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Surface analysis of unsupported FeRu alloys was accomplished using x-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) after the catalysts were
reduced in flowing H, at 673 K for 4 h in a pretreatment chamber and introduced directly
into the UHV instrument without exposure to the air. XPS lines show Fe and Ru to be metallic
after reduction. Quantitative analysis of the first several layers using XPS shows enrichment
of the surface region in Fe as expected. Analysis of the secondary ion emission as a function of
composition shows a marked decrease in the Ru* emission from 97Ru3Fe compared to the
pure Ru catalyst, suggesting alteration of the electronic properties of the surface upon addition
of a small amount of Fe. Semiquantitative analysis of the uppermost layer using SIMS suggests
greater Fe enrichment in the first layer than the average enrichment calculated from XPS for
the first several layers. The initial activity and selectivity of the catalysts for Fischer-Tropsch
synthesis were measured at 1 atm and 578 K in 3.3H,; + CO at conversions below 3%.
Selectivity to methane decreases through a minimum with increasing Fe content in the first
layer. High propylene and ethylene yields were found for the alloy catalysts. A marked increase
in the selectivity of the catalysts to propylene and, particularly, ethylene for 3Fe97Ru compared

to pure Ru correlates with the sharp changes in SIMS yields.

INTRODUCTION

The wealth of literature related to
Fischer-Tropsch synthesis which has ap-
peared in the past few years indicates re-
newed interest in the technology of syn-
thetic hydrocarbon production (e.g. (1, 2)).
Two of the more active metals for cata-
lyzing the Fischer-Tropsch synthesis reac-
tion are iron and ruthenium (3). Supported
alloys of these two metals are known to
possess unique catalytic properties for hy-
drocarbon synthesis, particularly high selec-
tivity for propylene (4, ).

The goal of this research has been to
characterize the surface of FeRu alloys in
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terms of composition, electronic properties,
and purity and to correlate this information
to kinetic behavior. First monolayer compo-
sition analysis is typically done by selective
gas chemisorption, but this method is not
useful in this case because both metals are
very active for adsorption of most candi-
date gases. We have turned instead to sur-
face analysis using X-ray photoelectron
spectroscopy (XPS) and secondary ion
mass spectrometry (SIMS).

The details of XPS have been described
elsewhere (e.g., (6, 7)). The spectrum is
obtained by analysis of the kinetic energy
of photoelectrons ejected from the surface
of the catalyst during bombardment by
X rays. Peak positions and areas provide
qualitative analysis of all elements ex-
cept hydrogen, information concerning the
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chemical state of atoms in the surface
region, and quantitative analysis of the
surface with an accuracy of about 209.
XPS examines only the first several atomic
layers of a sample because most photo-
electrons ejected from deeper in the bulk
are inelastically scattered before reaching
the surface.

Secondary ion mass spectrometry mea-
sures the ions ejected from a solid surface
during bombardment of the surface by
incident ions in the kilo-electron volt range
(8, 9). Since the probability of particle
ejection from the bulk is very low (10),
SIMS examines only the first one or two
atomic layers. In addition, multiatom
clusters ions reflect local composition in
regions approximately 10 A in diameter
and are believed, on the basis of kinematic
calculations of particle ejection, to be
formed just above the surface (11). Realiza-
tion of the full potential of SIMS awaits
further understanding of the particle ejec-
tion and ionization processes which gen-
erate secondary ions, but many of the
uncertainties in SIMS can be removed by
using XPS to aid in chemical character-
ization of the surface.

In order to correlate the catalytic be-
havior of the alloy surfaces with their
structure and composition, kinetic mea-
surements must be made. In this work, the
alloys were prepared as unsupported pow-
ders with surface areas of 7 to 10 m?/g (12),
a convenient range for conventional kinetic
analysis. Kinetic data were obtained at 1
atm and conversions below 39, in a fixed-
bed, flow reactor system similar to that
employed by Vannice (3).

We can expect from the literature for
Fischer—Tropsch synthesis on Fe that bulk
Fe can be transformed into Fe carbide
during the reaction (13-15). In addition,
Dwyer and Somorjai have shown that after
4 h at 573 K in 6 atm of 3H,/CO, the
activity of an Fe foil for Fischer-Tropsch
synthesis declined by a factor of 5 while
a carbon layer sufficiently thick to eliminate
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Fig. 1. Schematic of the SIMS/XPS apparatus
(20). MDR = Magnetic drive rod.

Fe from an Auger spectrum formed over
the surface (16). Our studies of the FeRu
system have begun with SIMS/XPS anal-
ysis of the reduced and passivated alloy
powders (17). In the present paper we
report surface analysis of the hydrogen-
reduced catalysts and studies of the effect
of surface composition on the initial rates
and selectivity for hydrocarbon synthesis
at 1 atm pressure. A subsequent paper
will deal with the alterations of the Fe, Ru,
and FeRu alloy surfaces due fo reactions
during Fischer—Tropsch synthesis.

EXPERIMENTAL METHODS AND
PROCEDURES

A. Surface Analysis

The overall XPS/SIMS instrument is
shown schematically in Fig. 1 and is de-
seribed in Refs. (18-20). The XPS mea-
surements are made with a Hewlett—
Packard 5950A electron spectrometer using
monochromatic AlKe X rays. Linewidths
on the order of 1.0 eV FWHM (Au 4f;,5)
are typical and allow accurate determina-
tion of binding energies. The energy scale
is calibrated by assigning 84.0 eV for the
Au 4f7, binding energy.

The SIMS instrument is housed in a cus-
tom-designed Perkin—Elmer Ultek TNB-X
ultrahigh vacuum (UHYV) bell jar with a
base pressure of 4 X 10=% Pa. The mass
filtered primary ion gun consists of a
Danfysik 911A Sidenius-type hollow cath-
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ode jon source, an extraction lens, and a
90° magnetic sector capable of unit resolu-
tion at 300 amu. For static SIMS experi-
ments, the ion source can be operated in
a pseudoelectron impact mode to deliver

beam currents <10-° A/cm .

is connected to the UHV bell jar through
three stages of differential pumping to
maintain an operating pressure of 1 X 10-7
Pa during static SIMS experiments. To
eliminate sputtering by neutrals, the 5-mm-
diameter ion beam is deflected before
striking the sample,

Both positive and negative ion high-mass
SIMS spectra are taken with a Riber Q156
Quadrupole system which is capable of
scanning between 2 and 800 amu at a
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resolution in excess Uf 800 \71i/ um,; The
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quadrupole mass analyzer has 15-mm-
diameter rods for high sensitivity and an
off-axis spiraltron detector operated in the
ion counting mode.

Samples are introduced into the system
via a small volume, diffusion-pumped load

The transfer of samples within the

system is accomplished with four mag-
netically driven transfer rods (MDRI1-4)
described in detail elsewhere (20). The
reduced and passivated alloy powders are
pressed into 7-mm-diameter by i-mm-thick
disks in a small hand-held press. Sample
pellets are mounted on a cylindrical holder
using a Hewlett-Packard copper sample
blank, recessed for cylindrical disks, and
a gold mask. Contamination of the sample
due to copper migration is prevented by

amlaal 1 3 3
placing an aluminum disk under the sample.

The holder is transferred to all points of the
apparatus by right angle transfers between
the different magnetic drive rods. Several
samples can be stored in the system at
once because of provisions to pa.n& samples
when they are not being studied.

In addition to the XPS and SIMS anal-
ysis chambers, the apparatus includes a pre-
treatment chamber for the purpose of
pretreating catalyst samples at 1 atm and

up to 750 K, and then returning them to
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Fia. 2. XPS spectra of reduced 33Ru67Fe powder.

the vacuum system without exposure to
air. The chamber, shown in Fig. 1, con-
sists of a 35-mm—i d Pyrex tube connected

to 70-mm (2.75

aanfat fAomara <rio

\h 75 in. ; conflat ﬂuugt:b via
glass to metal seals. Replacement of this
tube with one made of quartz would raise
the maximum allowable pretreatment tem-
perature considerably. Each end of the tube
is connected to the rest of the system by
flexible couplings to prevent unusual stresses
in the glass. The system is pumped with g
hquld-mtrogen—trapped, water-cooled, high-
speed diffusion pump and is capable of a
base pressure after bakeout of 7 X 10-7 Pa.
Two chromel/alumel thermocouples, con-
nected by a UHV feedthrough to a digital
voltmeter, are used to measure the sample
temperature. One is in the gas phase 2 mm
from the sample. The other is in contact
with the sample catching device. During
treatment at atmospheric pressure, the two
thermocouples read the same. After evacua-
tion, the difference between the two is
never larger than 5 K. Temperature mea-
surements at various axial positions within
the chamber show that the temperature
variation in the sample region is less than



+5 K at 673 K and 100 ¢m?®/min H,/CO
flow. Pressure is measured with a thermistor
gauge at startup and a nude ionization
gauge at low pressures. Reactant gases are
introduced into the system through a
Varian 13-mm valve mounted on a 70-mm
conflat flange and the gases are all UHP
quality from Matheson and are further
purified by passage over a column of glass
beads at 77 K.
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1 X 10~ Pa, 30 s after conclusion of the
pretreatment (gas flow off, heater off,
valve to pumps opened). The sample is
usually introduced into the transfer system
after 10 min when the pressureis ~1 X 10—*
Pa and the sample temperature is ~473 K.
This procedure minimizes contamination

of the sample from background gases.
B. Kinetic Analysis

The differential kinetic measurements are
made on a separaie apparatus (21). The
gases available at the inlet are UHP H,
(purified further with a Deoxo unit and
molecular sieve trap), UHP He, and pre-
mixed 3.3H,/CO and 1H,/CO (purified
by passage over a molecular sieve trap).
The gases can be routed to three Pyrex
reactors in parallel via several stainless-
steel switching valves. The reactor U tubes
are connected to the system with ultra-
Torr O-ring seals and heated by a Techne
fluidized sandbath controlled by a West
on/off time proportioning controlier. Tem-
perature control is +0.5 K and the sand-
hath insures good heat transfer away from
the catalyst bed.

A Hewlett-Packard Model 5834A re-
porting gas chromatograph (gc) provides
product analysis. This device includes a

temnerature-nrogrammed Chromosorb 102
pPe Pross
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column, mieroprocessor control, digital in-
tegration, and a thermal conductivity
detector. Water is removed from the pro-
duct stream with a drierite trap prior to
analvsis. The carrier zas is He. The H, and
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CO peaks are not well resolved, but anal-
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ysis of the CO, and C, to Cs hydrocarbon
products including unsaturated and isom-
erized products is done with high ac-
curacy (=+3Y%) and sensitivity (5 ppm).
Absolute calibration of the gec is accom-
plished by running a certified calibration
standard (Matheson) before each run. In
preparation for kinetic measurements, cata-
lysts were reduced in flowing H; for 4 h at
573 K. Kinetic runs were started by

switehing fram H. ta the roastinn mivture
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at 573 K. Catalyst amounts varied from
0.2 to 1.5 g in order to maintain a conversion
of ~19% in an ~100 cm®/min reactant
gas flow.

Fe, Ru, and Fe-Ru powders were pre-
pared from RuCl;-H;O (Englehard) and
Fe(NO;):-9H,0 (Mallinckrodt) by hy-
drazine reduction as described previously
(12, 17, 22).

RESULTS AND DISCUSSION

Iron and ruthenium form a continuous
series of solid solutions with Fe substituted

llll/U bllU llbp nu labblbc d:UUVU é‘t IIlUltﬂ /0 nu
in the bulk. Between 24.5 and 4.59, Ru, a
two-phase region exists below 773 K.
From 4.5 to 09, Ru in the bulk, the Ru
atoms are substituted into the bce Fe
lattice. Except for pure Fe, all of the alloys
investigated here were above 259, Ru in
the bulk so the crvstal strueture of the
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materials is hep (23).

A. Chemical State of the Reduced Catalysts

The surfaces of the reduced and pas-
sivated alloys have been shown previously
(17) to consist of two phases, an Fe oxide
phase and an FeRu alloy phase, as evi-
denced by XPS observation of Ru?, Fe',
Fe?*+ and Fe*t. Reduction of the alloy
catalysts at 673 K in 1 atm of H; for 4 h
generated the XPS spectra shown in Fig. 2.
As can be seen, Ru at 280.0 eV is zero

valent as in the passivated catalysts, but
now F‘n at 707.2 nV is also zero valent as

10 45 Qs LUXO @aTady s

expected A blndmg energy of 280.0 eV
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TABLE 1
Bond Enthalpy Parameters for Fe and Ru (31)

Element H, Number Bond
(kcal/gmole) of nearest Enthalpy
neighbors (keal/gmole)
(2

96.68 8
160.00 12

24.17
26.67

Fe (bec)
Ru (hep)

for Ru® is reported by Kim and Winograd
(24). Brundle (25) and Kishi et al. (26)
report values of 707.2 eV for Fe® when the
1s level of carbon is considered to be
284.0 eV. Pure Fe powder was also reduced
completely by H, at 673 K. Examination
of the O 1s region of the spectra typically
showed O 1s to metal intensity ratios
(normalized by photoelectric cross section
(27)) of 0.1 to 0.2. These values correspond
to roughly half a monolayer, assuming that
an electron mean free path for inelastic
collisions of 1.5 nm yields 309, of the
detected signal from the first monolayer
(17). Since C 1s overlaps with the Ru 3d;
line, the amount of carbon present was
estimated by comparing the Ru 3dy/
(Ru 3d; + C 1s) intensity ratio to the
value of 1.5 expected for the Ru 3dg/Ru 3d;
intensity ratio. Experimental values for the
reduced surfaces were typically 49, greater
than 1.5, indicating that the carbon cover-
age was below detectable limits. Since the
cross-section ratio of Ru 3d; to C 1sis 5.1
(27), a small change in the measured ratio
can correspond to a significant amount of
carbon. Thus we estimate the carbon
coverage after reduction as less than 0.25
monolayers.

B. Surface Composition of the Reduced
Catalysts

The possibility for surface enrichment
in one of the components in a reduced
binary alloy is well documented (28-30).
As shown in Table 1, the bond enthalpy
for Fe is lower than that for Ru (3I).

OTT, FLEISCH, AND DELGASS

Thus surface enrichment in Fe is to be
expected.

The procedure for measuring the surface
composition of the reduced catalysts was
to pretreat the samplesin H, at tempera-
tures exceeding 573 K for a minimum of
4 h. After the completion of the reduction
period, the gas flow was interrupted, the
pretreatment chamber evacuated, and the
sample was introduced into the transfer
system as described above. The time re-
quired to transfer the sample to the XPS
chamber was usually about 5 min, so the
sample was still cooling as it entered the
X-ray photoelectron spectrometer.

Quantitative analysis by XPS was done
using the most intense lines, 2p; for Fe and
3ds for Ru. A linear background was sub-
tracted from the peaks to attempt to dis-
count the inelastically scattered electrons.
In contrast to the oxidized samples, the
reduced samples have lineshapes which lend
themselves to linear background subtrac-
tion (see Fig. 2). The spectral areas were
obtained by computer integration and
normalized for active counting time, hori-
zontal scale, and photoelectric cross section
(27). A final correction was required to
account for the difference in energy of the
two lines being investigated. Ru 3ds has
a binding energy of 280 eV and a kinetic

o
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0.2
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Fia. 3. XPS surface composition diagram
for FeRu powders.
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Fig. 4. Absolute Ru* and Fe+ SIMS yields as a function of Fe bulk composition in FeRu powders.

energy of 1487 — 280 = 1207 eV. Fe 2p;
has a binding energy of 707 eV and a
kinetic energy of 780 eV. In the region
from 200 to 1000 eV kinetic energy, the
mean free path (\) varies as the square
root of the kinetic energy (32). The
normalized intensity of the Fe line must,
therefore, be multiplied by (1207/780)* to
account for the fact that the faster moving
Ru electrons can escape from deeper
within the sample and appear artificially
more intense. With this normalization,
Ivo/ (Ive + Igy) is the atom fraction of Fe
in the surface region, assuming that the
solid is homogeneous.

The results of the above calculations are
presented in Fig. 3 and show surface en-
richment in Fe as expected. Since the top
layer contributes only 25 to 309, to a
given XPS peak, enhanced enrichment in
the first monolayer is a definite possibility.
To gain a clearer picture of the composition
of the first layer we turn to SIMS.

Although the quantitative understanding
of the SIMS technique is not as well ad-
vanced as that of XPS, both experience
and recent calculations (10) show that the
sampling depth of the method is very low,
with most of the secondary ions coming
from the first layer. Semiquantitative anal-

ysis using SIMS has been discussed in the
literature (33). A key experimental re-
quirement is the use of low ion doses to
avoid surface damage.

The secondary ion yield depends on the
product of the particle ejection yield and
the ionization probability. Gravimetrie
(total) sputter yields for Fe and Ru are re-
ported as 0.8 and 1.0 atoms per incident
ion, respectively (at 400 eV incident energy)
(34). It is important to note, however, that
these yields were not obtained under static
conditions and that there may well be
matrix effects on the yields which change
with alloying. The fraction of emitted
particles which are ionized is a function of
both the atom being ionized and the nature
of the surface, particularly its work fune-
tion. Changes in the electronic properties
of the surface due to chemisorption or
oxidation can change ion yields by several
orders of magnitude. Since no composition
dependence of the small amount of surface
contamination was noted in either SIMS
or XPS, we assume that adsorption of back-
ground gas does not play a decisive role in
determining relative ion yields as a func-
tion of composition in these experiments.

The absolute secondary ion yields of the
Fet and Rut* ions are presented in Fig. 4
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a8 S (counts per incident ion) versus bulk
atomic percentage Fe. Correction has been
made for the 1/m? dependence of the trans-
mission function of the mass spectrometer
on mass (35). Reproducibility of the results
is excellent. The sharp decline in Ru*
emission in the 97Ru3Fe alloy compared
to pure Ru suggests a large surface enrich-
ment in Fe. The Fet yield is not high
enough, however, to support a simple stoi-
chiometric interpretation of Fig. 4. Some
electronic or matrix effects on ion yields,
particularly in the low Fe range, must be
suspected. The yield ratio Sg,*/Sye+ for
pure Ru versus pure Fe is 2.3. If electronic
and matrix effects influence Fe and Ru
equally, so that the ratio of relative prob-
abilities of emission per surface atom is un-
changed over the composition range, then
the quantity Sge/(Sre + Sre) would equal
XFQ/(2.3XR|, + Xpe), where Xpe a.nd XR.,
are the surface atom fractions of Fe and
Ru. This curve is compared to the experi-
mental data for Sre/ (Sru + Sre) in Fig. 5.
The surface composition suggested by
Fig. 5 is higher than would be predicted
from XPS even if all the iron is in the first
monolayer, but the suggestion of strong
surface enrichment by Fe is intriguing,
particularly in view of the kinetic findings
discussed below.
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C. Kinetic Analysis

Table 2 shows the initial synthesis
activity of the different powders at 1 atm,
3.3H,/CO, and differential conversion. One
can see that the overall rates on the alloy
catalysts are roughly comparable while the
rate over Fe is lower and that over Ru
is higher. The CO turnover number is
102 s7! for Ru at 538.5 K if the BET area
is used for determining the number of
surface metal atoms. Perhaps more inter-
esting are the changes in selectivity with
composition.

The selectivity analysis of the reduced
Ru and 97Ru3Fe catalyst surfaces was
accomplished by averaging the selectivity
measurements over a 3-h period after in-
troduction of the reactant mixture. This
was possible because the selectivity did not
vary with time within the experimental
accuracy of the technique for these samples.
For the Fe catalyst, the selectivity to C,
varied little with time so 3-h-averaged
values were used. The olefin-to-paraffin
ratio varied significantly, however. The
75Ru25Fe and 33Ru67Fe alloy samples
showed a drastic change in selectivity with
time on stream. Selectivity data for these
two samples and olefin selectivity for Fe
were measured by achieving reaction tem-
perature in flowing hydrogen, introducing
the 3.3H,/CO mixture, and sampling after
15 min. The reasons for the change in

TABLE 2
Total Synthesis Rates

Sample Re Temperature
((gmole/ (°K)
min-geat)
X 108)
100Fe 0.41 574
67Fe33Ru 8.2 573
25Fe76Ru 7.8 574
3Fe97Ru 4.7 573
100Ru 21.5 573
100Ru 9.1 538.5

¢ R is the rate of CO conversion to C; to Cs and
COs.
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Fig. 6. Hydrocarbon selectivity in 3.3H,/CO at 1 atm and 573 K for freshly reduced FeRu
catalysts as a function of bulk composition. C, indicates number of carbon atoms in the produect

molecule.

selectivity of the middle alloy catalysts
will be discussed in a later paper.

Figure 6 shows the hydrocarbon selec-
tivity of the freshly reduced alloy samples
as a function of bulk composition. The
selectivity values are reported on a carbon
basis and can be thought of as the fraction
of carbon atoms from reacted CO which are
converted to a given product. The selec-
tivity to methane decreases quickly, then
goes through a slight minimum as the Fe
content of the surface rises. Of special
interest is the observation that the major
changes in the selectivity of the catalysts
occur below 30 atom%, Fe in the bulk; the

region which Fig. 5 shows to correspond
to the major changes in surface composition.
Compositions measured by XPS after reac-
tion showed Ru/Fe ratios unchanged except
for a small decrease for 33Ru67Fe.

The general features of Fig. 6 can be ex-
plained in terms of Fe enrichment of the
surface, i.e., by the assumption that over
much of the composition range the surface
of FeRu alloys is largely Fe. Fe-Like be-
havior for unsupported 50Ru50Fe has also
been reported by Urabe and Ozaki (36) for
both ammonia synthesis and “N,-*N,
equilibration. Changes in olefin selectivity

[ X3 & A Ethylene b
RC,‘, @ Propyiene
Rez+Re;,

0.4 | -
r 3

0.2 ~

0.1 1 1 1 |
0.0 0.2 o] 0.6 0.8 1.0

.4 -
Mole Fraction Fe in the Bulk

F1a. 7. Relative selectivity of FeRu catalysts to unsaturated products in 3.3H.;/CO at 1 atm

and 573 K.
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(Fig. 7) show, however, that Fe on the alloy
surface is not identical to pure Fe.

Perhaps the most striking aspect of
Figs. 6 and 7 is the large relative yield of
ethylene at the 97Ru3Fe composition. The
product distribution for this catalyst com-
pared to pure Ru behaves as if the relative
surface concentration of hydrogen had been
lowered and the residence time of the car-
non intermediates lengthened only enough
to permit addition of one carbon to the
chain. A lowering of the work function of
Ru by introduction of 39, Fe is suggested
by the low total secondary ion yield from
97RulFe (see Fig. 4). By analogy to the
promotional effect of KO on Fe Fischer-
Tropsch catalysts (37), a lower work fune-
tion can increase electron donation to CO,
raising ite heat of adsorption, and also
suppress adsorption of H®+, Thus it can
account for the observed changes in hy-
drocarbon selectivity.

The selectivity changes at 97Ru3Fe show
clearly that a surface with behavior inter-
mediate between that of Ru- and Fe-
covered alloy has been created. The SIMS
spectra. indicate that changes in both
Fe.Ru, ensemble distribution and elec-
tronic properties of the surface can be in-
volved in determining the catalytic be-
havior. We also note that though high
olefin yields have been found for supported
FeRu {4, 6), the selectivities are even
higher for the unsupported metals and
suggest influence of support interaction or
particle size in the previous work. The
drop in olefin selectivity, on reaching the
1009, Fe side of the plot, may reflect a
change from hep to bee structure as well
a8 loss of the influence of Ru and, thus,
invites further investigation.

CONCLUSIONS

XPS of the reduced catalysts shows Fe
enrichment in the surface region. Semi-
quantitative interpretation of the SIMS
data suggests that the first layer is greatly
enriched in Fe. The catalytic behavior of

OTT, FLEISCH, AND DELGASS

the alloys as a function of composition
shows a general trend in keeping with
significant Fe enrichment of the surface but
with special features in the high and low
Fe content regions. The 97Ru3Fe alloy
has unusually high C, yield with very high
selectivity to ethylene. Although this sur-
face could already have as much as 509
Fe, based on the SIMS analysis, its cata-
lytic behavior is markedly different from
that of the middle alloys whose surface
could be 80-909, Fe. The changes in SIMS
yield for 97Ru3Fe suggest that changes in
work function as well as composition may
be important in determining catalytic
activity. The drop in olefin selectivity for
pure bee Fe versus the hep alloys suggests
that surface structure may also play a
catalytic role.
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