-C bond and weakens the C-0 bond (since the 2w
level 1s antibonding between the C and O atoms). CO is therefore more

sensitive to changes in surface electron density.
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5.2.3 Acetonitrile (CHaCN)

CHaCN desorbed mostly intact from Pt(111) as has been observed in
previous studies. Some dissoclation cccurred upon heating, as was monitored
by AES following the thermal desorption cycle. Preadsorbed potassium
was found to effectively block sites for acetonitrlle adsorption, as was
chserved for EF3 and butene, but no shifts in desorption peak temperature

or width were detected.

Acetonitrile 1s kmown to be o-bonded to metals via the lone palr
orbltal of its nitrogen. No accesslble back-bonding levels are located
near Ep, so there 1s no possibility of additional charge transfer
hetween 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.
5.2.4 Butene

The stable structure of alkenes adsorbed on the Pt(1ll) surface

at 300K is thought to be a R—qgﬁ specles. Thus cne does not expect any
accessible adsorbate energy levels to exlst near Ep since the highest
o~bonded levels are usually 5-15 &V below Ep. The similar shape of
the Hy thermal desorption profilles followling butene exposures with and
without potassium pre-deposition is therefore to be expected, assuming
that metal carbon bonding has an effect on the hydrogen desorption
temperature. The changes induced in the second Hy desorption peak are
difficult to interpret and will require more informatlon on the nature
of the CH, fragments belleved to be present at these temperatures. In

any case, as alkylidynes are theought to be lmportant intermediates in
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+he Plscher-Tropsch reaction, 1t 1is interesting to note the absence of

a large potassium induced effect here.
5.2.5 Nitric oxide

The general features of non-dissociative NO and CO adsorption on
metals are similar. The major difference, for cur purposes, 1ls that the
gas phase NO molecule has one electron in the 2g* antibonding orbltal,
thle CO has none. When NO was exposed to a potassium covered surface,
1t adsorbed dissoclatively. The general feature observed with increasing
potassium coverage is an increased yield of Ny and NpO in the desorption
spectra. NO was found to react directly with K as observed for NO exposures

on K multilayers; hence no K induced NO-Pt changes could te proven.

In summary, the bonding of benzene and CO to the platirum (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
pond by co-adsorbed potassium can be explained by charge transfer into
molecular orbitals of the adsorbates with energy levels near the Ferml
level, Er. The absence of significant bonding changes of adsorbed
PFq, CH3CN, and CyHg in the presence of potassium is analogously
explained by the absence of accessible molecular orbltals for charge

transfer within 2ev of «Ef.

Section 6: CO hydrogenation on promoted (unsupported) Fe,Re,and Pt samples.

Followlng cur ultrahigh vacuum studles (see above), we began a serles
of model CO hydrogenation experiments on well defined Fe, Re, Pd, and Pt
catalysts. Using our high pressure/low pressure chambers, we were able
to characterize a sample before and after reactions to check for surface
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{mpurity concentrations of K, 0, S, N, C, etc. It was interesting to

note that we were able to reproduce actual industrial (nonmzeolytié)

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

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

decay after several hours. As will be shown below, this decay 1s attriputable
to the slow bulld-up of a carbonacecus layer which polsoned the surface

reactivity.

Methane was the dominant product on most samples studled, but
higher molecular weight olefins and alkanes were also monitored.
In Figure 20 we show an example of an Arrhenius plot of varicus runs on
rhenium foll. The results of the Arrhenius plots and the selectivities
are dlsplayed in Figures 2la, 21b, 2lc. The turnover rates used are the
maxlmum values reached by the catalyst following any inductlon period
(usually < 30 min. after initistion). The turnover frequency llsted
assumed 1012 active surface sites which were uniformly heated. This rumber
1s hard to know accurately for several reasons. We velieve however, that
1t 1s correct within S0%, as our results are In good agreement with lron
F-T catalyst at similar temperatures. In any case, it is the relative
values, not so much the absolutes one, which are needed to discuss promoter

effacts.

The main mechanism of F-T catalyst polsoning was carbon bulld up.
In figure 3 we show an iron foll Auger spectrum before a catalyst run.
Figure 22 shows a close-up of the carbon peak after a reaction. The

amount of carbon on the surface after a glven run was a function of
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catalyst pretreatment, reaction temperature, and reactlon time. Partial
CO and Hy pressures also are important in determining polsoning time as
will be dlscussed below.

Several interesting features were found concerning this carbonaceous
layer. The layer was elther "graphltic" (unreactive) or "carbidic"
{reactive) depending on the reaction conditions, (as discussed by other
authors). It also containad large amounts of adsorbed (or trapped) oxygen
and hydrogen, as was noticed in the thermal desorption of adscorbed gases
fellowlng the reactlon.. Auger electron spectroscopy can be used to differen-
tiste the two types of c¢arbon (seé Flgure 22) due to different peask shapes,
"Cerbldic" carbon was the dominant species following low temperature,
short reaction time runs. "Graphltic" carbon was the dominant speciles
following high temperature runs, or after flashing any postreaction

surface to > TOOK.

Another type of polsoning was found when sulfur was present on the
surface. 3Sulfur could be put on the surface either by heating the lron
or rhenium up to a high temperature (> 1000K), where sulfur will become
moblle enough to segregate to the surface upon cooling, or by chemical
vapor deposition. Sulfur changed the selectivity (toward methane), and
1t polsoned the surface by decreasing the number of active sites. We
are currently studylng the distinctions between electronlc and structural
effects of sulfur polsoning. In Figures 2la, 21b, 2lc we show the selectivities=-
for the clean Re and Fe surfaces and also following oxygen and alkall pro-
motion, A major problem occurred here concerning the number of active
surface sltes to be used in calculating turnover mumbers. As noted by

Goodman et, al, oxldatlon tends to increase the surface area of the
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catalyst, if the oxidation reaches only 10-20A into the surface. A
second,‘more complicating factor arlses when one finds that the degree
of oxidztion is not only a functlon of catalyst pretreatment, but it 1s
constantly changing throughout the reaction as a function of catalyst
temperature and reaction time. Higher temperatures favor less oxygen
incorporation in vacuam, but under a high CO pressure (> 1 atm), thls is
perhaps compensated for by an increased rate of CO dissoclatlon and
subsequent oxygen incorporation. Thus, the values clted are the best
values we could deduce from a knowledge of pre-and post-reaction surface

content. Auger and TDS were used to help in thls determination.

Platimm and palladium showed much lower reactivities than Fe and Re.
Palladium did prove interesting in that we were able to produce methanol
selectively. We belleve that palladium's ability to held large amounts
of hydrogen in the bulk is related to 1ts unique propertlies of hydrogenating
CO directly. Others have shown that CO + Hp go to methanol without
dissociating the CO, but in thelr studies on supported catalysts, they
claimed that Bd was in an oxidized state when 1t was dolng the catalysis.

We have now shown that the reaction runs on the reduced Pd as well.
Sectlon 7

The catalytic hydrogenation of carbon monoxide has been investigated
on Mo(100) single crystals and polycrystalline Mo folls. Typleal initial
turnover frequencles for methane production were .11 at 300°C, CO/Hpy = .33
and 4700 Torr of total pressure and T.F.CHu = ,01l at 275°C, CO/Hp = .20
and 1320 Torr total pressure. We have deflned turnover frequencies
(product molecules / metal site . second) using a surface atomlc density of

Mo(100) (1.1x1015 metal sites/cm@). No correction has been made for the
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fact that Mo polycrystalline foll is not composed entlrely of the 10C face.

Using this definitlon no differences in elther rates or product distrivutions

have been ohserved between single crystal or polycrystalline surfaces. A

characteristic product accumzlation curve 1s shown in Flgure 23, the run

times varied from 30 min. to 24 hours, but in general reactlons were

stopped after 4 hours.

Typlcal product distributions for the hydrogenation of CO are shown

in Figure 24. An interesting characteristic of the CO hydrogenation reaction

on Mo is its high selectivity towards olefinic products under our 1low

conversion (< 1%) conditions. At a CO/H2 ratio of 2/1 the rate of

formation of ethene 1s 46 times greater than that of ethane. In the

three carbon products propene 1s observed almost exclﬁsively. During the

course of some runs the surface was contaminated by up to SML (monolayers)

of sulfur as detected by AES after the reaction. In these cases it was

noted that for a sulfur coverage of ~.25ML the rate of methane formation

was attermated by a factor of ~5 while the alkene production rate remained

essentially unchanged relative to those rates observed on the clean Mo

surface {see Figure 25).

Decreases in reaction rates were caused by carbonacecus deposits on

the surface. Figure 26 shows the decline in initial rate of production of

methane versus initial carbon coOvVerage. Carbonacecus overlayers were

produced by heating the surface to 700K and dosing the surface with

various exposures of cyclchexene. Samples contaminated by a heavy

carbonaceous ove

conditions. The

rlayer showed no activity under the standard reaction

clean surface could be regenerated by high temperature

oxidation to remove rhe carbonaceous overlayer. Under UHV condltlons

358




20—

thils can be accompllshed at temperatures of 700-120CK and pressures of
5x10"7 Torr of Oy, with treatment time depending on the extent of the

carbon deposits on the surfaces. The activation energy for methanation
on Mo was found to be 28 Kcal/mol (see Figure-27) similar to that found

on Ni, Fh, Ri, and Fe.

In an attempt to produce longer chain (3 3) hydrocarbons through
secondary reactions ethene was added to the reaction gas mixture. The
primary result of this addition was the hydrogenation of ethene to ethane,
while no production of longer chain hydrocarbons was observed. Therefore
it appears that the propene produced is not the result of' ethene reacting
with CHy fragments on the surface. The high pressure cell used in the
reactions has a leak which leaves a steady state pressure of ~1x10~7
Torr in the UHV chamber. Mass spectroscopy was used to determine the
composition of gases leaking from the high pressure cell Into the chamber.
From these studles both Hy0 and COp were observed. Thls leads to the
conclusion that the water gas shift reaction

CO + HoO & COp + HxO

takes places under cur reaction conditions.

To investigate other surface oxldatlon states the surface was oxlidized
to form MoO, on the surface as detected by AES. In these experiments
we found no difference in the rates or product distributions. The oxide
catalyst did have a 50% slower rate of poisoning under the same temperature
and pressure compared to clean Mo, Auger electron spectra after these
reactions indicated that the surface was partlally reduced during the

hydrogenation.
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Studles wére performed to determine the effect of alkall doplng on
the catalytic activity and selectivity. Figure 28 shows the reaction ratés
as a function of potassium coverage, for Hyp/CO = 2/1 at a total pressure
of 6 atm and a temperature of 300°C. For low coverages of potassium a
rate enhancement was observed on Mopoyl samples. The product distribution
shifted towards olefinic products. We see 2 factor of 4 increase In the
rate of formation of ethene while the rate of formation of methane and

ethane remain unchanged. At higher potassium coverages total activity declines.

Transition Metal-Zeolite Combined Catalysts

Tron and cobalt 1loaded zeolltes that were supplied by Union Carbide
(samples 1004284, 9939-83, 9939-85) were inserted into the high pressure =
low pressure apraratus. Upon evacuation, degassing conmenced as a result
of the very high surface aveas of these samples. Unfortunately, our
neater could not provide higher than 200°C sample temperatures without
extensive modifications. Under these conditions the slow degassing
prevented us from obtain definitive combined high pressure - surface
science studies within the period of the contract. It is regrettable
that these studies could not be continued because of the termination of

the contract.
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RIGH PRESSURE/ LOW PRESSURE CHAMBER
FOR CATALYST SURFACE STUDIES
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Figure 1

Schematic representation of a champer used to do
both high pressure catalysis and ultrahigh vacuum

studies.
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