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The surface chemistry of supported ruthenium on high surface
area (>50 m? g 1) rare earth oxides (La, Ce, Pr, Tb, Ho, and Yb) has
been studied by temperature-programmed reduction, temperature-
programmed oxidation, X-ray photoelectron spectroscopy, Fourier
transform infrared spectroscopy, and hydrogen chemisorption. Re-
duction of carbonyl ligands and surface carbonate by H, takes place
in the range 255°C < T < 300°C, with evolution of CH4 and forma-
tion of nanometer-sized Ru particles. The Ru nanocrystallites were
readily oxidized to RuO,, which strongly interacted with the sup-
port. Prolonged heating (6 h) in 1% O,/He at 350°C led to loss of
free RuO; from the support, but shorter term heating resulted in
rearrangement of RuQO; on the support, as revealed by alteration
in the reduction profile with varying oxidation conditions. Hydro-
gen adsorption—desorption experiments showed that dispersion of
Ru metal was increased by the reduction—oxidation-reduction cycle
for La and Yb but not the other oxides. Facile reduction of Ce, Pr,
and Tb oxides was attributed to the dissociative chemisorption of
H; on Ru metal nanocrystallites, and spillover of atomic species to
the support. Reducible oxides such as CeO, and PrsO;; have been
found to be effective support for the production of lower alkene
from synthesis gas. (© 1998 Academic Press

Key Words: characterisation of supported ruthenium catalyst;
supported ruthenium on rare earth oxides; Fischer-Tropsch syn-
thesis.

INTRODUCTION

Numerous studies have been devoted to the influence of
the support on the Ru catalyzed hydrogenation of CO (1-8).
Support effects on catalyst performance can arise from al-
teration of the electronic characteristics of the active metal,
or through promotion or inhibition of secondary reactions
on the supportitself. Thus, a characteristic of acidic supports
is a rich carbonium ion chemistry, leading to numerous sec-
ondary reactions (e.g., chain branching, cracking, and hy-
drogenation reactions). In contrast, such reactions on basic
supports are minimal.

A number of earlier studies have concentrated on MgO
as a basic support for Ru-catalyzed CO hydrogenation, with
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very variable outcome as to the products (5-7). However,
there are also studies on La,O3; and CeO,, in which sub-
stantial lower olefin production has been reported (4, 7),
demonstrating the expected relative inhibition of secondary
carboniumion rearrangements on a basic support. In partic-
ular, we have previously reported a high activity and stable
Ru promoted Co/CeO; catalyst with good olefin selectivity
and low CO, production (8). To better understand the per-
formance of that Ru/Co/CeO; catalyst, we have undertaken
a systematic study of the components and their interactions.
Previous publications have reported our work on the syn-
thesis of high area ceria and its surface and bulk properties
as a function of area (9) and the interaction of Ruz(CO)1;
with rare earth oxides to form surface Ru carbonyl species
(10). This publication describes the reduction of those sur-
face carbonyl species, their properties, and Fischer—Tropsch
activity with subsequent publications examining the influ-
ence of CO; and H,O on the catalyst.

A method for the preparation of rare earth oxides with
high surface areas, between 50 and 200 m? g~!, has been
reported (11). These high surface area oxides introduce the
possibility of designing catalysts which are likely to effect
highly selective hydrogenation of carbon monoxide to un-
branched lower olefins with minimal carbon dioxide for-
mation. Thus, facile carbonation of the support by CO,,
produced in the water—gas shift reaction, to form rare earth
carbonate species, becomes a likely reaction. For the rare
earths of variable oxidation state, Ce, Pr, and Tb, reduction
of the high area surface or of the bulk support itself can
occur by Hj; spillover. In a previous paper Fourier trans-
form infrared (FTIR) spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) were used to identify the surface
species [(OC),Ru(OM);], at 2 wt% Ru loading, and possi-
bly [Ruz(u-H)(CO)1o(pt-OM)] at 5% metal loadings (10).
The present paper investigates the reduction of these sur-
face species on La;03, Ho,O3, Yb,O3, CeO,, PrsO7, TbsO7,
and their subsequent oxidation—-reduction.

EXPERIMENTAL

Syntheses and characterization of high area M,O3 (M =
La, Ho, and Yb), CeO,, Pr¢Oq1, and TbsO; powders are
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reported elsewhere (9, 11). Ruthenium dodecacarbonyl was
prepared from RuCl; and recrystallized from toluene (12).
Solutions of Ru3(CO);; in n-heptane (ca. 1 g/L) were re-
acted with the rare earth oxide (freshly calcined at 600°C)
by stirring under N, at 21°C. After 24 h, the solid was fil-
tered and washed with pure n-heptane before drying for ca.
1 h in vacuo (ca. 0.01 kPa) at 21°C to provide the catalyst
precursor, which was stored under No.

X-ray photoelectron spectra (XPS) were measured with
a Vacuum Generators ESCALAB using the Al anode ope-
rated at 150 W (pass energy 30 eV, 4 mm slits). Specimens
were mounted onto Ni-plated Cu sample holders as loose
powders. Treatments were done in situ in a flowthrough
reaction cell (15 cm*/min), using either 3% Hy/N, for re-
duction at 350°C or 1% O,/He for oxidation at 150°C.

The Ru 3d doublet, C 1s hydrocarbon (CH,), and car-
bonate (13) intensities were extracted from the C 1s—Ru
3d spectral envelope by a curve-fitting procedure based
on damped nonlinear least squares optimization (14). For
Ru/CeO; inclusion of an additional peak (Cyy at ~291 eV)
was required to fit the high binding energy region of C 1ssat-
isfactorily. This peak had variable binding energy and was
attributed to weakly adsorbed oxygenated carbon species
(15). The Ru 3dsp—3dsp, splitting was set to 4.1 eV (17).
Splitting of 4.2 eV, also reported in the literature (18) was
tested but found to make less than 0.05 eV difference in
the binding energies and less than 10% difference in the
intensities. The relative heights were varied according to
whether the Ru was in a metallic state or oxidized. In the
metallic state there is Coster—-Kronig broadening of the Ru
3ds), peak compared to the Ru 3ds;, peak (19); therefore a
peak height ratio for Ru 3d3, : Ru 3ds; of 0.588 was used to
give the required area ratio (0.69) when the broader 3ds,
peak was used in fitting. The peak FWHM of the Ru 3ds.,
was fixed at 0.43 wider than the Ru 3ds),. For the oxidized
state, the Coster—Kronig path which gives rise to the broad-
ening is closed, and therefore the peak widths are identical
for the spin-orbit pairy (19).

The spectrometer was calibrated using the Au 4f;, peak
at 84.0 eV and the Cu2p;,; peak at 932.6 eV. Internal charge
referencing for the Ru promoted lanthana and ceria sys-
tems is difficult because the C 1s is obscured by the Ru 3d
doublet, and the rare earth oxide core lines have complex
structures. Previously we have used the C 1s line (285.0eV)
after fitting the Ru 3d-C 1s region (10). In this study the
carbonate peak positions were chosen as reference points
since interference from the Ru 3d was minimal. Carbonate
peak positions were measured in the absence of Ru on both
lanthana and ceria as well as on cerium carbonate and oxy-
carbonate (Table 1). These positions were referred to the
adventitious carbon at 285.0 e V. For the heavily carbonated
materials (LayO3 and Ce,(CO3)3), the binding energy was
higher than for Ce,OCO3, which only had a small carbon-
ate peak due to its volatility in vacuum (9). Thus for La,O3

TABLE 1
C 1s Binding Energies for Selected Compounds

Compound Cls
Carbonate-contaminated La,O3 289.5
Ce,(CO3); 289.2
CeO(CO3) 288.6

and CeQ,, the carbonate peaks at 289.5 and 289.0 eV were
chosen as the reference peaks, respectively. In the case of
lanthana, the use of the carbonate as a reference gave a La
3dss, position of 834.5 0.2 eV, which is in good agreement
with reported values (20, 21).

For La,0s3, the best fits to the O 1s region were obtained
by using four components which were assigned to oxide
oxygen, such as found in La,O3 (~528.3 eV), LaOOH
(~529.5eV), and carbonate oxygen (~530.8 V), and to hy-
droxyl oxygen in La( OH)3 (~531.8 eV) (22). For the CeO,
catalysts the O 1s region was satisfactorily fitted using two
components, oxide (Oy) and a combination of hydroxyl and
carbonate oxygens (Oy). The spectroscopy of the Ce 3d
region was complex due to a satellite structure for which
precise assignment remains tentative (23). Generally, on
fully oxidized ceria (Fig. 1a), the features labeled v, v, and
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FIG. 1. XPS spectra for Ce 3d region of (a) fully oxidized 1.8 wt%

Ru/CeO,, (b) same sample after reduction at 350°Cin 3% Hy/N; for 20 min,
and (c) difference spectrum, (b) — (a), derived as described in the text.
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3d 94f0 final states, respectively (3ds, and 3ds; splittings
are designated by the joined lines) (24). For a partially re-
duced sample, a new feature appear labeled v’ (Fig. 1b).
The only feature in the Ce 3d spectrum which arises solely
from the Ce(IV) state and has no interference from satellite
lines is the Ce 3ds, v line (hatched) (24). For quantitative
analyses, the following procedure was adopted:

(i) The total Ce 3d intensity was calculated by summa-
tion of the integral intensities after nonlinear subtraction
of the background.

(ii) In estimating the amount of Ce(IlI), the reference
Ce(1V) spectrum (Fig. 1a) was first scaled so that the Ce
3dsn v (hatched) peak intensity matched that in the spec-
trum of the reduced catalyst (Fig. 1b).

(iii) Ce(III) in the reduced sample was calculated from
the integrated intensity of the difference spectrum between
those of the reduced sample (Fig. 1b) and the scaled Ce(IV)
spectrum (Fig. 1a).

The validity of this procedure is supported by the dif-
ference spectrum (Fig. 1c) obtained for a reduced sample,
which displayed features typical of those found for Ce(I1I)
in passivated layers of Ce;O3 on Ce (25).

Temperature-programmed reaction studies were per-
formed in a downflow reactor, designed to operate in a
temperature range between —60 and 900°C and at linear
temperature ramp rates of up to 30°C/min (26). A trap,
containing 5 A zeolite at dry ice temperature, removed con-
densable reduction products. The exit gas stream was moni-
tored by both TCD and FID. Temperature-programmed re-
duction (TPR) of the precursor surface Ru carbonyl species,
by 3% Hj/N,, was measured at a ramp rate of 20°C/min
on samples (50 mg), after in situ pretreatment in a flow of
high-purity dry N, at ambient temperature for 0.5 h. The re-
sponse of the TCD for CO and hydrocarbon was negligible
at the sensitivities used, so that the TCD signal monitored
H, uptake, and the FID signal monitored hydrocarbon for-
mation (reported as equivalent CHy).

Hydrogen chemisorption on supported Ru metal was
performed on samples (50 mg), which were initially reduced
at 350°Cin the TPR apparatus and in 3% Hy/N, for 2 h, and
then purged with dry N, for 1 h. The temperature of the ac-
tivated sample was then allowed to fall from 350 to 200°C
in N, before switching flow to 3% H/N,. Adsorption of H,
was monitored by TCD as the temperature fell to ambient.
The system was then purged with N, for 30 min at ambi-
ent temperature and desorption of H; into flowing N, was
monitored by TCD on ramping the temperature to 200°C
at 20°C/min.

In order to examine the effect of oxidation upon Ru dis-
persion, further samples were reduced as above, oxidized
by exposure to 1% O,/He at 350°C for 1 h, and rereduced
(1-0-r). The amount of H, adsorbed and then desorbed was
redetermined. Reaction of the reduced precursor with O,

was examined by Hj titration as follows: after reduction as
above, the cell temperature was adjusted to between —50
and 350°C before exposing the sample to flowing 1% O,/He
for 1 h. The extent of reaction with oxygen was then deter-
mined by TPR with 3% Hy/N; at a ramp rate of 20°C/min.

Fischer-Tropsch performance was assessed in a down-
flow microreactor, with ancillary on-line analyses capabil-
ity. Prior to reaction, the catalyst precursor (~1 g) was
reduced in situ in pure hydrogen at 350°C for 2h and
cooled to reaction temperatures. Reaction with synthesis
gas (Ho/CO =1.2) at 103 kPa was studied between 240 and
300°C and at GHSV =1500 h™".

RESULTS

Reduction of the Surface Carbonyl Complex

For the nonreducible oxides, TPR in 3% H,/N; of the sup-
ported carbonyl resulted in simultaneous FID (measuring
hydrocarbon evolved) and TCD (measuring H, reacted)
profiles (Fig. 2), demonstrating that reduction of carbon-
containing species was occurring. For the reducible oxides,
the TCD measurement displayed two regions (Fig. 3). Re-
gion I was not accompanied by hydrocarbon formation and
varied in shape from one oxide to another. Region II was
accompanied by hydrocarbon formation as with the nonre-
ducible oxides. The temperature at which the maximum rate
occurred varied from 255°C for 1.8 wt% Ru/CeO, to 300°C
for Ru/Yb,0s.
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FIG.2. TPR profile of supported 1.8% Ru/La,0O3 precursor, showing

H, uptake, detected by TCD, accompanied by CH,4 formation, detected
by FID.
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FIG. 3. TPR profiles of (a) 1.8% Ru/CeO, precursor and (b) 1.8%
Ru/Tb4O7 precursor showing H, uptake, detected by TCD and CH, for-
mation, detected by FID.

Reversible chemisorption of H, was observed on all the
reduced Ru/rare earth oxide catalysts. After the TPR exper-
iment, the catalyst was cooled from 250°C to ambient in 3%
H,/N,, and the adsorption of H, took place, passing through
a maximum rate at ca. 150°C, and had virtually ceased at
80°C (Fig. 4a). On subsequent heating in a nitrogen flow,
hydrogen desorption was observed at a maximum rate at
120°C, and completed by 160°C (Fig. 4b). Table 2 lists the ex-
tent of H, adsorption—desorption and the corresponding Ru
metal dispersions, calculated assuming that H/Rugysface = 1.
Adsorption and desorption amounts were in experimental
agreement (+3%). Blank experiments with the oxide sup-
ports, in the absence of Ru, showed no uptake of H, under
these conditions. The fraction of exposed Ru in the crys-
tallites calculated from the H, adsorption—desorption data
indicated a greater dispersion of Ru on cerium oxide than
on the other oxides (Table 2).

La;03 and CeO, were chosen as examples of oxide sup-
ports which were nonreducible and reducible for more ex-
tensive examination by FTIR and XPS. Reduction in H,
(13 kPa) of the adsorbed Ru carbonyl on La,03 was exam-
ined in an IR gas cell for various times at 300 and 350°C.

H, Uptake
Temperature (°C)

o 2 4 & 8 10 o 2 4 6 8 10
Time (min)
FIG. 4. (a) Adsorption and (b) desorption of H on 1.8 wt% Ru/La;Os.

TABLE 2
Adsorption of Hydrogen on Ru Metal Supported
on Rare Earth Oxides
Oxide Area Ru H, Dispersion” d
support (m?g~!) (wt%) Pretreat (umolg™') (H/Ruy) (nm)
La,03 54 1.8 T 19.3 0.21 6.1
1-0-1 33.0 0.37 3.6
CeO, 170 1.8 T 161.8 0.90 1.5
1-0-T 162.7 0.90 1.5
PrsOqy 80 1.8 T 39.8 0.44 3.1
1-0-T 46.1 0.51 2.7
Tb,O7 53 1.8 T 39.8 0.44 3.1
1-0-1 39.8 0.44 3.1
Ho,03 60 1.8 T 40.0 0.44 3.0
1-0-1 39.8 0.44 3.0
Yb,03 45 1.0 T 17.5 0.35 3.8
1-0-1 20.7 0.41 32
Yb,03 60 1.8 T 22.4 0.22 5.9
1-0-1 383 0.43 3.1

“ Metal dispersions were calculated assuming the ratio of hydrogen
atoms to surface Ru atoms, H/Rug=1, and Ru particle sizes from d =
6/pA {p = Ru density, 12.3 x 10® g nm~3, and Ru surface concentration =
1.63 x 10" m? (39)}.

The initial carbonate bands arose from carbonate contam-
ination of the support from atmospheric CO,. These bands
subsequently weakened and finally were eliminated after
hydrogenation at 350°C for 1 h. Methane production dur-
ing the Hp-treatment was indicated by a sharp v(C-H) gas
phase absorption band at 3020 cm™! (22) and was accom-
panied by the disappearance of the carbonyl and carbonate
bands. GC analysis of the gas phase after hydrogenation at
120 and 300°C (Table 3) confirmed the generation of CHy
at 300°C, while at 120°C, traces of C;Hg and CsHg were also
detected. For 1.8 wt% Ru/La;O3, quantitative estimation of
the amount of CH4 produced at 300°C in the gas cell gave
CH4/Ru of about 4.

Reduction of the dicarbonyl on La;Os; and CeO,
(1.8 wt% Ru), in 3% Hy/N; at 350°C for 20 min in an in situ
reaction cell, resulted in a shift of the Ru 3ds; binding
energy from 282.0 and 281.8 eV to 280.1 and 280.2 eV, re-
spectively (Figs. 5 and 6). Approximately 35% reduction to

TABLE 3
Analysis of Reduction Products of Ru Carbonyl
Supported on LayOs3*
Gas phase analysis
Temperature Ru C (wt%)
) in disc reduced CH,4 C,Hg C3Hg
120 39.5° 15° 95 3 2
300 325 130 100 — —

“ Gas chromatographic analysis after heating sample in 13.1 kPa H; for
1 h, 1.8 wt% Ru metal loading.
b Ru containing (mmol).
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FIG.5. XPS spectra of 1.8 wt% Ru/La,Os: (a) precursor in vacuo;
(b) after reduction in 3% H, at 350°C for 20 min; (c) product from (b) was
oxidized in 1% O,/He at 150°C for 20 min; (d) product from (c) was
reduced in 3% H; at 350°C for 20 min (the Ru 3ds,—3ds;, envelope is
hatched).

Ce(Ill), giving an overall bulk oxide composition of
CeO g3, was observed for ceria. This stoichiometry corre-
sponded well with the O/Ce ratio of ~1.76, calculated from
the O 1s region (Table 4), and further supports the proce-
dures adopted for analysis of the Ce spectra. In contrast,
reduction of the high area ceria itself at 350 and 500°C in
3% Hj/N; for 20 min yielded only 17% (CeO1.9;) and 27%
(Ce0y.87) Ce(I11), respectively (9).

Oxidation of Supported Ru Catalysts

The reduced catalysts were highly susceptible to oxida-
tion by 1% O,/He, even at subambient temperatures. Dur-
ing TPR of 1.8 wt% Ru/Lay031in 3% H,/N,, which had been
oxidized in flowing 1% O,/He at —50, 23,200, 300, or 350°C,
more than one type of oxidized species was apparent. The
TPR profiles of oxidized catalysts consisted of a single re-

duction peak centered on 80°C (Figs. 7a—7c), together with
a shoulder near 110°C, which increased in intensity as the
temperature of initial oxidation treatment increased. The
total H, uptake gave a O/Ru stoichiometry of 2.0 (Table 5),
showing oxidation of Ru metal to RuO; except at —50°C.
Similar results were obtained for supported Ru on Ho,O3
and Yb203.

With La,03, at 4.5 wt% Ru loading, and for longer re-
action times, the TPR shoulder at 110°C developed into
a separate, distinct peak (Figs. 7d and 7e). The two peaks
showed changes in the relative intensities after oxidation
over different periods of time. When the oxidation time
was extended to 6 h, the peak at 80°C decreased, while that
at 110°C first increased but then also decreased (Fig. 7d
and Table 5), such that the total H, uptake fell from the ini-
tial 9.0 through 8.2 to 6.2 x10~* mol g~! of catalyst. After

Intensity (Arb Units)
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FIG. 6. XPS spectra of 1.8 wt% Ru/CeOy; (a) precursor in vacuo;
(b) after reduction in 3% H, at 350°C for 20 min; (c) product from (b) was
oxidized in 1% Oy/He at 150°C for 20 min; (d) product from (c) was
reduced in 3% H, at 350°C for 20 min. Hatched peaks are attributed to
Ru 3ds; signals.
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TABLE 4
XPS Atomic Ratios for 1.8 wt% Ru/Rare Earth Oxide®

Support Treatment Ru/RE? Carbonate/RE® O>/RE¢ OH /RE?
La,O; Reduced’ 0.07 0.29 0.36 1.12
Oxidised” 0.06 0.34 0.63 0.21
Reduced® 0.07 0.30 0.49 0.88
CeO, Reducede_ 0.15 0.31 1.76 0.21
Oxidised’ 0.13 0.39 2.63 0.32
Reduced® 0.08 0.21 1.62 0.48

“ Intensities, except for La and Ce, calculated from curve fitting the O 1s
and Ru 3d/C 1s regions; atomic ratios (+15%) calculated with respect to
La 3d or Ce3d.

b From Ru 3d peak area.

¢From O 1s at 528.3 eV (La;03), 529.5 eV (LaOOH) or 529.5 eV
(Ce0,).

4From O 1s at 531.2 to 532.0 eV (OH and CO%’) for CeO; and peak
at 531.5 (La(OH)s3) or La,0s.

¢In 3% Hy/N; at 350°C for 20 min.

7In 1% Oy/He at 150°C for 20 min.

treatment at 350°C for 6 h, a brown-yellow film, ascribed to
free RuO,, was found deposited in the cooler region down-
stream of the reactor (28, 29).

In XPS experiments, reoxidation of the reduced 1.8 wt%
Ru/Lay03 in 1% O,/He at 150°C for 20 min led to a shift
of the Ru 3ds, peak from the Ru metal value at 280.1 eV
to that typical of hydrated RuO; at 281.8 eV (17), confirm-
ing ready oxidation of supported Ru metal (Fig. 6¢c). As
expected subsequent reduction reversed this shift. Further-
more, no change was detected in the Ru/La ratio, indicating
that there was neither loss of Ru nor change in dispersion
under mild oxidation conditions (Table 4). In the r-o-r cycle,
there was a substantial increase in hydroxyl concentration
after each reduction step with a concomitant decrease in the
O 1s peak assigned to carbonate oxygen. After the initial
reduction, the carbonate/Laratio remained constant during
r-o-r cycling.

By contrast, hydrogen uptake for the reducible oxides
was much greater. TPR profiles, obtained for oxidized 1.8
and 5 wt% Ru/CeO,, are shown in Figs. 8f and 8g. With
Ru/CeO,, the TPR experiment was started at 0°C, as hy-
drogen uptake began immediately upon exposure of oxi-
dized specimens at ambient temperature. The total hydro-
gen uptake, on heating between 0 and 300°C, considerably
exceeded that required for reduction solely of supported
RuO; to Ru metal; the amount of hydrogen uptake was
sufficient to reduce bulk cerium oxide from an initial stoi-
chiometry of CeO, to CeO g6 (Table 6).

TPR profiles of oxidized 1.8 wt% Ru supported on
praseodymium and terbium oxide are shown in Figs. 8b and
8d, together with profiles for the parent oxides in the ab-
sence of Ru (Figs. 8a and 8¢). The small shoulder (marked *
in Fig. 8b) on the peak in the TPR on praseodymium ox-
ide fulfils the total requirement for stoichiometric reduc-
tion of Ru(IV) and the main peak observed (at 140°C)

H, Uptake
(z]
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FIG.7. Effect of oxidation in 1% O,/He on TPR profiles of 1.4 wt%
Ru/La,0s for 1 h at (a) 200°C, (b) 300°C, and (c) 350°C, and for 4.5 wt%
Ru/La;03 at 350°C for (d) 6 h and (e) 2 h.

represents quantitative reduction of PrO;s; (i.e., PrgOq1)
to PrO; 45 (i.e., approximately Pr,O3), within experimen-
tal error. In contrast, TPR examination of praseodymium
oxide alone (Fig. 8a) showed two features at much higher
temperature, namely, a well-defined peak at 480°C, with a
shoulder at 420°C. After total reduction, the stoichiometry
approached PrO; s, with possible intermediate formation
of PrO;71 (28) leading to the observed shoulder at 420°C.
Similarly, terbium oxide alone showed a TPR peak at 480°C
and shoulder at 410°C (Fig. 8c) and the single peak at 110°C
observed for Ru/terbium oxide was found to exceed that for
reduction of Ru(IV) to Ru(0), as shown in Table 6.

After oxidation (1% O/He, 20 min, 150°C) of reduced
1.8 wt% Ru/cerium oxide, an increase in the Ru 34 binding
energy from 280.2 to 282.1 eV, attributed to oxidation of
Ru metal and no Ce(III), was detected, indicating that the
cerium oxide had been oxidized to CeO; (31). Subsequent
reduction of the oxidized material resulted in no significant

TABLE 5

Temperature Programmed Reduction of Oxidised
Ru Metal Supported on La,03"

H, uptake(mmole g~')
peak position

Ru Oxidation O/Ru
(Wt%) (°C) 80°C 110°C ratio
1.8 -50 324 — 1.8
1.8 23 384 — 2.1
1.4 200 279 — 2.0
1.4 300 272 sh 2.0
1.4 350 280 sh 2.0
4.5 350° 400 500 2.0
4.5 350¢ 280 540 —
45 350¢ 240 380 —

“Pretreatment: Reduce precursor in 3% Hj/N; for 2 h at 350°C, oxidize
1% Oy/He for 1 h at indicated temperature, flush with Nj.

b2 h oxidation.

¢4 h oxidation.

46 h oxidation.
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FIG.8. TPR profiles of (a) PrgO11, (b) oxidized 1.8 wt% Ru/PrsO1j,
(¢) TbyOy, (d) oxidized 1.8 wt% Ru/TbsO7, (¢) CeO,, (f) oxidized 1.8 wt%
Ru/CeO,, and (g) oxidized 4.5 wt% Ru/CeOs.

changes to the Ru/Ce ratio (Table 4), and the Ru binding
energy and the stoichiometry, CeO; g, were the same as
those following the reduction of the precursor (Table 4 and
Fig. 8d).

Fischer—Tropsch Performance

At the initial stage of reaction, the product stream con-
sisted mainly of CH4 and CO,. Higher hydrocarbons then
gradually appeared over supported Ru on La,O3, Ho,O3,
CeOy, PrgO11, and Tb4O7 after 30 min. However, only CHy
was observed over Ru/Yb,0s. This selectivity (Table 7) per-
sisted virtually unchanged over the period of study. The
activity of the catalyst after 30 min, as given in Table §, de-
creased by about 30% over the next 5 h, before leveling off,
and stabilized for at least 15 h.

DISCUSSION

Reduction of Supported Ru Carbonyls

In TPR experiments surface Ru carbonyls on all the rare
earth oxides were readily reduced by 3% H,/N; at 250-

TABLE 6

Temperature-Programmed Reduction of Oxidized Catalysts®

Ru H, MO,_,”
Oxide (Wt%) (mmol g~1) (y—x)
CeO, 0.0 0.53¢ 1.91
1.8 1.18 1.86
5.0 1.78 1.87
Pr¢Oqy 0.0 1.88¢ 1.51
1.8 2.58 1.45
Tb4O4 0.0 2.39¢ 1.30
1.8 1.83 1.48

¢ Pretreatment: Precursor Ru carbonyl species reduced at 350°C in
3% H,/N; for 1 h, then oxidized in 1% O,/He for 1 h, flushed with N,
and cooled before running TPR in 3% H,/N,.

b Stoichiometry of reduced support assuming total H; is given by

RuO, +2H, — Ru +2H,0
and MOy + xH, — MOy_y + xH,O

¢ Reduction of support as measured by TPR to 550°C.

300°C with formation of CHy4 (Figs. 2 and 3; Table 3). Sim-
ilar reduction of ligands with formation of CH4 has been
reported previously for a number of carbonyl complexes
on y-ALO3 (32). In the absence of surface ruthenium, re-
duction of surface carbonate species was not observed up
to the decomposition temperature of the carbonate (31).

This result parallels a report by Bernal et al., who showed
that supported metallic Rh/La;O3 catalyzed reduction of
surface carbonate (34). Such processes presumably involve
spillover of hydrogen atoms from small metal particles to
the support. Reduction of supported-Ru/reducible oxide
precursors in 3% Hj/N; occurred over two distinct temper-
ature regions, the first involving only uptake of H, (Fig. 3,
Region I), and the second involving H, uptake accompa-
nied by liberation of CH4 (Region IT). Hydrogen uptake was
not observed below 250°C in the TPR of the reducible oxide
supports in the absence of ruthenium and was not present
in TPR of precursors on the nonreducible oxides. For the
reducible oxides, the H, uptake for region I exceeded that

TABLE 7

Selectivity of Ru Supported on Rare Earth Oxides

Support  Ru (wt%)  Conv. % C; Crs Cor  %Cosene
La,O3 1.8 24 42 48 10 15.5
4.5 43 38 54 9 6.5
Ho,0;3 1.8 23 65 31 4 8.3
4.5 33 56 38 6 5.2
Yb,03 1.0 52 100 0 0 0
CeO, 1.8 6 17 61 22 55.3
5.0 15 23 59 18 51.1
PrgOny 1.8 7 25 61 13 46.9
Tb,O4 1.8 13 40 50 10 16.5
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TABLE 8
Activity of Supported Ru/Rare Earth Oxides

Rate” to TOF Rate® to TOF

Support  Ru (wt%) CO, (1073s7h HC (1073571
La,03 1.8 0.25 6.7 0.91 243
4.5 0.87 13.0 1.65 24.7
Ho,03 1.8 0.12 1.5 0.86 11.0
4.5 0.42 2.4 1.24 7.1
Yb,03 1.0 — — 1.94 5.4
CeO, 1.8 0.33 2.1 0.25 1.6
5.0 0.70 1.7 1.16 2.8
PrsOqy 1.8 0.21 2.7 0.25 32
TbsO7 1.8 0.23 3.0 0.49 6.1

@ nCO: g lcats™.

required for the reduction of a Ru species, suggesting re-
duction of the support by spillover of hydrogen from sur-
face Ru(O~). Although the bulk Ru is present as Ru(CO),
below 200°C, because the catalyst precursor has been evac-
uated, the presence of some Ru(O~) species formed by
progressive vacuum removal of CO ligands is possible. Cal-
culations, based on support reduction in Region I, afford
stoichiometries of CeOj 79, PrOj s4, and TbOj 53, assuming
initial stoichiometries of CeQO,, PrO; g3 (i.e., PrsO11), and
TbO 75 (i.e., TbsO7). It is of interest to note that the value
for reduced cerium oxide is nearly the same as that cal-
culated from XPS results, after H, reduction of the Ru-
containing precursor (Table 6). Our results on the TPR of
PrO; g3 agree well with those of Fierro and Olivan (35).

A previous TPR study on CeO; support itself has re-
vealed that uptake of H; is complex and contains a surface
area dependent component (9). A temperature of 550°C
was required to achieve a surface stoichiometry of CeO; g,
on samples of cerium oxide with the same surface area
as that used here in reactions with Ruz(CO),; the aver-
age bulk stoichiometry under those conditions was CeQOj g;
(Table 6); final reduction toward CeO; s was still in progress
at800°C (9). Our XPS results for the support itself yield sto-
ichiometries of CeQO1 g, for reduction at 350°C and CeO1 g7
at 500°C and are similar to the TPR data. The XPS data
closely represent bulk analyses, since the particle size of
cerium oxide with surface area of 170 m? g~!is ~5 nm (9)
from TEM observations. These results further show that re-
duction of cerium oxide at 350°Cresulted in more extensive
reduction of the support (to CeO; g;) in the presence of Ru
than in its absence. Considering differences in experimen-
tal conditions, the correspondence of the values calculated
from TPR and XPS is noteworthy.

The greater degree of reduction of reducible oxides in the
presence of Ru can be ascribed to dissociative chemisorp-
tion of H, on Ru species, leading to spillover reduction of
the support oxide. Whether, in the case of the initial pre-
cursor reduction corresponding to Region I in Fig. 3, such

a process can occur with the surface Ru carbonyl species
itself or whether a trace amount of precursor has already
decomposed with formation of clusters of Ru metal has not
been established although Ru metal was not noted by XPS
prior to reduction. An earlier XPS study of Ru3(CO);; on
low area cerium oxide (1 m? g~!) reported Ce(IV) reduction
corresponding to a final stoichiometry of CeO1 79 following
exposure to synthesis gas (H,/CO =1) at 350°C (36). Simi-
larly, in a TPR study of Ni supported on CeO,, coreduction
of the support has been reported, resulting in an oxide stoi-
chiometry of CeO gs at 400°C (37). In TPR studies of Pd on
CeO3, PrOj g3, and TbOj 75, each preparation showed up-
take of H; in excess of that for reduction of Pd species and
which was therefore attributed to reduction of the support,
but the level of reduction was not determined (38).

Chemisorption of hydrogen was found to occur at about
100°C from 3% Hy/N,. The data for H, adsorption in
Table 2 show high dispersion for Ru metal on each of the
supports, with the greatest value, 0.90, found on the highest
area support, namely cerium oxide (170 m? g~!). The values
on Tb and Pr are lower (0.4) and comparable to those found
for Ru supported on M,03 (M =La, Ho, Yb). Koopman
et al. have demonstrated that, with Ru/SiO,, a similar dy-
namic procedure to that adopted here gives satisfactory
agreement with measurements by static chemisorption at
63°C (39).

Oxidation of Reduced Catalyst

The reduced catalysts were very susceptible to quantita-
tive oxidation to RuQO,. The results in Table 5 demonstrate
that even at —50°C, almost complete conversion to RuO; is
effected on La;O3 in 1% O,/He. At 23°C and higher tem-
peratures, oxidation of supported Ru metal to supported
RuO; wasindeed complete. Hydrogen reduction of the sup-
ported RuO, (Fig. 8) was particularly facile, occurring at a
substantially lower temperature than the 170°C reported
for unsupported RuO; (36, 40). Similarly, reduction pro-
files as low as 87°C have been reported by Bossi et al. for
Ru/MgO after reduction—oxidation-reduction cycles (41).

Depending upon oxidation conditions, two different re-
duction maxima were observed, at 80 and 110°C, with the
higher temperature reduction peak increasing in magnitude
with the severity of oxidation (Table 5 and Fig. 7). Two-stage
reduction of surface RuO,, for example, via Ru(+I11) or
Ru(+II) species, should give constant peak ratios and so
cannot explain adequately the variation in intensities of
the 80 and 110°C reduction profiles. A bimodal variation
in RuO; crystallite size, with one state approaching bulk
RuO; in nature, would give rise to two maxima of variable
magnitude, as has been observed with silica-supported Ir
and Pt/Ir catalysts (41). Only under the most severe oxi-
dation conditions (350°C for 6 h) was there actual physical
loss of RuO; from the catalyst bed.
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With Ce, Pr, and Tb, the reduced Ru/rare earth oxide
systems underwent facile oxidation. However, in contrast
to the nonreducible oxides, the resultant TPR profiles of the
oxidized catalysts (350°C, 1% O,/He) revealed a very large
uptake of H, (Table 6), attributable to rereduction of the
support in addition to the reduction of Ru(IV) to Ru(0).
Thus, in the case of cerium and praseodymium, this mild
oxidation restored virtually the full oxygen stoichiometry
of the rare earth oxide to that prior to initial reduction, i.e.,
corresponding to that of treatment in air at 600°C. Indeed,
XPS results indicate that oxidation of Ce(III) to Ce(IV)
was complete at 150°C within 20 min.

The binding energies of the precursors and oxidized
Ru/rare earth oxides were higher than those reported for
Ru(IV) in anhydrous RuO; (280.9) and hydrated RuO;
(281.5) but lower than that reported for Ru(VI) in RuOs3
surface phases on either hydrated or anhydrous RuO,,
which fall in the range 282.6 to 283.2 (17). For this reason
they have been assigned to Ru(IV), where local surface
interaction with carbonate and hydroxyl groups has ele-
vated the binding energy. Further evidence to support the
assignment of Ru(IV) comes from the TPR of the oxidized
catalysts (Table 6). In the case of oxidized Ru/La,O3 the
H, uptake indicated a Ru:O ratio of 0.5. For Ru/CeO,,
if the H, uptakes of the 1.8 and 5 wt% loadings are com-
pared, and assuming the same degree of reduction of the
ceria support, then the difference in going from 1.8 to
5 wt% loading (0.031 mol/g Ru) requires 0.06 mol H,,
giving a Ru: O ratio of 0.5. Thus the Ru species on the
oxidized catalyst must be Ru(IV), but shifted to higher
binding energies due to ligand effects. Finally, it could be
questioned how surface hydroxyl groups would be present
on the ceria and lanthana given that the oxidation is in a
1% O,/He stream. Ceria is well known to form a bronze
phase with hydrogen (44), as was evident with a signif-
icant hydroxyl (also carbonate) component after reduc-
tion (Table 4). These surface hydroxyl groups still persist
through the oxidation stage and are responsible for the
modification in binding energy. A similar situation exists
for the lanthana, but in this case, the level of surface car-
bonate is larger. High binding energies for supported Ru
attributed to the effects of ligands have also been observed
by other workers; Aika et al., for example, measured 3ds,,
binding energies between 282.0 and 283.0 eV for Ru(IlI)
on alkaline earth supports and attributed such values to
coordination changes of the surface species (18). Bossi et al.
observed higher binding energies for Ru/Al,O3 than other
workers and attributed the shift to interaction with the sup-
port (42). In the case of Ru/cerium oxide, the high value
may be due to the presence of ligands on the Ru, such as
OH~ or CO3~, which have been reported to increase the
Ru binding energy over that of the oxide (17, 43). Sub-
stantial metal-support surface interaction is not surprising
considering the high Ru dispersion observed on CeO,.

Reduction of Oxidized Catalyst

For the sesquioxides, where no reduction of the support
was involved, reduction of Ru(IV) on the oxidized samples
to Ru metal occurred at temperatures lower than 110°C.
The process of (r-o-r) did not greatly alter the Ru dispersion
on the oxides of Ce, Pr or Tb, in contrast to the increase in
dispersion found for La and Yb (Table 2).

Itisnoteworthy that r-o-r resultsin a large decrease in the
Ru/Ce ratio as observed by XPS (Table 4), whereas there
is a much smaller corresponding decrease in H, adsorption
capacity. The XPS result would normally be interpreted as
implying a large increase in metal particle size leading to
attenuation of signal. However, at the particle sizes of 1.5—
3 nm implied by the H, adsorption results (Table 2), little
of the XPS signal intensity should be attenuated by the Ru
particles themselves. As the decrease in XPS signal results
neither from a loss of Ru from the system nor from a de-
crease in metal dispersion, it appears therefore that the XPS
change requires a relative increase in Ce signal. This is be-
lieved to arise through decoration or burial of Ru by Ce
species, without limiting accessibility of H; to the Ru parti-
cles, due to the solubility of hydrogen in the reduced cerium
oxide lattice (9, 35). In contrast, no substantial attenuation
of the Ru XPS signal occurred after r-o-r in the case of sup-
ported Ru/La;03, implying the absence of decoration of Ru
by the support.

Among the rare earth oxides used as supports, reducible
oxides exhibit higher selectivity for alkene, indicating low
hydrogenation activity. Lower alkene production in excess
of 50 wt% of hydrocarbon product was obtained using Ce O,
as a support.

CONCLUSION

Heating in H; leads to simultaneous reduction of ruthe-
nium carbonyl species and a spillover reduction of surface
carbonate, with evolution of CH4 and formation of clusters
of Ru metal on the support. Reversible chemisorption of
hydrogen on the reduced Ru catalysts was observed with a
maximum rate at about 120°C. The data for H; adsorption
show metal dispersions of up to 90%. The reduced catalysts
are very susceptible to oxidation and severe oxidation con-
ditions can cause physical loss of RuO; from the catalyst.
Spillover reduction of catalyst support was observed for re-
ducible oxides but not the nonreducible oxides. CeO; and
Pr¢Oq;1 proved effective supports for lower olefin produc-
tion.
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