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Carbon monoxide hydrogenation has been studied on polycrystalline cobalt foils and on thin
cobalt films evaporated on gold substrate, using a combination of UHV studies and atmospheric
pressure reactions. in the temperature range from 475 to 575 K and at 101 kPa total pressure. On
the cobalt foils we have detected C,—C| hydrocarbons and on the Co/Au surfaces C-C; hydrocar-
bons. The activation energy of methane formation is the same for both types of surfaces (--86 kJ/
mol). but the CO and H, partial pressure dependencies of the rate are different. For Co/Au surfaces
the reaction rate increases with increasing partial pressures of both H, and CQO, but on cobalt foils
the CO pressure dependence is negative, as for the supported cobalt catalysts reported in the
literature. On cobalt foil the CO hydrogenation reaction proceeds via CO dissociation. followed
by subsequent hydrogenation of surface carbon, whereas in the Co/Au system the rate-limiting
step 1s either formation or dissociation of « CHOH-complex. Auger electron spectroscopy shows
no excessive carbon build-up during the reaction on any of the cobalt surfaces below S50 K.
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1. INTRODUCTION

The use of cobalt in catalyzing the hy-
drogenation of carbon monoxide to pro-
duce hquid  hydrocarbons  (Fischer—
Tropsch synthesis) goes back to 1920s (/,
2). In spite of the impressive catalytic
properties and promising chemisorption
properties for other surface science appli-
cations, cobalt has not been widely studied
by the various techniques of modern sur-
face science as compared to its neighbors
on the periodic table (iron, nickel, or rho-
dium). Cobalt has rarely been used as a
model catalyst, although foils and single
crystals of the metal are readily available.
One reason, perhaps, is the difficulty in
removing impurities from its bulk, although
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the cleaning of iron presents a more formi-
dable challenge.

The purpose of this paper is to use cobalt
as a model catalyst for combined reactivity
and surface science studies of its behavior
for the CO-H, reaction. We used both poly-
crystalline cobalt foils and thin cobalt films
deposited on gold foils as small-area model
catalysts. As will be seen, the thin cobalt
films proved to have catalytic properties dif-
ferent from those of the clean cobalt foils.
The rates at 101 kPa, product distribution,
activation energy, and partial pressure de-
pendencies were determined for the CO hy-
drogenation reaction. These kinetic parame-
ters were then compared with that of iron,
nickel, and rhodium.

Carbon monoxide hydrogenation has pre-
viously been studied on Co(0001) (3),
Co(1120), Co(1012) (4) and on submono-
layer coverage of cobalt on W(110) and
W(100) (5). Supported cobalt catalysts have
been studied frequently, and we have used
the results of Johnson et al. (5), Vannice
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(6), and Fu and Bartholomew (7) for com-
parisons.

Our studies show an activation energy for
methane formation on polycrystalline cobalt
of 86 kJ/mol based on the initial rate of meth-
ane formation. The activation energy on co-
balt single crystals is lower (70 kl/mol) (4),
but higher on strained cobalt surfaces (93
kJ/mol) (5).

Cobalt shows a lower activation energy
than Rh, Ni. and Fe. The turnover rates can
be arranged into two groups: Fe and Co
show higher rates than Ni and Rh and the
selectivity towards methane decreases in
the order Ni > Rh > Co > Fe. According
to the measurements on supported cata-
lysts (6}, the ranking for activation energy
is Fe < Rh < Ni < Co, and for turnover
rate Fe > Ni > Co > Rh. indicating that
the support material may alter the activity
and the reaction mechanism.

Since only low-molecular-weight C,-C;
hydrocarbons are produced at the low con-
version rate obtained on our small-area
model catalysts, the formation of liquid hy-
drocarbons from CO and H, (that cobalt is
so well known for) must be the result of
secondary reactions similar to the behavior
of iron.

2. EXPERIMENTAL

All of our research was carried out in a
combined ultrahigh vacuum (UHV) atmo-
spheric pressure chamber used, e.g., by
Garfunkel ¢r al. (8) and described originally
by Cabrera et al. (9). The camber is pumped
with a diffusion pump and it is equipped
with double-pass cylindrical mirror analyzer
(CMA) for Auger electron spectroscopy
(AES) and a 3-keV sputter ion gun for sam-
ple cleaning. A quadrupole mass spectrome-
ter can be used to perform thermal desorp-
tion spectroscopy and vacuum diagnosis.

For catalytic reaction rate studies the
sample that is placed inside the UHV cham-
ber on a manipulator can be enclosed in a
special isolation cell that constitutes part of
a microbatch reactor operating at atmo-
spheric pressures. The isolation cell is
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closed by a hydraulic piston that presses a
standard mini ConFlat Cu gasket between
two knife edges. While the pressure inside
the cell is raised to 101 kPa (760 Torr), the
pressure outside the cell is maintained be-
low a few uPa (below 10 ¥ Torr). Other parts
of the reaction loop are a gas chromatograph
(GC), automatic sampling valve, and ateflon
pump by which the gas mixture is circulated
inside the reaction loop. The total volume
of the reaction loop is approximately 260
c¢m®. The temperature of the tube walls can
be raised with heating tapes to prevent con-
densation of reaction products during the
run. Products generated during the reaction
experiment are separated with the GC using
a Porapak Q column, and measured with a
flame ionization detector. The evacuation
of the cell after a reaction experiment before
opening the cell to the vacuum chamber is
performed with a mechanical pump and then
with a sorption pump until the pressure is
below 200 mPa (1.5 mTorr).

The reactants are introduced via a gas-
handling manifold pumped with the mechan-
ical and the sorption pump. The gas pressure
during introduction is measured with a dif-
ferential pressure gauge. All gases in the
experiments are passed through liquid nitro-
gen cooled molecular sieve traps prior to
use. The CO (99.5%) was first trapped by
the cold (77 K) molecular sieve and then
released by removing the LN, dewar to let
the trap temperature increase about 10 K.
This is enough to exceed the boiling point
of CO (81.6 K) but to remain still below the
boiling points for e.g., O, (90 K), CO, (195
K}, or methane (109 K). Argon (99.9%) was
introduced in similar manner when it was
needed as a fill-up gas. In the case of hydro-
gen (99.99%) it is passed through the cold
trap with continuous cooling of the trap.

Two kinds of samples were used in the
experiments; cobalt thin films evaporated
on gold foils and thin cobalt foils. The gold
substrates used in the experiments were
small rectangular pieces of 38-um-thick foil
about 1 cm’ in size and the cobalt foils were
125-pm-thick high-purity foil with surface
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areas <lcm’. Both types of samples were
spotwelded on 0.9-mm Au wires connected
to a rotatable manipulator using Cu sup-
ports. This way the sample could be re-
sistively heated without significant heating
of any other part of the chamber. During
reaction rate studies when typical currents
of 40 A were used the Cu feedtroughs were
cooled by air flow. The sample temperature
was measured via a chromel-alumel ther-
mocouple spotwelded on the backside of the
sample, and maintained using a proportional
temperature controller within = 3 K. At the
start of the reaction experiment the sample
temperature was raised during 4 90 s time
span.

Prior to experiments both faces of both
types of samples (cobalt and gold foil) were
cleaned. The gold substrates were cleaned
using cycles of Ne* or Ar* sputtering fol-
lowed by O, exposure at 770 K until only
gold peaks could be detected. The cobait
was then evaporated on the clean gold sur-
face. After reaction experiments, the sur-
face was cleaned by short sputtering in order
to remove carbon deposited during the reac-
tion, which in most cases required the re-
moval of the rest of the cobalt layer as well.
The cobalt foil samples were cleaned by Ar’
sputtering followed by H, exposure at 101
kPa for several hours to react with the car-
bon segregating to the surface. This pro-
duced a cobalt surface with small amounts
of Cl that was easily removed by sputtering.
When the surface was annealed after sput-
tering, small amounts of carbon segregated
to the surface. After the reaction rate mea-
surements the surface was cleaned by sput-
tering followed by annealing at 770 K.

The cobalt evaporation source consists
of a 0.5-mm W-wire around which the high
purity cobalt was wrapped. The source is
surrounded by a Ta shield to prevent cobalt
deposition all over the chamber and the
amount of metal deposition is controlled by
manual shutter in front of the source. The
current through the W-wire was manually
adjusted and a Pt-Re thermocouple was
used to measure its temperature. The cur-
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FiG. 1. Auger peak intensities of Au NVV (239 eV)
and Co LMM (775 eV) lines and the secondary emission
current due to Auger electron gun (/) as a function of
cobalt evaporation time on Au foil. The Auger peak
intensities have been normalized independently.

rent feedtroughs were cooled by air flow.
The pressure in the UHV chamber during
cobalt evaporation was below 1 uPa.

3. RESULTS

3.1. Cobualt Deposition onto Gold and 1ts
Subsequent Diffusion into the Substrate

Cobalt evaporation was performed at room
temperature, and was monitored by measur-
ing the cobalt and gold Auger signals versus
evaporation time (As—t) and the secondary
emission current due to Auger electron gun
versus evaporation time (/.~f) as shown in
Fig. 1. The shapes of the As—r and /.-t
curves give information on the layer growth
mechanism. Discontinuous changes (or
break points) in the slopes are usually as-
signed to completion of adsorbate layers.
The solid lines have been drawn to deter-
mine the changes in the slopes of the curves
in Fig. 1. Both As-r signals indicate break
points at about 225 s that can be assigned
to the completion of the first monolayer.
The second break at 450 s that can be seen
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FiG. 2. The relative amounts of cobalt (black) and gold (open} on the surface as a function of
annealing temperature (A) and as a function of annealing time (B) in vacuum. The amounts have been
calculated from Auger intensities measured at room temperature between subsequent annealings.
{A) The markers correspond 10 annealing times of 2 (Z). 10 (£4), and 20 min (Z). The vertical lines
indicate the range of reaction temperatures used in this work. (B) The markers correspond to annealing
temperatures of 580 K (), 620 K (/). and 670 K (L5). The lines are fits to the data using Eq. (1) with

diffusion coefficient vatues 4 x 1077, 2.5 x 10
respectively.

only in the cobalt data indicates where the
second monolayer would be completed if
the growth proceeded in layer-by-layer
mode. The Au Auger peak intensity after
225 s evaporation is about 509% of that of
the initially clean surface. For higher evapo-
ration times no clear break points can be
seen in the data and the curves smoothly
reach their saturation values. though the
solid lines are drawn as the growth would
proceed in layer-by-layer mode.

In Fig. 2A the effect of temperature on
the amount of Co and Au in the surface layer
is displayed. The Co and Au Auger peak
intensities were measured as a function an-
nealing temperature from 300 to 900 K with
2, 10. and 20 min annealing at each tempera-
ture. The initial thickness of the cobait layer
was about 6-8 ML. The data indicates that
cobalt diffusion into gold becomes detect-
able upon heating to 600 K in vacuum. The
binary phase diagram of Au—Co system (/0)

oand 7 x 107" em?® 57! at S80. 620. and 670 K,

indicates 0.1 wt% solubility of cobalt in gold
at 670 K.

The diffusion of cobalt into gold was fur-
ther studied by isothermal annealing of the
as deposited cobalt film at 580, 620, and 670
K in vacuum. The data from these experi-
ments 1s shown in Fig. 2B. The measured
data was fitted using the equation

Xy

(1) = 1(,el'f<'2—\757). (N

where ¢ isalime. X, 18 the information depth
(about 12 A using AES). and D the diffusion
coefficient. Equation (1) has been obtained
from the solution of Fick’s diffusion equa-
tion assuming diffusion only in one dimen-
sion (/7). The values for the diffusion coef-
ficient were 4 x 1077, 2.5 x 107!, and 7 x
10" cm?s™ ! at 580, 620, and 670 K, respec-
tively, when an information depth of 12 A
was assumed. These values give an esti-
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mated activation energy of 92 kJ/mol for
cobalt diffusion into gold.

The diffusion of cobalt into gold was also
observed during the CO hydrogenation re-
action at reaction temperatures between 475
and 570 K. To characterize the amount of
cobalt diffused into gold and the speed of
the process, we measured the surface com-
position before the reactions and after I, 2,
and 10 min at the reaction conditions (101
kPa total pressure and 1.24 H./CO ratio).
The final cobalt surface composition was
already reached after 2 min at the reaction
conditions. The rate of diffusion increased
when the reaction temperature increased
but some diffusion was also seen after reac-
tion rate studies at 475 K. The cobalt film
thickness before the reaction was about 6-8
ML and after the reaction experiment it had
been reduced to below 1 ML.

The cobalt evaporation was repeated sev-
eral times followed by annealing of the sur-
face up to 670 K in order to slow down the
diffusion by increasing the cobalt concentra-
tion in the near surface region of the gold
foil. This resulted in slower cobalt diffusion
and a little higher cobalt concentrations of
the surface after the reaction rate experi-
ments but during all the reaction rate studies
we lost considerable amount of cobalt. To
characterize the driving force for cobalt dif-
fusion into the gold a set of runs were per-
formed in 101 kPa where first H,, then CO,
and finally both were replaced by argon.
Cobalt diffusion into gold was observed only
in the case where H, was present.

The amount of cobalt on the surface be-
fore and after reaction experiments was ana-
lyzed using AES. Because the information
depth of AES is several monolayers, the
cobalt signal does not necessary give the
surface coverage of cobalt on gold. The cov-
erage calculated from Au NVV and Co
LMM Auger peak intensities were, how-
ever, used when the turnover rates on Co/
Au system were calculated. We also per-
formed a few thermal desorption studies on
Co/Au samples. First CO was adsorbed at
room temperature and then the desorbed
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amounts were used to estimate the coverage
of cobalt after the reaction. The results indi-
cate that the values obtained for cobalt cov-
erages from the AES data after the reaction
are about a factor of 2 too high. This discrep-
ancy may be due to different information
depths or to carbon deposits on the surface
that block cobalt sites from CO adsorption.

3.2. Carbon Monoxide Hydrogenation on
Col/Au System

The catalytic hydrogenation of carbon
monoxide has been investigated in the tem-
perature range from 475 to 570 K on cobalt
films evaporated on gold. As described in
the previous section the cobalt film thick-
ness during the reaction is below I ML due
to Co diffusion into Au though the initial
thickness of the freshly deposited cobalt
layer was 6~8 monolayers. The initial rate
of methane formation for the Co/Au surface
was 0.02 methane molecules per cobalt site
per second at 550 K when the H./CO ratio
was 1.24 and the total pressure 101 kPa (760
Torr). At 525 K with H-/CO ratio of 3 the
rate equals 0.01 CH, site™' s~'. The initial
rate of methane formation was determined
by evaluating the initial slope of the accumu-
lated methane versus time curve and divid-
ing it by the estimated number of cobalt
atoms on the surface. The amount of cobalt
on the surface after the reaction was esti-
mated from the AES Co and Au peak heights
measured immediately after the reaction.

The initial reaction rate as a function of
the inverse temperature is plotted in Fig.
3A. The data has been obtained by varying
the sample temperature while holding the
total pressure and reactant gas composition
constant at Py, = 56kPa (420 Torr) and
Pco = 45 kPa (320 Torr). The activation
energy for methane formation determined
from the initial reaction rates was (92 = 10)
kJ/mol with a tendency to decrease as the
reaction time increases. In Fig. 3B we plot
the methane and ethene concentrations after
1 h reaction time as a function of the inverse
temperature. At this point the activation en-
ergy was estimated to (86 = 7) kJ/mol for
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F1G. 3. Initial rate of methane formation (A) and the accumulated amount of C,—C, products after
1 h reaction (B) as a function of inverse temperature on Co/Au samples. The H./CO ratio was 1.24
and the total pressure 101 kPa (760 Torr). The solid line in (A) is drawn for an activation energy of
92 kf/mol. whereas the solid lines in (B) are obtained with values of 86 kJ/mol for methane and 79

kJ/mol for ethene.

methane and (79 = 9) kJ/mol for ethene.
The data in Fig. 3 fall relatively well on the
lines representing the activation energies
except at temperatures exceeding 560 K
where the activity starts to decrease.

The product distributions at different tem-
peratures after 1 h reaction time are given
in Fig. 4. The total pressure was 101 kPa
and the H,/CO ratio 1.24. At 475 K the reac-
tivity is so small that formation of longer
chain hydrocarbons could not be detected
but the selectivity shifts towards higher mo-
lecular weight hydrocarbons with increasing
temperature. Between 495 and 550 K the
selectivity to methane is between 87 and
85%¢, but at 570 K it is only 689 . The Co/Au
surface is highly selective toward alkenes
under these conditions and no C,~C, al-
kanes were detected.

The dependence of the rate of methane
formation on the partial pressure of the re-
actants was determined by varying the par-
tial pressures of both reactant gases inde-
pendently while maintaining the total
pressure at 101 kPa using argon as a fill-
up gas. The results from these experiments

TOF (&) 0.001 0.003 0.010 0.024 0.018

100
Co/Au

H,/CO= 1.24

SELECTIVITY (wt-%)

€,GC  CGC GGG CGC GGG
475 K 495 K 525 K 550 K 570 K
TEMPERATURE (K)

F1G. 4. Product distributions at five different temper-
atures on Co/Au surface. The total pressure was 101
kPa and the H,/CO ratio 1.24. The initial reaction rate
is also given at these temperatures. The saturated hy-
drocarbons are represented by black columns, whereas
unsaturated are denoted by white.
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formation on Co/Au surface. The reaction temperature was 525 K and the total pressure was 101 kPa.

performed at 525 K are shown in Fig. 5. The
measured data was fitted to the equation

. — [t 3
rew, = A piy, plo (2)

to determine the coefficients « and 3 for H,
and CO pressure dependencies. The lines in
Fig. 5 correspond to values of « = 0.85 for
H, pressures between 6.8 and 56 kPa while
CO pressure was 45 kPa, and 8 = 0.6 for
CO pressure from 3.5 to 45 kPa while H,
pressure was 56 kPa.

After termination of the reaction and
evacuation of the cell the sample surface
was characterized by AES to detect possible
impurities. the amount of carbon deposited
on the surface during the reaction and to
estimate the amount of cobalt left on the
surface. After some of the runs small con-
tamination of chlorine was detected on the
surface. The source of Cl is most probably
the previous reactions that used chlorinated
hydrocarbons in the same system. The accu-
mulation of carbon on the Co/Au surface is
demonstrated in Fig. 6, where the carbon-
to-cobalt AES peak intensity ratio is plotted
as a function of reaction temperature. The
data indicate that the ratio starts to increase

at temperatures higher than 525 K. If we
assume an cqual depth distribution for Co,
C. and Au atoms after the reaction experi-
ment, we get typical concentrations of 209
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Fi16. 6. The carbon/cobalt AES peak height ratio as
a function of reaction temperature on Co/Au samples.
The data has been measured immediately after evacua-

tion of the reaction cell. The gas composition used

featured an H./CO ratio of 1.24 at 101 kPa.
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FiG. 7. Initial rate of methane formation (A) and the accumulated amount of C—C products after
| h reaction (B) as a function of inverse temperature on cobalt samples. Ethane and ¢thene are shown
separately and C, and C, are propene and butene, respectively. The H,/CO ratio was 1.24 and the
total pressure 101 kPa. The solid line in (A) is drawn for an activation energy of 86 kl/mol, whereas
the solid lines in (B) are obtained with values of 83 kJ/mol for methane, 65 kJ/mol for ethene. 68 kJ/
mol for ethane, 63 kJ/mol for propene, and § kJ/mol for butene.

Co and 2% C on the gold surface, indicating
that only every tenth cobalt atom is decor-
ated with carbon.

It should be pointed out that in case of
segregation of gold onto the cobalt surface,
or of carbon, we cannot assume equal depth
distribution for these three elements. In this
circumstance the surface concentrations ob-
tained using the assumption of equal depth
distribution would have to be modified.

3.3. Carbon Monoxide Hyvdrogenation
over Cobalt Foils

For comparison, all the CO hydrogena-
tion experiments performed on the Co/Au
system were repeated on cobalt foil samples
in the temperature range of 475 to 570 K.
The initial rate of methane formation at 550
K when the H,/CO ratio was 1.24 and the
total pressure 101 kPa was 0.43 methane
molecules produced per cobalt site per sec-
ond. After increasing the H,/CO ratio to 3
and decreasing the reaction temperature to
525 K the initial rate remained almost equal,

0.52 CH, site 's"'. The geometrical surface
area of the sample with 10'* atoms/cm’ was
used to estimate the initial turnover number
from the accumulated methane versus time
data.

The Arrhenius plots for the CO hydroge-
nation is plotted in Fig. 7. The data has been
obtained by varying the sample temperature
while holding the total pressure and reactant
gas composition constant (P, = 56 kPa.
Py = 45 kPa). The solid line in the initial
methane formation rate data in Fig. 7A rep-
resents an activation energy of 86 kJ/mol. In
Fig. 7B the concentration of C,~C, products
after 1 hreaction time is plotted. The activa-
tion energy for methane formation when de-
termined from the data taken after I h reac-
tion time 1s (83 = 4) kJ/mol. The activation
energics for ethene, ethane, and propene
formation were estimated to be (65 = 7),
(68 = 7), and (63 = 10)kJ/mol, respectively.
The amount of butene formed seems to de-
pend only weakly on temperature.

The product distributions after 1 h reac-
tion time at various temperatures are given
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in Fig. 8. The saturated hydrocarbons are
marked with black and the unsaturated with
white columns. [t can be seen that the selec-
tivity towards methane increases from 55 to
71% with increasing reaction temperature
up to 550 K. The 570-K case seems to devi-
ate from this overall trend by lower methane
formation. The C, fraction remains almost
constant and the C; and C, fractions de-
crease with increasing temperature up to 550
K. The fraction of ethene in C, is between
86 and 94% and the C; and C, hydrocarbons
are solely alkenes.

The dependence of the rate of methane
formation on the partial pressures of the re-
actants was determined by varying the par-
tial pressure of both reactant gases indepen-
dently while maintaining the total pressure
at 101 kP4 using argon as a fill-up gas. The
results from these experiments performed at
525 K are shown in Fig. 9. For CO pressure
dependence mcasurements the H, pressure
was held at 56 kPa (420 Torr) and for the
H, pressure dependence measurements the

TOF (s'') 0.025 0.059 0.17 0.43 0.35
100+ 4
Co foil
aoL H,/CO = 1.24

SELECTIVITY (wt-%)

CGGC, CGGE, CGGC, CGGC,  CCGC,
475 K 485 K 525 K 550 K 570 K
TEMPERATURE (K)

F1G. 8. Reaction product distributions at five differ-
ent temperatures on cobalt foil. The total pressure was
101 kPa and the H,/CO ratio 1.24. The initial turnover
rate is also given at these temperatures. The C, is
mainly ethene; C, and C, are propene and pentene,
respectively. The saturated hydrocarbons are repre-
sented by black columns. whereas unsaturated are de-
noted by white.
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CO pressure was held at 25 kPa (190 Torr).
The solid lines in the initial rate data in Figs.
9A and 9B have been obtained using Eq. (2)
with exponents « = 1.5 and 8 = —0.75 for
H, pressures between 12 and 76 kPa and for
CO pressures from 3.5 to 45 kPa, respec-
tively. The partial pressure dependencies of
all products are given in Figs. 9C and 9D
after 1 h reaction time. The concentrations
of all the products increase with increasing
H, pressure, and decrease with increasing
CO pressure with the exception of ethene
and propene at CO pressures between 3.5
and 7 kPa. The lines in Figs. 9C and 9D
have also been obtained using Eq. (2) with
the values given in Table 1.

To further characterize the dependence
of the reaction rate on the reactant gas mix-
ture the H,/CO ratio was changed and prod-
uct distributions plotted in Fig. 10 after 1 h
reaction time at 525 K. The relative amount
of methane produced increases, the C, and
C, fractions decrease and the C, fraction
remains constant as the H/CO ratio in-
creases. The ethene fraction of C, products
decreases from 92 to 73% when the H,/CO
ratio goes from 1.24 to 3. The total activity
of the cobalt foil increases and the amount
of carbon detected on the surface after the
reaction decreases with increasing H./CO
ratio.

The cobalt foil surface composition was
characterized by AES immediately after
opening the reaction cell without any further
heating of the sample. The spectra showed
variable amounts of carbon deposited on the
surface together with random appearance of
small S or Cl peaks. The AES peak intensity
ratio of carbon and cobalt after the reaction
1s plotted in Fig. 11 as a function of reaction
temperature. The C/Co ratio stays almost
constant as the temperature increases up to
525 K. At 550 K the amount of carbon is
slightly higher and at 570 K significantly
more carbon has been deposited on the sur-
face during the reaction which also de-
creased the cobalt peak height. The peak
shape of the carbon KLL Auger lines (/2)
indicates that only after reaction experi-
ments at 570 K carbon is in graphitic form.
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F1G. 9. The partial pressure dependence of initial rate of methane formation (A, B) and of accumulated
products after 1 h reaction time (C, D). Hydrogen partial pressure dependences are given in (A) and
(C) and carbon monoxide partial pressure dependences in (B) and (D). The reaction temperature was

525 K and the total pressure was 101 kPa.

When the amount of products was plotted
as a function of carbon number in the hydro-
carbon chain, the value for the chain growth
probability o was obtained using the Ander-
son-Schultz-Flory distribution. For cobalt
foil a value of 0.28 was obtained for H./CO
ratio of 3 after 2 h reaction time. The experi-
ment was continued up to 5 h but only minor
changes in the product distribution were de-
tected that did not affect the value of .

TABLE 1

Hydrogen (a) and Carbon Monoxide (8) Partial
Pressure Exponents of the Reaction Rate of Different
Reaction Products on the Cobalt Foil Surface

CH, GCH, GCH, . C,
a 187 130 2.9 1.4 25
B -08  — “16 021 -0.2]

Note. The data have been measured after | hreaction
time and are shown in Figs. 9C and 9D.

TOF (s ) 0.18 0.21 0.52
100+ j
Co ftoil
H,/CO = 3
Hy/CO = 2
80 n/co = 1.24 e

SELECTIVITY (wt-%)

C G GG

& GG ¢

GGG

FiG. 10. Product distributions for reactions at differ-
ent H,/CO ratios at 525 K at 10} kPa 1otal pressure.
The saturated hydrocarbons are represented by black
colvmns, whereas unsaturated are denoted by white.
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4. DISCUSSION

4.1. Cobalt Film Growth and Cobalt
Diffusion in Gold

The Auger signal versus time plot in Fig.
1 showed one break point that was assigned
to completion of the first monolayer. This
film growth data is not sufficient for any
firm conclusion of the growth mode, but we
assume that the cobalt layer on gold grows
at room temperature by completion of the
first monolayer after which a three-dimen-
sional growth begins. The Co/Au peak
height ratio at 1 ML (monolayer) is about
3.6 which gives a cobalt concentration of
34% when using sensitivity factors for co-
balt and gold (/2). The layer growth infor-
mation is only used to estimate the film
thickness before and after the reaction ex-
periments.

Our results of the film growth can be com-
pared to cobalt deposition studies on other
metals, Deposition of cobalt on Pt(100) at
room temperature gives rise to interdiffu-
sion of Co and Pt with the loss of the LEED
pattern after | ML (/3). When the evapora-
tion is performed at lower temperature (100
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K) on reconstructed Pt(110)(1 x 2) surface,
pseudo-layer-by-layer growth has been ob-
served without any long range order (/4).
Epitaxial layer-by-layer growth has beenre-
ported on Cu(100) between 270 and 450 K
(15, 16). On Mo(110) cobalt films follow
pseudo-layer-by-layer growth at RT with a
tendency to begin the formation of the next
layer before the previous is completed (/7).
Completion of each layer before the start of
the next can only be achieved by deposition
or annealing at elevated temperatures. No
alloying can be seen up to I ML. On gold
substrates only chromium has been studied.
On Au(100) the first Cr layer grows epitaxi-
ally and the next layer can grow either in
layer-by-layer mode or three dimensionally
(18).

The annealing studies in vacuum give an
estimated activation energy for cobalt diffu-
sion in gold of 92 ki/mol. Cobalt diffusion
in gold has been studied earlier in the tem-
perature range between 490 and 512 K (/9)
and between 970 and 1320 K (20). The low-
temperature-range data has been obtained
using X-ray photoelectron spectroscopy
from a layer structure consisting of 300 nm
of Au on 40 nm of Co on a quartz substrate.
The cobalt diffused through the gold iayer
is measured after heating in air between 490
and 512 K. The reported activation energy
of 109 kJ/mol for cobalt diffusion is consis-
tent with the grain boundary diffusion mech-
anism according to Swartz et «l. (19). The
high temperature range data has been ob-
tained using X-ray diffraction. In this tem-
perature range the activation energy is con-
siderably higher than at low temperatures,
184 kJ/mol (20), but values for diffusion co-
efficient extrapolated to the lower tempera-
ture range coincide with our values. A sum-
mary of the values for diffusion coefficients
between 470 and 570 K is given in Table 2.

Cobalt diffusion into gold was observed
to take place at much lower temperatures
when the samples were heated ina hydrogen
atmosphere. The temperature needed for
reaching the same surface composition in
10 min decreases from 700 to 525 K. After
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TABLE 2

Comparison of Diffusion Coefficient Values for Cobalt
Diffusion in Gold between 470 and 570 K

TiK) Dicm® sy Diem® s Diem® s
470 72 % 10770 88 x 1077 3.9 x [0
S80 4.0 x 1077 #3.3 < [0 5 x oM
670 7.0 x 107" F11x 107 #16 x 10
Reference This work (20) (19)

Note, The extrapolated values are denoted with an
asterisk'*.

heating to 525 K in an H, atmosphere, the
surface composition includes about 20% co-
balt in the near-surface region, whereas the
annealing experiments in vacuum at 700 K
ended up in a state where no cobalt was
left on the surface. Thus the H, atmosphere
seems to affect the surface region but cannot
push the cobalt atoms deeper into the gold
bulk.

4.2. Comparison of CO Hydrogenation
Results on ColAu and on Cobalt Foil

The most obvious difference observed in
the reaction experiments between the Co/
Au system and the cobalt foil is the about
20-fold difference in the total methane for-
mation rate. On clean gold no reactivity was
observed indicating that the presence of co-
balt atoms is essential. The amount of cobalt
on the surface has been taken into account
when the turnover rates were calculated and
thus the loss of cobalt during the reaction
is not sufficient to explain the difference in
the rates.

The following remarks and possible ex-
planations can be made based on the mea-
sured difference in the rates: The difference
indicates that only about 5% of the surface
sites are active in the reaction on Co/Au
surface compared to cobalt foil, the active
Co site is not the on-top site but the reaction
requires more than one Co atom, and/or
sites with Co—Au bond are active in the re-
action with lower activity than the sites on
clean cobalt.
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In order to test the active site hypothesis,
we calculated the fraction of bridge and
threefold sites as a function of cobalt island
size assuming a hexagonal surface and a co-
balt concentration of 20%, as was typically
given by AES after the reaction. The results
indicate that if the reaction requires bridge
or threefold cobalt sites, the presence of
small (<5 atoms) cobalt islands on gold
could explain the difference in the rate of
methane formation between Co foil and Co/
Au. If the surface was covered with a gold
or carbon monolayer marked attenuation of
the reaction rate would occur as well. Fu-
ture studies will have to verify the correla-
tion between the surface composition and
reactivity.

The activation energy for methane forma-
tion on Co/Au system is higher than that on
cobalt foil though they can be regarded
equal within the experimental error as can
be seen in Table 3. On both surfaces the
activation energy based on the initial rate
measurements is 3—-4 kJ/mol higher than
that based on the steady-state data. The acti-
vation energy for ethene formation on Co/
Au is higher than that observed on cobalt
foil indicating a different rate-limiting step
for ethene formation.

The product distributions at different tem-

TABLE 3

Comparison of CO Hydrogenation Data on the Co/Au
System and on Cobalt Foil

CoiAu Cobalt
CHy turnover rate at 550 K 0.02 043
ite P
Activation energy for CHy 92+ 10 86 = T kI mo!
formation (from the initial
rates)
Activation ¢nergy for CHy 8+~ 7 83 + 4 kiimol
formation {from the sleady
slate rates)
Hydrogen pressure exponent at 0.85 « 0.2 1.5+ 0.1
S25 K
CO pressure exponent at 525 K 6 + 0.15 -0.75 + 0.2
Activation energy for C-H, 79+ 9 65 + 7 kJ:mol

formation

Notre. The wital pressure was 101 kPa and the H,/CO ratio 1.24 except
for the partial pressure dependence measurements.



218

peratures given in Figs. 4 and 8 show an
opposite trend as the temperature increases.
In the Co/Au case the fraction of methane
decreases with increasing temperature,
whereas on cobalt foils it increases. The de-
creasing methane fraction is explained by
the increasing total activity of the Co/Au
foil as the temperature increases. At 470 K
the total activity is too small to produce
detectable amounts of hydrocarbons other
than methane but as the temperature in-
creases longer chain hydrocarbons are also
formed. On the cobalt foil longer chain hy-
drocarbons are formed and both types of
surfaces are highly selective towards al-
kenes.

The partial pressure dependencies of
these two surfaces are remarkably different
as can be seen in Figs. 5 and 9 and in Table
3. The hydrogen exponents are 0.85 and 1.5
and the CO exponents 0.6 and -0.75 for
Co/Au and cobalt foil, respectively. From
these values we can deduce that on cobalt
foil the reaction may use all the hydrogen
that is available and too large amounts of
CO inhibit the reaction. On the contrary, on
the Co/Au system the adsorption of both
reactants are equally needed to produce
methane.

In order to characterize the difference be-
tween the Co/Au and cobalt foil samples,
the partial pressure data was used to deter-
mine the reaction mechanism for methane
formation on these surfaces. On transition
metal surface the CO hydrogenation has
been proposed to proceed either via CO dis-
sociation or via formation of the enol
(CHOH) complex on the surface (217, 22).
We were able to explain all partial pressure
dependencies using either of these reaction
models, but reasonable fits and surface cov-
erages lead us to conclude that on cobalt
foil the reaction proceeds via CO dissocia-
tion and the rate-limiting step is CH, hydro-
genation as reported earlier (3). On Co/Au
the rate limiting step is either CHOH or CH,
formation within the enol-complex model.
The analysis of the reaction mechanism is
discussed in more details in the Appendix.
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It should be pointed out that we ignored
the possibility of changes in surface compo-
sition (for example, gold surface segregation
on the Co/Au catalyst) of the catalyst as the
partial pressures of CO or H, are altered.
This could complicate the analysis of the
experimental data.

4.3. Comparison of Our Results to Other
Studies on Cobalt

We have measured a set of parameters
on polycrystalline cobalt surface and on the
Co/Au system including initial turnover
rates, activation energies, and selectivities
for different products, and partial pressure
dependencies. When these parameters are
compared to studies on ordered cobalt sur-
faces, the following conclusions can be
made.

The rate of methane formation obtained
in these experiments on polycrystalline foils
is a factor of two higher than the rate on
Co(0001) single crystals where the turnover
frequency of 0.08 site”' s ' has been ob-
tained as an average for 2.5 h experiment
at 525 K. The higher activity on cobalt foil
ts mainly due to the difference in the real
surface area of the sample. The Co(0001),
Co(1120), and Co(1012) surfaces (3. 4)
showed only a weak structure sensitivity
for methane formation and the strained Co/
W(100) and Co/W(110) surfaces (5) also had
about the same turnover rates. Thus we can
conclude that cobalt surfaces do not show
any strong structure sensitivity in methane
formation.

The activation energy for methane forma-
tion on Co(0001), Co(1120). and Co(1012)
was reported to be 70 kJ/mol (4) and on Co/
W(100) and Co/W(110) 93 kJ/mol (5). The
activation energy measured on polycrystal-
line foil, E, = 86 kl/mol, is located between
these two. The differences are not due to
different crystal planes, as can be seen in
the work of Geerlings et al. (4). One possible
explanation is the difference in the amount
of carbon deposited on the surface, which
is known to lower the activation energies
on cobalt surfaces (23, 27). On strained Co/
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W surfaces, on the other hand, the activa-
tion energy can be higher because of surface
structures uncommon to cobalt. On sup-
ported cobalt catalysts activation energies
ranging from 86 to 150 kJ/mol (5) and from
90 to 130 kJ/mol (7) have been reported,
depending on the metal loading and the ex-
tent of reduction. The reported values mea-
sured in Co/Al,O; systems by Vannice (6)
(113 = 18 kJ/mol) and Agrawal et al. (21)
(117 kJ/mol) lie within these limits. The ob-
servations by Lee and Bartholomew (22) for
Co/Al, O, explain the wide variations in the
activation energies in the supported cata-
lysts; and indicate on bulk cobalt a value of
(81 = 2) kJ/mol for the activation energy.
This agrees well with our data.

The activation energies for longer chain
hydrocarbon formation on cobalt are 65, 68,
and 63 kJ/mol for ethene, ethane, and pro-
pene formation, respectively. These values
agree fairly well with the value of 70 kJ/mol
reported by Geerlings er al. on Co(0001) for
ethane and propane formation (3) and on
Co(1120) for ethane formation (4). indicat-
ing that they are formed via the same mecha-
nism on all cobalt crystal planes.

The Co(1120) surface produces longer hy-
drocarbon chains with higher selectivity
than Co(0001) or Co(1012) surfaces (3, 4).
On Co(1120) post-reaction spectroscopy
with EELS revealed larger amounts of C-C
and C-H species on the surface as com-
pared to Co(0001) and Co(1012). The zigzag
troughs on Co(1120) are reported to be re-
sponsible for longer hydrocarbon formation
(24). Our measured product distributions on
polycrystalline cobalt are between those
measured on Co(0001) and Co(1120). Be-
cause the surface of the polycrystalline foil
consists of different crystal planes, it is ex-
pected that the selectivity is between that
of a close packed and more open surface
like our results show. These results indicate
that the chain growth probability is sensitive
to the surface structure.

The alkene fraction of C, products after
S h reaction on Co(0001) is 18%% (3) and on
Co(1120) 60% (4). On Co/W(100) the C, al-
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kene fraction is 75% (5), and our data indi-
cates a value of 82% under similar condi-
tions. Also on supported cobalt the alkene
fraction of C,—C, products is higher than
50% (5), indicating that cobalt is a good cata-
lyst for the production of unsaturated hydro-
carbons.

The partial pressure dependence on co-
balt catalysts can only be compared to val-
ues measured on supported catalysts. On
Co/Al,Oy, the hydrogen exponent in Eq. (2)
has values 0.5 (27) or 1.22 (6). The latter
agrees with our a = 1.5 on cobalt foil. The
CO exponent for a fresh catalyst has been
reported to be —0.24 (2/) and —0.48 (6) and
for a carbon-deactivated catalyst +0.3 (27).
Our value of 8 = —0.75 indicate stronger
CO pressure dependence on cobalt foil than
on supported cobalt.

4.4. Comparison of Cobalt to Other
Transition Metals

Similar CO hydrogenation studies have
been performed on Fe(111) (25), Fe foil (26,
27, &), Ni(100) (28), Ni(l1t) (29), Ni foil
(30), Rh foil (37), Rh(111) (32), and also on
other metal surfaces as reviewed by Rodri-
guez and Goodman (33). When model cata-
lyst studies on cobalt are compared to those
on Fe, Ni, and Rh. the following conclusions
can be drawn.

Turnover rates and activation energies on
Co, Fe, Ni, and Rh can be compared using
the collection of the datain Fig. 12 and Table
4. Highest turnover rates for methane for-
mation have been observed on Fe foil where
the rate is almost twice to that on cobalt. In
this group of four rhodium show the lowest
turnover rates. The activation energy on co-
balt is lower than that on Fe, Ni, and Rh
and it does not correlate with the type of
CO adsorption (dissociative on Fe, partially
dissociative on Co, and molecular on Ni and
Rh (34)). High turnover rate and low activa-
tion energy explains partially why cobalt has
previously been used in the Fischer—
Tropsch synthesis.

The activation energies for longer chain
hydrocarbon formation are given in Table 5
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F1G. 12, Turnover rates on different transition metal
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(15). Cot1120) (16). Co/W(I00) (18). Fe foil (23, 24).
Ni( 100} (26), Rh foil (28). and the supported catalysts
(19).

for Co, Fe, Rh, Re. and Mo. In most cases
the other activation energics are higher than
that for methane formation indicating that
the rate limiting step for CH, formation is
different than that for chain growth. The
activation energy for ethene formation is
equal on Co, Rh, and Fe and that of C,
products about equal on Rh and on Co. This
data indicates that the chain growth pro-
ceeds via similar mechanism on all these
surfaces.

The partial pressure dependence on small
area catalysts has only been studied on Rh
(35) and on Mo (36), and have been used
to discuss the reaction mechanism on these
surfaces. On cobalt foil the values of the
exponents are 1.5 and —0.75, on Rh foil 1.0
and — 1.0 (35), and on Mo(100) 1.0 and 0.32
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for H, and CO (36), respectively. The reac-
tion mechanism for CO hydrogenation on
Ni, Ru, and Fe requires CO dissociation and
subsequent hydrogenation of surface car-
bon (33, 37). On the clean Rh surface (38)
and on Mo(100) (36), CO hydrogenation is
reported to proceed via CHOH formation.
The rate-limiting step is the rupture of the
C-0 bond after formation of the CHOH-
complex. We obtained similar result for the
Co/Au system. When the Rh surface was
modified with 0.5 monolayer of TiO,, the
exponent values for H, and CO changed to
2.5 and —0.3 (38). On the modified surface
the reaction mechanism changed to the so-
called “*carbide model’” and the rate-limiting
step was the adding of the fourth hydrogen
atom (38, 39), as in our results on clean
cobalt. Thus on surfaces, where CO dissoci-
ates spontaneously or with the aid of a pro-
moter, the reaction mechanism follows the
carbide model whereas on the other surfaces
it follows the enol-model.

In supported catalysts the partial pressure
exponents of Co, Fe, Ni, and Rh for hydro-
gen are positive and for CO negative (6).
The values for the hydrogen exponent of Co
(1.22) and Rh (1.04) agree well with those
measured on foil samples. Supported Fe
shows a value of 1.14 and Ni0.77, indicating
that the selectivity to methane increases
with decreasing value of hydrogen ex-
ponent.

Cobalt has been predicted to be interme-
diate between Fe and Ni or Rh in terms of
product distribution and carbon deposition
during the reaction (27). Iron surfaces pro-
duce alkenes with high selectivity (7997) un-
til carbon deposition deactivates the cata-
lyst (26). On cobalt the selectivity is 75%
and graphite formation deactivates the sur-
face if the reaction temperature exceeds 550
K. Nickel surfaces produce only alkanes
and graphite formation starts only above 650
K (28).

5. CONCLUSIONS

The following conclusions can be drawn
from the results and evaluation of the pres-
ent investigation:
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Methane Turnover Rates. Selectivities to Methane at 525 K. and Activation Energies for Methane Formation
for Different Transition Metals

Sample Pressure H./CO TON C, E, Reference
(kPa) ratio (site s)7! (%) (kJ/mol)

Cotfoil) 101 3 0.33 80 86 = 10 This work
Colfoil) 101 2 0.21 75 86 = 10 This work
Co/Au 101 3 0.01 90 92 + {0 This work
Cotfoil) 0.26 40 10 — 71 (30)
Co(0001) 101 2 0.08 80 70 (3)
Co(1120) 101 2 0.03 60 70 (4)
Co/W100) 101 2 0.018 — 93 (5)
Fetfoil) 202 4 8 68K 101 (8)
Fe(foil) 600 3 0.4 gSK 96 + 8 (26)
Fe(foil) 101 4 0.4 SSWK 88 (27)
Fe(foil) + C 600 3 0.14 10057 K 56+5 (26)
Fe(lll) 600 3 — 707K — (25)
Nitfoil) 0.26 40 0.13 — 71 %8 (30)
Ni(100) 16 4 0.012 93° 0t K 103 (28)
Ni(111) 16 4 0.012 — 103 (29)
Rhifoil) 92 3 0.015 84 100 = 13 (31)
Rh(111) 600 3 0.02 90° " K — (32)
Mof 100) 600 2 0.016 90 T K 100 (36)
Re(foil) 202 4 — gy K 17 (8)
Ru(l1) 16 4 0.01 — 125 29)
2% CoiAlLO, 101 3 0.0067 8O K 113 (6)
156 Fe!Al,O, 101 3 0.024 651 K 89 (6)
5% NifALO; 101 3 0.0117 90" K 105 (6)
19¢ RhiALO: 101 3 0.0049 9(*H K 101 (6)

(1) The activation energy for cobalt diffu-
sion into gold in vacuum between 580 and
670 K is 92 kJ/mol. A hydrogen atmosphere
was found to enhance the diffusion.

(2) The overall rate for methane formation
on Co/Au is a factor of 20 lower than that
on cobalt foil. The difference was explained

by diffusion of cobalt into gold during the
reaction and by assuming that more than
one cobalt atom is needed for methane for-
mation on the surface.

(3) The partial pressure dependence on

cobalt foil indicates that the reaction pro-
ceeds via CO dissociation and that the rate-

TABLE §

Activation Energies for Hydrocarbon Formation on Transition Metals in klJ/mol

Product Co Co Fe Rh Re Mo
CH, 86 70 88100 100 17 100
C.H, 65 — 71 65 88 —_
C.H, 68 70 — 107 — 96
C, 63 70 — Si — —
Reference This work (3 (8) (35) (&) (36)

Note. The total pressure and the H./CO ratio varies from one reference to the other.
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limiting step is CH; hydrogenation. On the
Co/Au system the rate limiting step is either
formation or dissociation of the CHOH-
complex formed without CO dissociation.

(4) Comparison of cobalt foil to cobalt
single crystals indicates that methane for-
mation is structure insensitive but the for-
mation of longer chain hydrocarbons is
structure sensitive, and has different rate-
limiting step than the methane formation.

(5) The activation energy for methane for-
mation on cobalt is (86 = 4) kJ/mol, which
is lower than the activation energies mea-
sured of Fe, Ni or Rh.

(6) Graphite formation during CO hydro-
genation on cobalt starts above 550 K,
which is between the temperatures mea-
sured on Fe and Ni (above 650 K).

APPENDIX

Within one reaction mechanism the par-
tial pressure dependencies of the reaction
rate can be easily calculated if one elemen-
tary reaction step is assumed to be the rate-
limiting step (RLS). In the following an-
alysis we used two different reaction
mechanisms (40, 38): in Fig. 13A is given
the so-called *‘carbide’” model that utilizes
CO dissociation and in Fig. 13B the so-
called ‘‘enol-complex’” model where the
C-0 bond breaking takes place after CHOH
formation. Also shown in Figs. 13A and 13B
are the reaction rates as functions of H, and
CO partial pressures when all the steps have
been sequentially used as rate-limiting
steps. The equations shown in Figs. 13A
and 13B were then fitted to the measured
partial pressure data shown in Figs. 5 and
9 for Co/Au and cobalt foil, respectively.
For an acceptable fit, we required that both
H, and CO partial pressure dependencies
were reproduced with same set of coeffi-
cients Ky, Ky, K¢, and K.

In the case of cobalt foil data of Fig. 9 we
only got acceptable fits using Eqs. (7) from
Fig. 13A or 13B, indicating that the CH;
hydrogenation is the rate limiting step on
cobalt foil regardless of the reaction mecha-
nism. The resulting curves from the fits of
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the carbide model to the cobalt foil data are
shown in Fig. 14, where the fit was made to
the CO and the parameters were then used
to calculate the H, partial pressure depen-
dence. The results clearly show that on co-
balt foil the rate determining step is the hy-
drogenation of CH; species. The numbers
at the lines refer to the different lines in
the reaction mechanism equations shown in
Fig. 13A.

In the case of Co/Au we got acceptable
fits using Eqs. (5) through (7) from Fig. 13A
and Eqgs. (4) through (7) from Fig. 13B which
only excludes the adsorption processes as
rate-limiting steps.

The surface coverages during the reac-
tion, 6. fy. and 6, can be calculated as
functions of partial pressures when the coef-
ficient K, are known from the fit. We used
the calculated surface coverages to exclude
unrealistic results from the body of possible
RLSs obtained by fitting the data.

On cobalt foil, using Eq. (7) from the car-
bide model, the CO coverage increases from
0.4 to 0.8 and the hydrogen coverage de-
creases from 0.5 to 0.1 when the CO partial
pressure increases from 3.5 to 45 kPa. The
carbon coverage stays almost constant at
6 = 0.1. Changes in hydrogen partial pres-
sure does not affect the CO coverage (6.
= 0.7), but the 8 decreases from 0.2 to 0.1
and 6, increases from 0.1 to 0.2 as hydrogen
partial pressure increases from 13 to 76 kPa.
These findings are in agreement with the
coadsorption studies of CO and H, on co-
balt. where CO adsorption was not affected
by simultaneous hydrogen adsorption but
CO was able to displace hydrogen on the
surface (47). Fit of Eq. (7) from the enol-
complex model gave approximately equal
values for the coverages as the carbide
model. The post reaction Auger data shown
in Fig. 11 indicates carbon deposition during
the reaction. Small amounts of carbon, as
detected below 550 K, can be explained ei-
ther as carbon from CO dissociation or as
various CH species left on the surface within
both models. The higher amounts of carbon
deposited above 550 K strongly point to a
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Ko péd piy

(1 + Kco peo + Kup,‘{zz+ch‘c%+...]2

Ko pt pif?

2
1 +Kcopeo+ Kupif + Kc plg pilf* + )

Ko ptd pif?

1 +Keopco+ Kuplft + Ke pipit? + - f

B: Enol-complex theory

CO+* & CO*

H; + 2* & 2H*

CO* + 2H* & CHOH* + 2*

CHOH* + * &> CHy* + O*

C}_bt’,HtHC}.bt*,t

CHy* + H* &> CH; +2*

O* + H* & OH* + *

OH* + H* & H;0 + 2+

R

R

Rate if the step on this line is rate limiting

R=_‘__KOR&__
(1 +KC0PC0+~--F

R =

R_

R

Ko pco piy

r”

{1 + Kco peco+ Kitpif s

Ko Pco Py,

{1 + Kcopeo + KHP%{:"’KCPCOPW*W)Z

Ko pe3 pifs

{1 + Kcopco+ Kupiff + Kc pco Piu+ ...

)2

Ko p pif?

{1 + Kcopco+ Kupiff + Kc pco P+ ...

'2

F1G. 13. Proposed reaction mechanisms and equations for reaction rate as functions of CO and H,
partial pressure if different steps are assumed 1o be rate limiting. Asterisk (*) denotes a vacant
adsorption site and X* a molecule adsorbed on a site. (A) is the model involving CO dissociation and
(B) is the enol-complex model.
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FiG. 14. Measured partial pressure dependence of hydrogen (A) and CO (B) and the model calcula-
tions of the partial pressure dependence assuming different elementary reaction steps as rate-determin-
ing. The numbers refer to different lines (rate-limiting steps) in the reaction equations.

reaction mechanism involving CO dissocia-
tion in accordance with the findings of Geer-
lings er al. (3). From all this evidence we
concluded that the rate-limiting step on co-
balt foil catalyst is the CH, hydrogenation
within the carbide model.

When the results of the fit obtained using
the carbide model to Co/Au data were used
to calculate the coverages as functions of
partial pressures, hydrogen coverage was
found to be more than 99% in all three cases
(Egs. (5), (6), and (7)). This result, which
is in contradiction with the CO and H, coad-
sorption data (47), lead us to exclude the
carbide model in the case of Co/Au. Within
the enol-complex model of Fig. 13B, Eqgs.
(6) and (7) also gave hydrogen coverages
close to one. Equations (4) and (5) from the
enol-complex model corresponding to
CHOH and CH, formation, however, gave
reasonable values for the surface coverages
as functions of the partial pressures exhib-
iting values ranging between 0.04 and 0.16
for 8, and between 0.03 and 0.25 for 6, in
case of CHOH formation, between 0.01 and
0.03 for 0y, and between 0.02 and 0.20 for
o in case of CH, formation. In both cases

the fraction of empty sites on the surface
was greater than 0.6. All this evidence lead
us to conclude that on the Co/Au system
the rate-limiting step is either CHOH or CH,
formation within the enol-complex model of
Fig. 13B.
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