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The catalytic properties of a series of ruthenium-copper catalysts supported on silica were
studied. It was found that while the amount of CO adsorbed at 273 K measured with the puise-flow
method is higher on the catalysts with a small concentration of copper than on the pure ruthenium
catalyst, the yield of Ru* secondary ions on fast atom bombardment of the catalyst surface with
argon is suppressed by the addition of copper. The activity for CO disproportionation as well as CO
hydrogenation were drastically reduced by the presence of copper. It is estimated that an ensemble
of between 4 to 6 adjacent ruthenium atoms is required for CO disproportionation and one of
between 9 to 13 adjacent ruthenium atoms is required for CO hydrogenation. Comparisons between
the properties of the supported catalysts and those of single-crystal model catalysts were

made. © 1984 Academic Press, Inc.

INTRODUCTION

In recent years, much work has been
done on the catalytic properties of bimetal-
lic catalysts (I, 2). Among these, systems
that do not form bulk alloys are of special
interest. An example of these bimetallic
“‘cluster’’ catalysts, the Ru—Cu system, has
been examined in detail. The work of Sin-
felt et al. (3-6) showed that copper inter-
acts with ruthenium in a way similar to
chemisorption, with copper adsorbed on
the surface of the ruthenium-metal aggre-
gates. The capacity for strong hydrogen
and carbon monoxide chemisorption on the
bimetallic catalysts is reduced compared
with the pure-ruthenium catalysts (3, 4).
While the activity of the catalysts for hy-
drocarbon hydrogenolysis is drastically re-
duced by the presence of copper, the activ-
ity for dehydrogenation is only slightly
affected. In another study, Bond and
Turnham found that copper greatly inhib-
ited the methanation activity of ruthenium
(7).

The observation that some of the ruthe-
nium—copper bimetallic particles exhibit
“raft-like’” structure (5) initiated detailed

studies of well-characterized ruthenium—
copper model catalysts prepared by evapo-
ration of copper onto a ruthenium (0001)
single-crystal surface (8-12). It was ob-
served that the structure of the copper
overlayer depends on the deposition tem-
perature. Copper is adsorbed on ruthenium
with a binding energy ca. 16 k] mol~! larger
than the sublimation energy of copper.
With sufficient thermal energy (deposition
at 1080 K), copper spreads on the ruthe-
nium surface in a predominantly two-di-
mensional fashion below a copper coverage
of one monolayer. At very low copper cov-
erage, the existence of isolated copper at-
oms was postulated. When the deposition
temperature was low (540 K), small copper
clusters formed at low coverage and three-
dimensional copper aggregates started to
form before the first monolayer was com-
pleted. Adsorption studies showed that
strongly adsorbed CO on pure-ruthenium
sites was greatly reduced by the presence
of copper. An ensemble size of about 3 Ru
atoms is required for strong CO adsorption.
When the adsorption temperature was low-
ered from 320 to 150 K, adsorption on sites
with energy intermediate between that of
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pure ruthenium and copper was observed.
These were assigned to adsorption on
mixed ruthenium-copper sites as well as
isolated copper sites. The total CO cover-
age on the bimetallic surface increased and
the effect was more pronounced on the sur-
faces prepared at low temperature (/0).
Similarly, hydrogen adsorption on ruthe-
nium was inhibited by copper (9). How-
ever, on the high-temperature series at very
low coverage (6¢c, = 0.05) an enhancement
of D, adsorption on ruthenium sites was ob-
served (11). An electronic effect due to iso-
lated copper atoms was proposed.

In view of these findings, it is interesting
to study the behaviour of ‘‘real’” supported
ruthenium-copper catalysts to observe if a
correspondence with the model catalysts
exists and to observe the consequences
these variations in adsorptive properties
have on the catalytic activity and selectiv-
ity for CO hydrogenation.

This paper reports on the study of a se-
ries of ruthenium—copper bimetallic cata-
lysts supported on high-surface-area silica.
Their activities in CO adsorption, CO dis-
proportionation and CO hydrogenation
were examined.

EXPERIMENTAL
Catalyst Preparation

The catalysts were prepared by coim-
pregnation. Aqueous solutions of RuCl; -
H,0 and Cu(NOs); - 3H,0 mixed in appro-

TABLE 1

Composition of the Ruthenium-~Copper Catalysts

Sample Ru loadings Cu loadings Cu/Ru
designation % (wliw) % (wlw) atomic
ratio
(%)
RC/100:0 0.88 — 0.0
RC/100:2 0.84 0.010 1.9
RC/100:5 0.76 0.026 5.4
RC/100:9 0.93 0.050 8.6
RC/100: 16 0.74 0.073 15.7
RC/100:33 0.78 0.160 32.6
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priate proportions and acidified by dilute
HCl to maintain the RuCl; in solution were
mixed with silica gel. The slurries were
stirred vigorously for 30 min and then dried
at 383 K for more than 15 h. The dried pow-
ders were then reduced in flowing hydrogen
at 723 K for ca. 15 h. The compositions of
the catalysts were determined by atomic
absorption and are shown in Table 1. The
catalysts are designated as RC/x:y where
x:y is the ruthenium : copper ratio on the
samples.

Fast Atom Bombardment—Mass
Spectrometry (FABMS)

The surface concentration of ruthenium
and copper on the catalysts were examined
with a Vacuum Generators Secondary Ion
Mass Spectrometer—Fast Atom Bombard-
ment Spectrometer. Prior to the analysis,
the catalyst powders were sputtered with
an argon ion beam with an ion current of 20
#A for 7 min to remove hydrocarbons ad-
sorbed on the catalyst surface. The positive
secondary ions generated on bombardment
with a fast argon atom beam were measured
using a VG MM 12-12 quadrupole mass
spectrometer.

Transmission Electron Microscopy

Catalyst samples suitable for examina-
tion with transmission electron microscopy
were prepared by grinding the catalysts into
very fine powders which were then dis-
persed in acetone. A drop of suspension
was transferred onto a holey carbon film
supported on a copper grid. The samples
were dried in air and then examined using a
Philips EM 400T transmission electron mi-
croscope equipped with X-ray analytical fa-
cilities.

CO Adsorption and Disproportionation

CO adsorption and decomposition were
performed in a pulse-flow reactor system.
The reactor was a 5-mme-i.d. Pyrex glass U-
tube. For each run ca. 0.5 g of catalyst was
used and held in the reactor with plugs of
glass wool. Prior to the adsorption or dis-
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proportionation experiments, the catalyst
was reduced in situ by flowing hydrogen at
723 K for 30 min. The reactor was then
purged with helium at 723 K to remove any
adsorbed hydrogen and then cooled slowly
to the required temperature. For the ad-
sorption experiments, the reactor was held
at 273 K with an ice bath and pulses of CO
gas (0.16 cm?) were passed over the catalyst
until the areas of the eluted peaks were con-
stant. The quantity of CO uptake was cal-
culated as the difference of the volume of
CO injected and eluted.

In the CO disproportionation experi-
ment, the reactor was held at 573 K inside a
ventilated furnace. Ten pulses of CO (0.16
cm’) were passed over the catalyst bed. H,
was then passed over the catalyst surface to
hydrogenate the surface carbon species. A
Poropak N column was placed downstream
of the reactor to separate the CO, CO,, H,,
and hydrocarbon. A katharometer was
used for gas detection.

Hydrogen and helium gases used were
purified by liquid-nitrogen cold traps to re-
move condensable impurities. CO gas was
first passed through a solid KOH trap to
remove traces of CO, and then through a
molecular-sieve trap to remove H,0.

CO Hydrogenation

CO hydrogenation experiments were per-
formed in a single-pass flow reactor system.
The reactor was made of 1-cm-i.d. silica
tube with a sintered silica disk supporting
the catalyst bed. The temperature of the
catalyst was measured with a Chromel-
Alumel thermocouple placed in a thermo-
couple well inside the catalyst bed. A pre-
mixed gas with composition 10.45% CO:
47.40% H,:42.15% Ar (v/viv) was used as
the reactant. In each catalytic run, ca. 0.3 g
of the catalyst was used. Each fresh sample
was pretreated in situ with flowing hydro-
gen at 723 K for 30 min. The catalyst was
then cooled to the reaction temperature and
the hydrogen replaced by the reactant gas
mixture. Two Pye 104 gas chromatographs,
one with a flame ionisation detector and sil-
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ica gel column to detect hydrocarbon and
the other with a katharometer and molecu-
lar sieve 5A column to detect hydrogen and
carbon monoxide were used for product
analysis. After each kinetic run, the cata-
lyst was heated in hydrogen at 723 K for 1
to 2 h until no hydrocarbons could be de-
tected at the reactor outlet. The activity of
the catalyst 30 min after the reactant was
introduced was measured and taken to rep-
resent the initial activity. Since the reaction
is highly exothermic with a heat of reaction
(AH) per carbon of 214 kJ mol~! for the
formation of methane, the conversion was
kept as low as possible and did not exceed
5% in all the experiments. The temperature
of the catalyst bed was closely monitored
and no overheating was observed.

RESULTS AND DISCUSSION

Fast Atom Bombardment—Mass
Spectrometry

In FABMS, the yield of secondary ion is
sensitive to slight variations of the experi-
mental conditions. To allow meaningful
comparisons of surface concentration to be
made from sample to sample, a signal from
the support material (Si;O*, mass 72) was
used as an internal standard. The variations
of the secondary ion yield of ruthenium (ex-
pressed as the intensity ratio !'©2Rut*/
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F1G. 1. Plot of the secondary ion intensity ratios as a
function of the composition of the SiO,-supported cat-
alysts.
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FiG. 2. Transmission Electron Micrographs of the catalysts. (a) RC/100: 0. The samples RC/100: 2,
RC/100: 5, and RC/100 : 9 have similar particle size distribution. (b) RC/100: 16. Different areas of this
sample show very different particle size distribution. The result for metal dispersion calculated is
probably too low since the larger particles are more likely to be observed and measured. (c)

RC/100:33.

28i,0*) and copper (®Cu*/?Si,0%) are
shown in Fig. 1. It was found that the hy-
drocarbon contamination could not be com-
pletely removed by the sputter cleaning
procedure. The secondary ion signal at
mass 63 contained a significant contribution
from hydrocarbon fragments and hence the
measured Cu/Si,O ratio is subject to some
uncertainty. The signal at mass 102 was rel-
atively free from interference from the hy-
drocarbons. Figure 1 shows that the inten-
sity ratio Ru*/Si;,O* was suppressed with
the addition of copper to the catalysts. This
is clear confirmation of the suggestion by
Sinfelt ez al. (3, 6) that copper and ruthe-
nium form bimetallic crystallites with cop-
per preferentially segregated on the sur-
face. At a copper—ruthenium ratio of above
10%, increase of copper did not cause fur-
ther reduction of the ruthenium secondary

ion yield, possibly suggesting the formation
of three-dimensional copper aggregates. In
addition, results from experiments with ru-
thenium having different dispersions indi-
cate that emission of secondary ions as a
proportion of the number of atoms which
are surface atoms increases with increasing
particle size. Results from transmission
electron microscopy (see next section)
show that the samples RC/100: 16 and RC/
100: 33 have larger average particle diame-
ter than the other catalysts. This may have
an effect on the secondary ion yield for
these two catalysts also.

Static Secondary Ion Mass Spectrometry
studies using single-crystal models showed
that the presence of copper significantly af-
fects the Ru* ion yield (12). As for the
“‘real”” powder catalysts studied in the
present case, the effects of hydrocarbon
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contaminants and the location of the metal
aggregates, whether they are on the outer
surface or inside the pores and channels of
the support particles, present further com-
plications. With so many variables that are
not easily quantifiable, the use of the
FABMS data for the accurate estimation of
the metal coverage on the catalyst surface
is not really feasible.

Transmission Electron Microscopy

TEM has been used widely for studying
supported metal catalysts (/3). The struc-
ture and size distribution of the metal parti-
cles can often be observed. With additional
analytical attachments, the local composi-
tion of different areas on a specimen can be
determined.

Some representative electron micro-
graphs of the catalyst samples taken with
100 kV electron energy and magnification
of x220,000 are shown in Fig. 2. More or
less circular particles showing high contrast
are readily discernable from the back-
ground of the support material. These parti-
cles were shown to contain ruthenium by
analyzing the X rays generated on electron
impact. The presence of copper could not
be confirmed because a larger copper signal
was always observed due to the excitation
of the copper grid by stray secondary elec-
trons and X rays generated from the sam-
ple. The size of the particles was measured
and are presented as size distribution
graphs (Fig. 3). Assuming a spherical
shape, the total metal dispersion was calcu-
lated using the equation

62fdiV

100.
sraia 10

Dispersion(%) =

where
Jf; = number of particles of diameter d,,
V = effective volume of a metal atom,

A = effective cross sectional area of a metal
atom.

A surface ruthenium density of 1.63 x 107
atoms m~? (14) and a bulk ruthenium den-

LAI AND VICKERMAN

sity of 1.24 X 107 g m~3? (15) were used in
the calculation. The effect of the difference
in size of copper atoms was ignored.

Although TEM allows the catalyst parti-
cles to be observed directly, its use as a
quantitative tool has some limitations. Due
to accidental alignment of atoms, the amor-
phous support exhibits a speckled appear-
ance and metal particles smaller than 5 A
cannot be distinguished from the support.
Only a very small area of the catalyst sam-
ple is displayed in each micrograph. When
only a small number of electron micro-
graphs are available, a large sampling error
can occur, especially in the case of samples
with uneven particle size distribution. For
representative sampling to be achieved,
more than a thousand particles from at least
a few different preparations must be mea-
sured. Such conditions could not be satis-
fied in the present case. The metal dis-
persion calculated is therefore only a
qualitative measure of the state of disper-
sion of the catalyst samples.

In order to compare the behavior of the
supported catalysts with the single crystal
models (8-11), the catalyst should be well
characterised. Ideally, the total metal dis-
persion as well as the distribution of both
components should be known. However,
for this series of catalysts, apart from
FABMS and transmission electron micros-
copy other commonly used methods for
characterisation could not be applied suc-
cessfully. Because of the low metal loading
and small particle size, no X-ray diffraction
lines from the individual metals could be
detected. Results from adsorption studies
on the model catalysts showed that the
chemisorptive capacity of the bimetallic
catalysts for CO and H; do not vary linearly
with the surface concentration of the active
metal (9, 1I). Chemisorption experiments
cannot therefore provide information about
the ruthenium dispersion either.

Using FABMS, the formation of bimetal-
lic clusters is demonstrated. However,
quantitative measures of the coverage of
copper on ruthenium cannot be made. In



CO HYDROGENATION OVER Ru-Cu/SiO;,

a

48 RC/188:
R
& 32 _1—\
m
=
=
Z
Ho 28
=2
=
x
-
o

18

%5 1 2 3 456 7 8 9181112

DIAMETER (nm)

343
b
40 RC/180: 16

i 39
o
wi
o
=
=
z
w28
-
()
=
£
. 10

[}

B 1 23 456 78 9181112

DIAMETER (nm)

48

28

PARTICLE NUMBER X%

10

RC/180: 33

Ah o =
2 1 23 456789181112

DIAMETER (rm)

FiG. 3. Particle size distribution of the catalysts.

the absence of more accurate information,
the copper coverage of the catalysts are es-
timated using the total metal dispersion cal-
culated from TEM and assuming all copper
atoms to be present as a monolayer on the
metal particle surface (Table 2). With all the
inherent uncertainties in the assumptions
involved, the 8¢, values so obtained should
only be taken as a qualitative trend rather
than quantitatively.

Carbon Monoxide Adsorption

The application of the dynamic-pulse
method for adsorption studies has been de-
scribed in detail in the literature (17-20). It
was argued that for strong irreversible
chemisorption, the total quantity of gas ad-

sorbed can be found by measuring the dif-
ference between the quantity of gas in-

TABLE 2
Metal Dispersion in the Catalysts

Sample Number average Metal Copper
particle dispersion coverage’
diameter (%)
(nm)
RC/100:0 2.2 52 0.0
RC/100:2 2.1 53 0.04
RC/100:5 2.1 55 0.09
RC/100:9 1.8 63 0.13
RC/100: 16 3.3 31 0.44
RC/100:33 3.4 27 0.91

« Estimated with the assumption that copper occurs
as a monatomic layer on the surface.
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jected and the quantity of gas eluted. The
results of CO uptake by the Ru-Cu cata-
lysts are presented in Table 3 and Fig. 4.
The observation that CO uptake is higher
on the bimetallic catalysts than on pure ru-
thenium is apparently surprising and seems
to contradict the results of Sinfelt et al. (3,
4). To understand this it is useful to com-
pare it with the result of the single-crystal
system (10). Figure 7 of Ref. (10) showed
that when equilibrated at 150 K, in the ul-
trahigh vacuum system, copper atoms
themselves constitute sites for CO adsorp-
tion and are probably involved in mixed
Cu-Ru sites. While the temperature used in
the pulse-flow experiment was 273 K, much
higher than in the UHV experiment, a com-
parison between the two experiments is not
unjustifiable. From the area and height of
the eluted peak, the maximum pressure of
CO at the end of the catalyst column was
estimated to be about 2500 Pa, seven orders
of magnitude higher than that used in the
UHV system. Under this high pressure, ad-
sorption on the weak Cu or Cu-Ru sites
would have occurred and the slow de-
sorption from these sites would not be
completed in the time interval between
successive injections. Therefore, with the
pulse-flow method, it is very likely that at
least part of CO adsorbed on sites associ-
ated with copper was measured. Recently,
Sarkany and Gonzalez have discussed the
difficulties in using the pulse method for

TABLE 3

CO Uptake of the Ruthenium—~Copper Catalysts
Measured at 273 K with the Pulse-Flow Method

Sample CO uptake CO/Ru
(cm? g™!
(STP))
RC/100:0 0.31 0.16
RC/100:2 0.36 0.19
RC/100: 5 0.35 0.21
RC/100:9 0.45 0.22
RC/100: 16 0.35 0.22
RC/100: 33 0.31 0.18
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F1G. 4. The effect of copper on CO adsorption.

measuring metal surface area when slow re-
versible processes take place (20). The
results obtained in this study again show
the problem in interpreting the results of
pulse-flow adsorption experiments when
adsorption on sites of a range of different
energies is involved. Nevertheless, the
results shown in Table 3 indicate that on the
bimetallic surface, copper is active in creat-
ing CO adsorption sites, in agreement with
the work on the model catalysts.

CO Disproportionation

The role of metal carbides in the Fischer—
Tropsch synthesis has been the subject of
many studies (22, 23). The work of Wen-
trcek et al. (24) an Araki and Ponec (26) indi-
cated that carbon deposited onto Ni by CO
disproportionation at temperatures com-
monly encountered in Fischer-Tropsch
synthesis was active in producing methane
on hydrogenation. Work by Low and Bell
(25) and Biloen et al. (27) has shown that
such surface ‘‘carbidic’’ species on ruthe-
nium were also active towards hydrogena-
tion. To investigate the role of dissociated
carbon in the Fischer-Tropsch synthesis, it
would be useful to observe the effect of
copper on the activity of ruthenium for both
CO disproportionation and CO hydrogena-
tion.
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On passing CO over the catalysts at 573
K, carbon dioxide was produced. The
quantity of carbon deposited on the catalyst
was calculated assuming that the reaction
proceeds as

2CO — Cads + COz (1)

It was found that less than 10 pulses of CO
were sufficient to saturate the catalyst sur-
face for all the samples. When hydrogen
was pulsed over the catalysts, methane, to-
gether with small quantities of ethane, was
formed. The quantity of carbon deposited
and the hydrocarbon yield are given in Ta-
ble 4. The mass balance for the carbon in
the disproportionation as calculated from
Eq. (1) was found to be less than 100% in
most cases. Gaustafson and Lunsford (28)
have argued that on a RuY zeolite catalyst
at 573 K, reaction is possible according to

CO- Cads + Ogds- (2)

The amount of carbon deposited could be
higher than that estimated with Eq. (1). On
the other hand, the quantities of carbon re-
moved by hydrogenation were less than
that of deposited carbon. Conversion of the
‘“‘carbidic’’ carbon into an inactive form
could have taken place. It is therefore felt
that the quantity of carbon capable of being
hydrogenated is a better measure of the ca-
pacity of the catalysts in adsorbing ‘‘active
carbon.”’ Figure 5 shows that unlike CO ad-
sorption, CO disproportionation is mark-
edly suppressed by copper, in a similar
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F1G. 5. The effect of copper on CO disproportiona-
tion.

manner to strong CO adsorption on pure
ruthenium sites (10).

CO Hydrogenation

The activity of the catalysts in CO hydro-
genation is shown in the form of the Arrhe-
nius plots in Fig. 6. From the curves, it is
obvious that the activity of ruthenium is re-
duced by copper. An increase in the appar-
ent activation energy (Table 5) as copper is
added to the ruthenium is also observed,.
indicating that copper exerts an electronic
effect on ruthenium. The work of Vannice
(29) established that a compensation effect
exists for different Group VIII metals for
this reaction. Comparing the activity of
samples RC/100:0 and RC/100:2 reveals
that while the apparent activation energy is

TABLE 4

CO Disproportionation at 573 K

Sample Carbon deposited CH, produced C,H; produced Cao/Ru”
(mol g1 (mol g™1) (mol g™') ’
RC/100:0 1.29 x 105 7.80 x 1076 2.61 x 1077 0.095
RC/100:2 1.15 X 10-3 7.06 x 10-¢ 2.60 x 107 0.091
RC/100:5 8.22 x 10-¢ . 6.33 X 107 0 0.084
RC/100:9 6.06 X 10-¢ 6.16 x 10-¢ 0 0.067
RC/100: 16 6.56 x 10~ 3.17 x'10°¢ 0 0.043
RC/100:33 3.20 X 10-¢ 2.12 x 1076 0 0.028

4 Carbon which can be hydrogenated.
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F1G. 6. Arrhenius plots for CO hydrogenation on the
ruthenium—copper catalysts.

substantially different, the reaction rates at
480-530 K for both catalysts are similar.
For this temperature range, the effect of the
variation of the entropy contribution to the
preexponential factor and the activation en-
ergy have cancelled each other out and the
effect of copper in blocking the active sites
for the reaction should predominate. In the
following discussion, the activity and selec-
tivity of the catalysts at 530 K are com-
pared.

The mechanism of the Fischer—Tropsch
reaction has been the subject of many re-
views (30-34) and many recent studies (35—
46). The nature of the elementary steps has
not as yet been settled conclusively. The
details of the mechanism probably vary
with both the nature of the catalyst and the
reaction conditions. The kinetics of the re-
action over Group VIII metals are consis-
tent with a scheme in which the rate-deter-
mining step involves the reaction of a
species derived from carbon monoxide and
adsorbed hydrogen (37). One possible se-
quence of steps leading to the formation of
hydrocarbon is postulated as

CO(g) + S © CO,ys 3
H,(g) + 25 «< 2Haqs )
COyuis + S — Cugs + Opgs &)
2H,4s + Ougs — H;0 + 38 6)

In Fig. 7a, the curve of the relative rate of
hydrogenation activity as a function of the
ruthenium coverage, together with the
curve for the relative capacity of CO dis-
proportionation are plotted. The parallel
between the two curves and their similarity
to the behaviour of strong CO and hydro-
gen adsorption on the single crystals is ap-
parent (10, 11). The parallel between the
effects of copper on CO disproportionation
and CO hydrogenation suggests that the
two processes proceed via the same reac-
tion intermediate. A similar conclusion was
arrived at by Rostrup-Nielsen and Peder-
sen, who studied the effect of sulphur poi-
soning on nickel and found no change in the
selectivity for the Boudouard reaction and
methanation reaction (50). This is consis-
tent with the proposition that CO hydrogen-
ation proceeds via CO dissociation. From
the slope of the curves at small fc,, the
number of neighbouring ruthenium atoms
required for CO disproportionation and CO

TABLE 5

Apparent Activation Energies of the Catalysts for
CO Hydrogenation

Sample Apparent activation energy

(kJ mol™!)
RC/100:0 82 + 13
RC/100:2 73+ 4
RC/100:5 97 + 8
RC/100:9 95 + 14
RC/100: 16 101 = 9
RC/100:33 121 = 12
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Fi1G. 7 (a) The relative activity of the catalysts as a function of copper coverage. ¥ Due to the
uncertainty in estimating the metal dispersion for the samples RC/100: 16 and RC/100 : 33, the relative
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55%, similar to the other samples, and the data plotted for comparison. (b) The relative activity of the
catalysts as a function of the bulk copper to total metal atom ratio.

hydrogenation was estimated to be about 4
and 9, respectively. At higher 6¢,, the de-
crease in activity is much smaller, suggest-
ing the formation of two-dimensional is-
lands and three-dimensional clusters of
copper. However, inspection of Fig. 3
shows that for the two catalyst samples
with higher copper loading, the particle size
distribution is much wider than the other
samples. As a result, a larger sampling er-
ror is likely. It is therefore difficult to infer
whether the decrease in the slopes of the
curves is a result of a real physical struc-
tural effect or a result of the error in esti-
mating the metal dispersion.

As discussed in the section on TEM, the
calculated 6c, values are only qualitative
estimates. By assuming a structure with
minimum possible surface to volume ratio
for the ruthenium particles and ignoring
three-dimensional cluster formation for
copper, fc. would possibly be overesti-
mated. At the other extreme, if it is as-
sumed that all the metal atoms occur as a
monolayer with copper and ruthenium ran-
domly distributed, 0c, is given by 1/(1 + 1/
r), where r is the bulk Cu/Ru ratio. The
ensemble size thus calculated (Fig. 7b) is 6
and 13 for CO disproportionation and hy-

drogenation, respectively. By assuming
maximum dispersion for the metals, the cal-
culated 6c, should be an underestimate.
The actual ensemble size for CO dispropor-
tionation probably lies between 4 and 6 ru-
thenium atoms and that for CO hydrogena-
tion 9 to 13. The ensemble size for CO
hydrogenation is about 2 to 3 times that for
CO disproportionation. Since an ensemble
of 4 to 6 Ru atoms is required for H, adsorp-
tion (1), this can be envisaged if the rate-
determining step of the reaction requires an
adsorbed carbon and one or more adsorbed
hydrogen atoms arranged adjacent to each
other. Studies on other bimetallic systems
(e.g., Ni-Cu) also revealed that a large en-
semble of active metal atoms is required for
CO hydrogenation. Dalmon and Martin
(51) found that on Ni—-Cu alloys, the en-
semble size for methanation is 12 Ni atoms.

An interesting change in the selectivity of
the reaction with copper coverage is also
observed (Fig. 8). Under the conditions of
most Fischer-Tropsch syntheses, the rela-
tive concentration of paraffins and olefins is
far from that predicted by thermodynamics,
indicating that the reaction is kinetically
controiled. If secondary reactions are ig-
nored, the formation of paraffins and olefins



348

LAI AND VICKERMAN

can be described as two competing reactions.

& 0; = adsorbed intermediates with i carbon atoms

+ xHags pl

0; 14

o P pi
The ratio of paraffin to olefin will follow the
equation
Np: ki
Npi ko O

If the rate constants &, and k; remain un-
changed with copper coverage, then the ra-
tio of the conversion to paraffins and olefins
is a measure of the concentration of ad-
sorbed hydrogen on the catalysts. Figure 8
shows that while adsorption of hydrogen is
inhibited at high copper coverage, it is en-
hanced at low copper coverage. Similar
phenomena have been observed for the
model catalysts with copper deposited at
1080 K (71). Apart from the promoting ef-
fect of isolated copper atoms by increasing
the charge density on adjacent ruthenium
atoms, the reduction in binding energy of
CO on ruthenium could also permit hydro-
gen to compete more successfully for ruthe-
nium sites. The increase in selectivity for
methane with increasing copper coverage is
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Fi1G. 8. The effect of copper on the selectivity of the
catalysts for CO hydrogenation.

= paraffin formed from 6;

= olefin formed from 6;

consistent with the observation by Bond
and Turnham (7).

At this point it is useful to summarise the
similarities in behaviour between the
“real’”” catalysts and the ‘‘model’”’ cata-
lysts.

(1) The total capacity for CO adsorption
on both systems is increased by a low sur-
face coverage of copper.

(2) The quantity of hydrogen adsorbed on
both systems is reduced by a moderate to
high coverage of copper. At very low cop-
per coverage when the existence of isolated
copper atoms is possible, the adsorption of
hydrogen is increased.

Although the conditions under which the
“real’’ catalysts and the ‘‘model’” catalysts
were studied were very different, the quali-
tative similarities between the systems are
remarkable. This suggests a possible simi-
larity between the structure of the two sys-
tems. While the structure of the model cata-
lysts is relatively well defined, that of the
dispersed catalysts can only be speculated
upon. If, as suggested by Prestridge et al.
(5), the metal particles exist in thin ‘‘raft-
like™ structures, the exposed surface will
very probably be the hexagonal (0001) face,
since this offers the highest degree of coor-
dination for the surface atoms. This struc-
ture would be similar to that of the
““model’’ catalysts except for a larger in-
crease in the proportion of edge atoms. A
similarity in behaviour between the two can
be expected if the edge atoms do not form
sites with different activity. On the other
hand, if, as suggested by Romanowski (52),
the equilibrium structure for small metal
particles of metal with hexagonal close-
packed crystal structure is either a hexago-
nal column or a hexagonal truncated bipyr-
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amid, then apart from the presence of
highly coordinatively unsaturated corner
and edge atoms, faces with orientations
other than (0001) shouid also be exposed. A
similarity in behaviour between the
“model”’ and ‘‘real’’ systems will require
the adsorptive properties of ruthenium and
the effect of copper on them to be similar
on different crystal faces. Further work on
single-crystal faces with different orienta-
tions and various concentrations of crystal
imperfections should shed more light on
this problem.

The mechanism by which catalysts work
cannot be completely understood until the
relationship between the catalyst structure
and its catalytic properties is elucidated.
However, for highly dispersed catalysts,
structural characterisation is often difficult.
The study of massive ‘‘models’’ of single-
crystal samples is attractive since these
samples can be examined with various sur-
face analytical techniques. The usefulness
of this approach lies in how closely the
““models’’ can be made to resemble the
‘“‘real”” catalysts in structure. By its nature,
no one single-crystal system can be an ade-
quate model for a highly heterogeneous
“real”’ catalyst. However, by studying dif-
ferent types of single-crystal faces, each
having some similarities to part of the
‘“‘real”’ catalysts, the ultimate aim of uncov-
ering the way catalysts work may be ap-
proached.

CONCLUSION

1. The behaviour of the supported ruthe-
nium-copper catalysts corresponds well
with that of the single-crystal models.

2. Weakly bonded CO on mixed ruthe-
nium-—copper sites does not take part in CO
disproportionation or CO hydrogenation.

3. Between 4 and 6 adjacent ruthenium
atoms are required for CO disproportiona-
tion and between 9 and 13 for CO hydro-
genation.
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