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Highly dispersed Fe—Ru bimetallic crystallites were obtained on an amorphous carbon black
using mixed-metal carbony! precursors. These catalysts were characterized by chemisorption of
CO and H; at 195 and 300 K and their kinetic properties in the CO hydrogenation reaction were
determined. If not exposed to air, only a low-temperature pretreatment at 473 K was required to
reduce essentially all the Fe in the Fe;(CO)y, catalyst to activate it. In contrast, air exposure did not
affect the reduction behavior of the Ru-containing catalysts. Both chemisorption and kinetic behav-
ior indicated that surface enrichment in Fe occurred in these small crystallites after reduction,
which is consistent with studies of bulk Fe—Ru systems. Turnover frequencies (TOF) for CH, and
total hydrocarbon formation increased in parallel with the increase in surface Ru concentration
whereas the TOF for CO, smoothly decreased. Distinct differences in catalytic behavior were
observed for a coimpregnated Fe;(CO); plus Rus(CO)y, catalyst, compared to the mixed-metal
cluster catalysts, indicating a lack of homogeneity when using this procedure. Scanning transmis-
sion electron microscope micrographs showed a raft-like structure for the metal crystallites in the
small-pore structure of the carbon, and this morphology may be partially responsible for the
differences in catalytic behavior and the activity stability which exists between these carbon-

supported metals and the same metals on other supports.

INTRODUCTION

Lack of control of product selectivity has
been the principal problem associated with
the Fischer-Tropsch synthesis reaction.
Supported alloy catalysts offer one method
to alter product selectivities, especially re-
garding olefin/paraffin ratios and oxygenate
formation, compared to single-component
systems since electronic and crystal struc-
ture effects can change the relative rates of
parallel reactions and perhaps suppress un-
desirable ones. Vannice and Garten (/)
demonstrated such effects in a supported
Fe-Pt catalyst where a change in the syn-
thesis rate on the Fe sites was attributed to
electron withdrawal from the iron by the
platinum. Supported bimetallic systems of
Fe and Ru have been shown to possess
unique catalytic properties which also
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could arise from changes in the electronic
nature of the catalyst (2—4).

One promising method of obtaining such
supported bimetallic catalysts is by utilizing
organometallic mixed-metal carbonyl clus-
ters as the metal precursor (5-10). Several
advantages exist from such an approach. A
variety of stoichiometric metal composi-
tions can be obtained; for example, in going
from HzFeRU3(CO)13 to FezRU(CO)lz the
Fe/Ru ratio changes from 0.33 to 2. Such
initially uniform metal compositions would
be difficult to guarantee by coimpregnation
techniques. Another advantage is that the
mixed-metal carbonyl cluster should be
able to be activated just by heating to a tem-
perature that would decompose the cluster
to vield reduced metal and CO, assuming
the metal does not interact with the sup-
port. This decomposition temperature is
usually below 475 K, and therefore it
should be possible to obtain reduced metal
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at much less severe reduction conditions
than those used for conventional metal salt
precursors. This has the advantage of re-
ducing the possibility of sintering and crys-
tallite growth.

The use of high-surface-area carbon as a
support has been found to stabilize highly
dispersed iron particles formed from an
aqueous impregnation technique using
Fe(NOs); (I1), and it was of interest to de-
termine if metal carbonyl precursors would
also produce well-dispersed metal crystal-
lites. In addition, earlier studies indicated
that using carbon as a support can also alter
catalytic behavior of metals such as iron
and ruthenium (/7/-13). Finally, the use of
carbon to provide an inert, noninteracting
surface could alleviate the difficulty often
encountered on other supports in reducing
all the metal, especially iron. On a support
like Al,O,, iron cations strongly interact
with the support surface which frequently
results in a large fraction of iron that cannot
be reduced to the zero-valent state. Herein
we describe the genesis, characterization,
and catalytic behavior of a series of such
carbon-supported Fe, Ru, and Fe/Ru cata-
lysts prepared from stoichiometric metal
carbonyl precursors.

EXPERIMENTAL

The amorphous carbon support used for
these studies was Cabot Corporation’s
CSX-203. As received, this carbon con-
tained 0.59% sulfur, as determined by Leco
titration. Catalysts prepared using the as-
received CSX-203 carbon exhibited no CO
hydrogenation activity, so the carbon sam-
ples were treated at 1223 K for 12 h under
flowing H, to decrease the sulfur content
(11). This desulfurized CSX-203 had a N,
BET surface area of 1410 m%*g and con-
tained 0.13% sulfur (Table 1). Before sup-
porting the metal clusters, the carbon was
heated to 573 K under vacuum (10— kPa)
for 8 h in order to remove physisorbed wa-
ter.

The clusters Fey(CO)y; (14), Rus(CO)y2
(15), FeRuy(CO);; (16), H,FeRusy(CO)j;
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TABLE 1

Impurities in Desulfurized Carbon CSX-203 as
Determined by Plasma Emission Spectrometry

Element Amount Element Amount
(ppm) (ppm)
Si >6 Ca 1,730
Al 2 Na 3
Tl 2 K 3
Fe 22 S (as SO,) 1,340
Mg 2

(17), and Fe,Ru(CO)y, (16) were prepared
following known methods of synthesis.
They were dispersed on the carbon by in-
cipient wetness impregnation using dry and
degassed THF as solvent. The coimpregna-
ted Fe;(CO)y2 + Ruy(CO),, sample was pre-
pared by sequential impregnation of the
two clusters. The entire impregnation was
done under anaerobic conditions using
standard Schlenk techniques (I8). The
preparation of the Fe(NO;); sample has
been described previously (/7). Samples
were dried by evacuating to 1074 kPa for 8 h
at room temperature. The catalysts were
exposed to air for approximately 15 min
when the chemisorption and microreactor
cells were loaded; however, one sample of
Fes(CO)p/carbon was also loaded without
air exposure and nearly identical behavior
was obtained after reduction at 673 K.

All catalyst samples were subjected to
two different pretreatments prior to adsorp-
tion or kinetic studies. The low-tempera-
ture reduction pretreatment (LTR) con-
sisted of heating to 473 K under flowing
hydrogen (20 cm?*/min) and reducing at this
temperature for 2—5 h until no solvent in the
gas stream could be detected by gas chro-
matography. The high-temperature reduc-
tion pretreatment (HTR) consisted of heat-
ing to 673 K under flowing hydrogen (20
cm*min) and reducing at this temperature
for 16 h.

For H; and CO uptake measurements,
the samples were evacuated and then
heated to 673 K for 30 min before cooling
under dynamic vacuum to 300 K for H, and
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300 or 195 K for CO chemisorption. The
zero-pressure intercept of the linear, high-
pressure portion of the H, isotherm was
chosen to represent monolayer hydrogen
coverage, and for CO the dual isotherm
method was used with the difference at 200
Torr (26.7 kPa) representing irreversible
CO adsorption. For kinetic studies, the
samples were cooled under flowing H, to
the desired temperature.

The experimental apparatus and proce-
dure have been described elsewhere (19,
20). The hydrogen uptake measurements
were done at room temperature and the CO
uptake measurements were carried out at
room temperature and 195 K. The appa-
ratus was a mercury-free, glass adsorption
system capable of achieving a dynamic vac-
uum of 1 X 1076 Torr. Gas pressures were
measured using a Texas Instruments preci-
sion pressure gauge. During hydrogen ad-
sorption measurements at room tempera-
ture and the CO adsorption measurements
at 195 K, no slow adsorption was observed;
hence the first data point was taken after
15-30 min of exposure to the adsorbate gas
and each remaining data point was taken 5
min after each pressure increment. During
the CO adsorption measurements at room
temperature, however, a slow continuous
pressure decrease was observed for all the
catalysts, and the first data point was taken
after 1 h of exposure and each remaining
data point was taken 10 min after each pres-
sure increase.

The kinetic data were obtained under dif-
ferential reaction conditions using a glass,
plug-flow microreactor operating at a total
pressure of 103 kPa (1 atm) (19, 20). Prod-
uct analyses were obtained using a Perkin—
Elmer Sigma 3 gas chromatograph fitted
with Chromosorb 102 columns and subam-
bient temperature programming. A Perkin—
Elmer Sigma 1 integrator was interfaced to
this system. Catalyst charges to the reactor
were 0.2-0.5 g and CO conversions near
7% or lower were maintained so that the
reactor operated in a differential mode.
Each set of kinetic data was obtained after
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TABLE 2
Percentage Metal Loadings on CSX-203-Supported
Catalysts
Metal precursor Fe Ru Fe/Ru pmole total
(wWt%) (wt%) mole ratio metal/g
catalyst
Fe(NO;s)3 5.0 — — 893
Fey(CO)p, 4.4 — — 786
Fes(CO)i2 + Ruz(CO)py 4.2 2.0 3.76 943
Fe;Ru(CO) 2 0.97 0.77 2.27 248
FeRuy(CO)y2 0.70 2.35 0.536 358
FeRuzHx(CO)(3 0.47 2.6 0.32 343
Ru3(CO)i2 — 6.3 0 624

20 min onstream following a 20-min expo-
sure to pure H,. Helium was used as a di-
luent when the partial pressure of H; or CO
was varied. The purities of gases used were
H, (99.999%, M. G. Scientific), CO (Mathe-
son Purity, 99.999%), and He (99.999%, M.
G. Scientific). All gases were further puri-
fied by passing through molecular sieves,
Drierite, and Oxytraps as appropriate.
Metal loadings were determined by neutron
activation analyses using Fe and Ru stan-
dards of known concentration for calibra-
tion, and the results are given in Table 2.

For STEM analysis, the catalyst particles
were ground in air by pressing 4-6 mg be-
tween two glass slides. The ground catalyst
was dispersed in 10 ml of toluene using ul-
trasound for 45 min. One minute after the
ultrasound was turned off, a drop was taken
from the middle of the suspension and ap-
plied to a carbon film, 10-20 nm thick, that
was supported by a 400-mesh copper grid.
Specimens were examined at 120 kV using
a Phillips EM-420 STEM system.

RESULTS
Chemisorption

The catalysts studied, their percentage
metal loadings, and the total metal loading
in moles of metal per gram of catalyst are
listed in Table 2. For brevity, the remainder
of the tables do not include the percentage
metal loadings. Before discussing our CO
and H, chemisorption results, it is appropri-
ate to briefly review what is known about
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chemisorption of these gases on Fe and Ru
metals. In the following discussion H, and
CO, refer to adsorbed hydrogen and CO,
M; refers to a surface metal atom, and M,
represents the total number of metal atoms.

Hydrogen is known to not chemisorb to
any significant extent on small Fe crystal-
lites (20-22). However, for Ru a hydrogen
adsorption stoichiometry giving H,/Ru; val-
ues near unity at 300 K has been found by
Dalla Betta to give good agreement be-
tween particle sizes calculated by hydrogen
chemisorption and by electron microscopy
(23).

Although standard CO chemisorption
techniques do not exist for iron, good agree-
ment among different techniques to mea-
sure particle size has been obtained by as-
suming the presence of bridge-bonded CO
at 195 K, CO,/Fe, = 0.5 (20, 24). Carbon
monoxide uptake on well-dispersed iron
at 300 K is known to exceed that at 195
K by a factor of 3 or higher (20). These high
CO,/Fe;, ratios which exceed unity at 300 K
imply subcarbonyl formation which has
been attributed to the presence of small Fe
crystallites (20). Such subcarbonyl species
have been previously reported for highly
dispersed Ru (25, 26), Rh (27), and Ni (28).
Carbon monoxide chemisorption on Ru is
more ambiguous than CO chemisorption on
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Fe since formation of several subcarbonyls
has been reported for highly dispersed ru-
thenium catalysts using infrared spectro-
scopic methods (25, 29, 30). Such subcar-
bonyl formation would lead to the CO,/H,
or CO,/Ru; ratios higher than unity which
have been reported (25, 29, 31).

The CO and hydrogen uptakes on the
freshly reduced catalysts using pretreat-
ments LTR and HTR are listed in Table 3.
For the Fe-only catalysts (Fe(NO;); and
Fe;(CO)y,) the hydrogen uptakes were neg-
ligible. For CO chemisorption, if we as-
sume that the 195 K data give the accepted
ratio of 0.5 for CO,/Fe,, then the 300 K data
imply corresponding ratios of 3.9 and 1.1
for Fe(NO;); and Fe;(CO),,, respectively.
Since the Fe—Ru catalysts were made from
metal carbonyls, the results for Fe;(CO)y,
were used in all further comparisons be-
tween the Fe and Fe/Ru samples.

For the Ru-only catalyst using
Ru;(CO)y;, the amount of CO chemisorbed
at 300 K is 1.2-1.3 times higher than that at
195 K, which implies some subcarbony! for-
mation at the higher temperature (25, 29,
31), if a CO,/Ru; ratio of unity is assumed at
195 K. The CO(195 K)/H, ratios are close to
unity, showing consistency between the as-
sumptions made.

For the Fe-Ru bimetallic catalysts the

TABLE 3

Chemisorption on Fresh, Reduced CSX-203-Supported Fe, FeRu, and Ru Catalysts

Metal Pretreat- H, CO (195 K) CO (300 K) Uptake ratios
complex ment (umole/g cat.) (umole/g cat.) (umole/g cat.)
H/M, CO/M, CO/M, CO (300 K)
(300 K) (195 K) CO (195 K)
Fe(NO;); HTR — 60 470 — 0.526 0.067 7.85
Fe3(CO)y, LTR — 46 —_ - — 0.059 —_
HTR 1.0 145 315 0.002 0.40 0.185 2.2
Fey(CO)yz + LTR 17.0 245 — 0.036 — 0.260 —
Ru;(CO);, HTR 19.0 200 297 0.040 0.32 0.212 1.5
Fe;Ru(CO)y, LTR 7.6 140 255 0.062 1.03 0.565 1.8
HTR 8.8 100 175 0.071 0.71 0.403 1.8
FeRux(CO)» LTR 26.0 200 307 0.145 0.86 0.559 1.5
HTR 27.5 133 212 0.154  0.59 0.372 1.6
H:FeRux(CO)3 LTR 40.0 220 — 0.233 — 0.641 —
HTR 21.5 230 334 0.160 0.97 0.671 1.4
Ru3(CO),; LTR 149.0 250 322 0.478 0.52 0.401 1.3
HTR 115.0 260 308 0.369 0.49 0.417 1.2
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TABLE 4

Catalytic Activity for CO Hydrogenation for CSX-203-Supported Metals

Metal Pretreat- Activity Activity
complex ment {mole - s7! (mole M, metal)~'} x 10007
pmole CO  umole CH,
s - g cat. s - g cat. COto CH, CO, % Conversion
hydro- of CO to
carbons hydrocarbons
Fe(NO,); HTR 0.30 0.123 0.34 0.138  0.153 3.1
Fes(CO),, LTR 0.0035 0.0035 0.0045 0.0045 0.0056 0.04
HTR 1.13 0.338 1.44 0.430 0.770 6.0
Fey(CO);2 + LTR 1.64 0.466 1.74 0.494 1.591 7.8
Ru3(CO)j, HTR 1.26 0.300 1.34 0.318 1.43 6.0
Fe,Ru(CO);; LTR 0.624 0.451 2.52 1.82 1.23 2.9
HTR 0.692 0.387 2.79 1.56 1.20 3.2
FeRuy(CO), LTR 2.35 1.73 6.56 4.83 0.822 5.8
HTR 1.80 1.33 5.03 3.72 0.623 4.4
H,FeRu;(CO),3 LTR 2.18 2.04 6.36 5.95 0.903 5.2
HTR 1.89 1.63 5.51 4.75 0.496 49
Ruy(CO), LTR 2.49 2.47 4.00 3.96 0.192 6.5
HTR 2.26 2.21 3.62 3.54 0.160 5.9

2 P = 101 kPa, H,/CO = 3, T = 548 K.
& Based on M, calculated from adsorbed CO, 195 K.

ratio of hydrogen atoms to total metal at-
oms increases steadily as the Ru content
increases, a trend which agrees with pre-
vious work (2, 4) and is expected since Ru
chemisorbs H, whereas small Fe crystal-
lites do not. Similarly, the gradual decrease
in the ratio of CO adsorbed at 300 K to that
adsorbed at 195 K with increasing Ru con-
tent is consistent with the CO stoichiome-
tries discussed above.

The bimetallic catalysts show character-
istics with regard to reduction temperature
that is indicative of contact between the Fe
and Ru atoms. For the Ru-only and the Fe—
Ru catalysts, a temperature of 473 K ap-
pears high enough to obtain reduced metal.
The Fe-only catalysts were not completely
reduced at 473 K, as evidenced by the lack
of CO uptake after an LTR pretreatment
compared to an HTR pretreatment. The
presence of Ru thus facilitates the reduc-
tion of Fe. The Fe3(CO)y; and Rusz(CO)y;
coimpregnated sample showed the same
behavior as the bimetallic clusters in terms

of reduction temperature, again implying
intimate contact in this sample.

Kinetic Studies

For the Fes;(CO);,/CSX-203 catalyst the
activity after pretreatment LTR was much
lower than that after pretreatment HTR, as
shown in Table 4, due to incomplete reduc-
tion of Fe under low-temperature condi-
tions. To test the effect of air exposure on
activities, one sample was evaluated that
had never been exposed to air. This showed
similar activities after the two pretreat-
ments which were also similar to that after
pretreatment HTR for the Fe;(CO),, cata-
lyst that was exposed briefly to air, indica-
ting that exposure to air increases the diffi-
culty of reduction of this catalyst.

For ruthenium-containing catalysts, the
activity per gram catalyst after pretreat-
ment HTR was nearly equal to or lower
than that after pretreatment LTR, consis-
tent with the chemisorption resuits which
showed a decrease in CO uptakes following
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TABLE 5

Product Selectivity?

Catalyst % CO to Fe, Hydrocarbons (mole%) C,-C,
hydrocarbon Ru, Olefin/paraffin
conversion C, C- C C- C C Csy ratio
Fe(NO;); 3.1 —_ 61 3 27 — 7 1 1 0.09
Fe;(CO);2 6.0 — 56 s 19 3 4 7 5 0.36
Fe;(CO),, + 6.0 3.76 50 10 9 16 — 7 7 29
Ruy(CO)y,
Fe,Ru(CO);, 32 2.27 76 3 16 — — 3 1 0.19
FeRu,(CO);, 4.4 0.55 88 1 8 — 2 1 1 0.08
H,;FeRus(CO) 3 49 0.32 95 — 4 — 06 06 03 —
Ru3(CO),, 5.9 — 9 — I - - - — —

@ Measured after pretreatment HTR; T = 548 K, Pr = 100 kPa, H,/CO = 3.

pretreatment HTR, relative to LTR, as
shown in Table 3. Again, it indicates the
ease of reduction when Ru is present, and
either pretreatment provides similar turn-
over frequency (TOF) values for the Ru-
containing catalysts. Even though the
chemisorption capacity decreased after
pretreatment HTR, presumably due to
crystallite growth, the selectivity was inde-
pendent of the pretreatment. Selectivities

to hydrocarbon products measured after
pretreatment HTR at 548 K, P = 100 kPa,
and H,/CO = 3 are listed in Table 5. The
specific activities in Table 6 were calculated
based on M; values assuming CO(195 K)/
Ru; = 1 for the Ru-only catalyst and
CO(195 K)/Fe, = 1/2 for the Fe-only cata-
lyst. For the Fe—Ru bimetallic catalysts,
there is some uncertainty regarding surface
stoichiometries, and a CO(300 K)/M; ratio

TABLE 6

Specific Activity of Cluster Catalysts in TOF (molec. s~! M) x 103¢

Pretreatment N, co N, CHy N, COzb
c b c

Fe(NO;); HTR 2.5 — 1.03 0.26 1.18
Fe,(CO),, LTR 0.012 — 0.012 — 0.15
HTR 39 — 1.2 1.07 2.08

Fe;(CO),; + LTR 4.5 — 1.3 — 4.2
Ru3(CO),; HTR 34 4.24 0.83 1.0 3.76
Fe;Ru(CO);, LTR 3.4 2.45 2.5 1.77 1.68

HTR 3.8 4.0 2.1 2.2 1.6
FeRuy,(CO),, LTR 13.0 7.65 9.6 5.64 1.64
HTR 10.0 8.5 7.4 6.3 1.22
H,FeRu;(CO)3 LTR 9.5 — 8.9 — 1.14
HTR 8.2 5.7 7.1 4.9 0.65
Ru3(CO),, LTR 9.6 7.7 9.5 7.7 0.46
HTR 8.7 7.3 8.5 7.2 0.38

e T =548 K, Pr = 100 kPa, H,/CO = 3.

b Based on calculated M, values after HTR (see Table 9).
¢ Based on CO uptake at 300 K after corresponding LTR or HTR pretreatment. Nco = CO molec. converted to

hydrocarbons (no CO,).
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TABLE 7

Activation Energies and Reaction Orders

E, (kJ mole™!) r = kP(H,yP(CO)Y
CO to CH, CO to hydro-
hydrocarbons carbons CH, CO,
x y X y X y
Fe(NO,); 118 103 — —_ —_ — — _
Fei(CO);, 100 86 1.1 —0.53 1.0 -0.67 0.0 0.0
Fey(CO),; + 97 81 0.69 +0.12  0.96 -0.40 +0.21 —
Ruy(CO)y,

Fe;Ru(CO);; 83 76 0.97 -0.46 1.0 -0.63 0.0 0.0
FeRuy(CO),, 92 87 0.91 -0.53  0.96 -0.56 0 -0.1
H,FeRu;(CO),, 96 93 0.60 —0.61 0.63 —0.69 0 -0.4
Ruy(CO)j, 90 90 0.59 -0.37 0.59 -0.37 0 0.25

of 1/1 was used to calculate a minimum
TOF while M, values based on surface
compositions calculated from the chemi-
sorption behavior were used to calculate a
more realistic TOF. The activation energies
shown in Table 7 were calculated using ac-
tivities in the temperature range of 473 to
593 K, and the reaction orders, also shown
in Table 7, were determined at a constant
temperature of 548 K.

There is evidence that surface segrega-
tion of Fe may have occurred in these cata-
lysts. The heat treatment was varied for the
H,FeRus(CO);; catalyst, and Table 8 shows
the hydrogen uptake decreased with the
length of pretreatment time, whereas the
CO uptake stayed the same. This would in-
dicate segregation of Fe to the surface of
the FeRu crystallites, a conclusion which is

TABLE 8

Chemisorption of H; and CO as a Function of
Reduction Time for H,FeRu;(CO);; on CSX-203
(umole/g cat.)

Pretreatment H, at RT CO
(195 K)
2 h, 200°C, 20 sccm H, 40.00 220.0
16 h, 400°C, 20 sccm H, 27.50 230.0
32 h, 400°C, 20 sccm H, 13.24 217.0

supported by the surface composition cal-
culations based on the chemisorption data
in Table 3, which will be discussed later.

In order to get additional information
about particle sizes, high-resolution STEM
photographs were taken of the
FeRuy(CO),/CSX-203 catalyst after it had
been reduced by an HTR pretreatment. Fig-
ure 1 is a representative photograph of this
catalyst at a magnification of approximately
2.2 x 105, at which a resolution of 2 A is
achieved. Several metal particles can be
seen varying in size from about 20 to 60 A
with fringe spacings varying from 4.4 A (B)
to 9.2 A (A). The particles seem to be ex-
tremely thin since the support can clearly
be seen through the lattice fringes.

DISCUSSION

Estimation of Surface Composition of
Fe—Ru Clusters on Carbon

Characterization of such small bimetallic
clusters such as those discussed herein is
quite difficult; however, the composition of
the metal surface layer in atom fraction of
iron, Fe,/M,, was estimated after HTR us-
ing the previously discussed assumptions of
CO and H, adsorption stoichiometries on
Fe and Ru. Greater confidence was placed
in the CO stoichiometries at 195 K com-
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Fi1G. 1. STEM photomicrograph of FeRu,(CO);,/CSX-203 catalyst after kinetic analysis. Magnifica-
tion is ~2,200,000. Raft-like structure is indicated by metal particles A and B.

pared to those at 300 K because the former
are less ambiguous and there is less chance
of subcarbonyl formation or dissociation of
CO on Ru. An obvious limitation is that the
Fe, and Ru, values cannot exceed the total
Fe and total Ru values based on the metals
analyses listed in Table 2. Based on the as-
sumptions that the adsorption stoichiome-

tries were H,/Ru, = 1 at 300 K, CO,/Ru, =
1 at 195 K, CO,/Fe; = 0.5 at 195 K on Fe-
rich surfaces and CO,/Fe, at 195 K = 1 on
Ru-rich surfaces because of the sharp de-
crease in Fe-Fe nearest neighbors, the
surface compositions in Table 9 were calcu-
lated using the chemisorption data in Table
3. The procedure was as follows. The H,
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TABLE 9

Estimation of Surface Composition after HTR

Metal Fe,/M, Fe /M, MM, Ru/M,  Fe/M, Predicted Actual CO/M,
precursor CO,/M, ratio at 300 K
at 300 K¢
Fe(NOy); 1.0 1.0 0.13 (5.8)* — 0.13 — —
Fe;(CO)y, 1.0 1.0 0.37 (2.0)* —_ 0.37 — —_
Fe4(CO)y, + 0.79 0.89 0.38 0.040 0.344 0.38 0.32
Ruy(CO);,
Fe,Ru(CO);, 0.69 0.90 0.73 0.073 0.661 0.73 0.71
FeRu,(CO);, 0.35 0.69 0.50 0.153 0.349 0.50 0.59
H,FeRui(CO);3 0.24 0.37 0.67 0.420 0.250 0.75¢ 0.97
Rus(CO)y, 0.0 0 0.42 0.417 0 —_

¢ Assuming CO,/Fe, = CO,/Ru, = 1.
b Average crystallite size (nm).
¢ Assuming CO/Ru = 1.2.

uptake was used to define the number of
Rug atoms. The appropriate number of Fe,
atoms was then chosen to give the mea-
sured CO uptake at 195 K. A CO/Fe; stoi-
chiometry of 0.5 was used for all samples
except the FeRu; catalyst, which was the
only one indicating an Ru-rich surface. This
catalyst also had an anomalously low H,
uptake and the H/Ru, stoichiometry had to
be relaxed in order to predict sufficient CO
uptake at 195 K because the total amount of
Fe in the sample was only 86 umole Fe/g
cat. The estimated H,/Ru, value for this
ReFu; sample was 0.4. As a sample calcula-
tion, the Fe;Ru/carbon catalyst adsorbed 18
umole H atoms/g and therefore defined a
Ru, value of this amount. The number of
Fe, atoms required to predict a CO uptake
of 100 umole/g was 164 umole Fe,/g. The
surface composition was therefore Ruy/M;
= 18/182 = 0.10 and the dispersion M./ M,
was 182/248 = 0.73.

Assuming a CO,/M; ratio of unity, CO
uptakes predicted at 300 K are listed in Ta-
ble 9. The actual values are similar for the
coimpregnated and the Fe,Ru samples
whereas a limited amount of subcarbonyl
formation appears to occur on the FeRu,
and FeRu; samples. Regardless, actual up-
takes are quite reasonable based on the
number of surface metal atoms determined.

It should be mentioned that an alterna-
tive method to determine surface composi-
tion was used based on a different set of
assumptions, i.e., using CO,/Ru, = 1 at 195
K, CO./Ru, = 1.2 at 300 K (from Table 3),
CO,/Fe, = 0.5 at 195 K and CO,/Fe; = 1 at
300 K. These calculations resulted in the
same conclusion that the surface was Fe-
rich; however, the curves in Fig. 2 were not
as smooth and, more importantly, H./Ru,
ratios were always much less than unity,
ranging from 0.3 to 0.8. Consequently, we
prefer the former approach.

The major conclusion that can be drawn
from the surface compositions in Table 9 is
that the surfaces of the metal crystallites
are enriched in Fe as compared to the bulk
composition, and this is illustrated by the
data plotted in Fig. 2. Equal bulk and sur-
face compositions would give a 45° line;
however, the fact that all values lie below
this line indicates that the surface is en-
riched in Fe. It should be mentioned that
the bulk phase diagram for the Fe-Ru sys-
tem shows that complete miscibility and a
single phase occur for these metals for all
compositions used in these studies (above
24% Ru) (32). This is consistent with data
reported by Ott et al. (33, 34) who found
that for unsupported Fe—Ru alloys the sur-
face was primarily composed of Fe even
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F1G. 2. Dependence of surface compositions (@),
and TOF for CH, (W), on overall metal composition,
Ru/M,. The coimpregnated Fe;(CO);; + Ruy(CO)y,
sample is indicated by the open symbols, and the Fe-
only sample prepared from Fe(NO); is indicated by a
triangle.

when the percentage of Ru in the bulk was
above 25 at.%. This was expected from the
fact that Fe has a lower surface energy than
Ru. For example, the bond enthalpy param-
eters for Fe(bcc) and Ru(hep) are 24.17 and
26.67 kcal/mole, respectively (33). Further,
the data in Table 8 show that prolonged
heating induces further surface enrichment
in Fe, since the amount of H; chemisorbed
decreases with time, at least for the
HzFCRU3(CO)13/CSX-203 sample.

Particle Size Considerations

The dispersions are relatively high for all
the metal carbonyl catalysts and range from
0.4 to 0.8. Particle size estimations from
chemisorption data for Fe and Ru catalysts
have previously assumed particles to be
spherical or cube-shaped (11, 19, 23). As
one can see from Fig. 1, the metal particle
shape on this amorphous carbon is almost
two-dimensional so the previously reported
estimations of particle size using spheres or
cube-shaped models may not apply to this
system. Such behavior has not been previ-
ously reported for carbon-supported metal
catalysts. However, this result is still con-
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sistent with the high dispersions found by
chemisorption since a two-dimensional par-
ticle would have a high M,/M, ratio regard-
less of the diameter.

Different lattice fringe spacings in the
various particles in Fig. 1 are apparerit but
they are not an unambiguous indication of a
difference in metal composition. Other fac-
tors such as differences in the thickness of
the metal particle can also shift the fringe
spacings (35). An effect from the support,
such as epitaxy or pseudomorphism, could
also change the lattice fringe spacings com-
pared to bulk Fe and Ru spacings deter-
mined by X-ray crystallography. Regard-
less, the presence and stability of these
raft-like crystallites on carbon are unex-
pected and surprising, and may indicate a
more important role for the carbon support
than previously assumed.

Catalytic Behavior

The much lower activity for the
Fe;(CO)y; catalyst following a brief air ex-
posure and an LTR pretreatment demon-
strates the increased air sensitivities of sup-
ported metal carbonyl clusters compared to
unsupported metal clusters. After an HTR
pretreatment, the specific activity for CO
hydrogenation of the Ru-only catalyst was
3-5 times higher than the Fe-only catalyst,
and in terms of methanation activity the
Ru-only catalyst was 7—-10 times more ac-
tive than the Fe-only catalyst. One obvious
trend for the Fe-Ru bimetallic catalysts
was the steady increase in CO hydrogena-
tion and methanation specific activities
with increasing Ru content. This increase
paralleled the increase in the surface Ru
concentration, as shown in Fig. 2. The spe-
cific activity for CO, formation steadily de-
creased with decreasing Fe content in the
catalyst, with the exception of the
Fe3(CO); plus Rus(CO)y; catalyst which
showed a relatively high activity for CO,
formation. This trend in activities, shown in
Fig. 3, is consistent with literature data
(33, 36-38) which shows that Ru is a more
active catalyst than Fe in terms of CO hy-
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Fi1G. 3. Dependence of selectivity, Ney,/Nco (W),
and TOF for CO, (@), on overall metal composition,
Ru/M;. The coimpregnated Fey(CO);, + Ruy(CO)p2
sample, is indicated by open symbols and the Fe-only
sample prepared from Fe(NOs), is indicated by trian-
glCS. (A) NCH4/N009 (A) NCOz-

drogenation but is less active than Fe in
forming CO,. The low specific activities for
the Fe-only catalysts were similar to well-
dispersed, carbon-supported Fe (11, 19)
and SiO,-supported Fe (39) previously re-
ported in the literature. The differences in
crystallite size, Ngo values, and olefin/par-
affin ratios show that Fe/carbon catalysts
prepared from Fe carbonyl precursors are
not identical to those prepared from aque-
ous solutions of Fe(NOs);, as indicated in
Tables 5, 6, and 9.

The Ru-only catalyst had a TOF value
one-half that reported previously for larger
Ru crystallites (dispersion = 0.18) dis-
persed on Carbolac (12) and one-third that
reported for well-dispersed Ru on ALO;
(40, 41). Evidence exists that TOF values
are lower on small Ru crystallites (42) and
this could explain why the TOF on the
present well-dispersed Ru cluster catalyst
is an order of magnitude lower than TOF
values observed on typical Ru catalysts
(12). However, the low TOF values ob-
served on both larger and smaller carbon-
supported Ru particles indicates that the
carbon itself may influence the specific ac-
tivity. This may be a result of the raft-like
particle formation which we have observed
in our STEM studies.

The variation in TOF values as a function
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of bulk metal composition is shown in Fig.
2. This is consistent with our interpretation
that surface enrichment in Fe occurs and
surface Ru concentrations are especially
low at lower bulk Ru compositions. This
hypothesis is also supported by the low
TOF values reported by Guczi et al. for
coimpregnated, SiO,-supported Fe and Ru
carbonyl clusters containing 2.8 mole% Ru
or less (39). Their reported TOF values
were nearly the same as those obtained for
their Fe/SiO, catalyst. Our catalyst pre-
pared from Fe;(CO);; plus Ru;(CO);; seems
to lie somewhat off all the curves provided
by the Fe—Ru clusters and indicates some
inhomogeneity among the metal crystal-
lites. This variation between Fe—Ru cata-
lysts with nearly identical metal loading and
overall composition demonstrates the ad-
vantage of utilizing stoichiometric mixed-
metal clusters to facilitate metal-metal con-
tact and uniformity among the metal
crystallites.

After an LTR pretreatment, the activities
of the Fe—Ru catalysts were much higher
than the LTR Fe carbonyl catalyst and
were equal to or higher than activities of the
same Fe-Ru catalysts after an HTR pre-
treatment. This behavior, coupled with the
high CO adsorption values after an LTR
step, provides strong evidence for Fe-Ru
contact in which Ru catalyzes the reduction
of the Fe component. This enhanced reduc-
ibility of Fe has been observed in other Fe—
Group VIII metal bimetallic systems (43).

The product selectivities for the Fe-only
catalysts listed in Table 5 are similar to
those reported in the literature for other Fe/
carbon catalysts (/1, 19) except that the
olefin/paraffin ratios for the catalysts in
this study are lower than those found for
other well-dispersed iron catalysts.

The Ru-only catalyst formed essentially
only methane, and this selectivity to CH, is
higher than reported for other Ru catalysts,
except for one other previously reported
Ru/carbon catalyst which gave close to
100% selectivity (12). Selectivities to CH,4
as low as 30 mole% have been reported at
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these low pressures for unsupported Ru
catalysts (36, 37). These low specific activi-
ties and very high selectivities to CH4 over
two different Ru/carbon catalysts with dif-
fering dispersions of 0.18 (12) vs 0.42 (this
work) imply that the carbon support may
have a more pronounced influence than
crystallite size in catalytic behavior. Again
this may be a consequence of the raft-like
morphology of the metal particles that ap-
pears to occur in the small pores of high-
surface-area amorphous carbons.

There was a gradual change in selectivity
over the Fe-Ru catalysts when the Fe—Ru
composition was varied, with the exception
of the Ru;(CO), + Fe;(CO),; catalyst. As
the Ru content increased, the selectivity to
methane increased almost linearly, as
shown in Fig. 3, and the C,—C; olefin/paraf-
fin ratio decreased. However, the sequen-
tially impregnated  Fe;(CO);;  plus
Ru;3(CO);,/CSX-203 catalyst produced a
higher olefin/paraffin ratio than any of the
bimetallic Fe—Ru clusters. This is similar to
the selectivity behavior of silica-supported
Fe-Ru catalysts which were prepared by
sequential impregnation of Ru and Fe salts
(2). Therefore, varying the Fe-Ru precur-
sor and the impregnation technique can af-
fect the catalytic selectivity due probably to
a variation in the contact between the two
metal components because of the prepara-
tive technique. A more homogeneous sys-
tem is expected with the bimetallic clusters.

The activation energies shown in Table 7
are within the ranges (71.0-117 kJ/mole) re-
ported in the literature (11, 38, 40, 41, 44,
45), but no significant change was observed
with varying metal composition. The reac-
tion orders, also listed in Table 7, changed
progressively with catalyst composition,
except for the sequentially impregnated
Fe;(CO);; plus Rus(CO)/CSX-203 cata-
lyst. The hydrogen reaction orders for the
Fe-only catalyst were similar to literature
values, ranging from 0.9 to 1.5 (11), but the
CO reaction orders were significantly lower
than previously reported results which
were in the range of 0 to —0.26 (11, 38).
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This indicates that adsorbed CO or surface
carbon inhibits CO hydrogenation even
more than normal on these reduced-Fe
clusters. For the Ru-only catalyst, the reac-
tion order in hydrogen of 0.6 was also sig-
nificantly lower than those reported in the
literature for Ru, which varied between 1.1
and 2 (38, 40, 41, 45). The CO reaction or-
ders were more consistent with the litera-
ture values which have ranged between 0
and —1.5. All the CO-to-total hydrocarbon
reaction orders for the Fe—Ru bimetallic
cluster catalysts fell between those for the
pure-Fe and pure-Ru catalysts. As for the
lower hydrogen reaction orders over the
Ru-rich clusters, crystallite size, metal
structure, or the support could affect this
behavior and account for the low activities,
but the predominant effect is not known at
this time.

SUMMARY

This study has shown that well-dis-
persed, carbon-supported Fe—Ru bimetallic
catalysts can be prepared from stoichiome-
tric Fe—Ru mixed-metal carbonyl clusters.
The presence of the Ru facilitates reduction
of the iron and a low-temperature reduction
at 473 K is sufficient to reduce and activate
these clusters. In addition, reduction of
these clusters on carbon appears to be more
facile and complete than on many oxide
supports. In agreement with previous stud-
ies of bulk Fe—Ru alloys, surface enrich-
ment in Fe seems to occur in these small
crystallites after reduction although these
particles do seem to retain an overall homo-
geneous composition, as expected from the
bulk phase diagram. Methane and CO turn-
over frequencies increase in parallel with
the increase in surface Ru concentration
while the TOF for CO, formation smoothly
decreases. The selectivity to CH,, as repre-
sented by the ratio of CH, formation to total
hydrocarbon formation, increases linearly
with the overall Ru concentration, while
the olefin/paraffin ratios remained low over
all the catalysts prepared from Fe-Ru clus-
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ters. The FeRu catalyst made by coim-
pregnation did not exhibit behavior consis-
tent with that predicted by the mixed-metal
cluster catalysts and indicates a lack of
homogeneity in this catalyst. Initial STEM
studies show that the metal crystallites are
two-dimensional in nature and seem to
form rafts within the small pores of the
high-surface-area carbon used. This may be
responsible for the stability of the kinetic
behavior observed under reaction condi-
tions. This investigation has shown that
mixed-metal clusters can be used to pro-
duce active, bimetallic crystallites and that
carbon is an excellent support to provide
high dispersions and facilitate reduction of
all the metal components.
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