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Lanthanum rhodate, LaRhOs, has been prepared by high-temperature reaction of the nitrates, 
prepared in situ from the corresponding oxides. Use of a slight excess of the rare-earth oxide, and 
removal of this component from the product with a warm, dilute acetic acid leach, provided the 
pure perovskite. The presence of pure monophasic material was confirmed by X-ray diffraction and 
X-ray photoelectron spectroscopy (XPS). Comparison of the material made with a slight excess of 
the rare-earth oxide to a sample prepared using a slight excess of RhzOl showed that the excess 
RhZO, cannot be removed by leaching. These studies demonstrate the need for careful attention to 
the synthetic method used for the preparation of solid-state materials which are to be evaluated as 
catalysts, and the utility of XPS for monitoring the purity of such materials. Temperature-pro- 
grammed reduction and XPS studies of LaRhO, have shown that, contrary to claims in the litera- 
ture, no stable Rh+ species are observed on heating this material in pure Hz or 1 : 1 HZ: CO, 
although in the latter case some stabilization of the original perovskite is observed vs reduction in 
pure Hr. The activity of LaRhOs as a catalyst for the formation of linear alcohols from syn gas (i.e., 
1 : 1 Hz : CO), as well as for ethylene hydroformylation, is also reported. The results imply that 
oxygenate formation occurs on Rho centers and that the temperature-dependent competition be- 
tween associative and dissociative CO adsorption on Rho is the major factor in selectivity distribu- 
tions. 8 1987 Academic Press, Inc. 

I. INTRODUCTION 

Metallic rhodium, rhodium oxides, and 
IQ-containing mixed-oxide catalysts have 
been extensively studied (I-8) for Fischer- 
Tropsch activity and their ability to pro- 
duce different distributions of oxygenated 
products. Ichikawa and co-workers (1, 2) 
have correlated X-ray photoelectron spec- 
troscopy (XPS) measurements of supported 
Rh catalysts with their corresponding Fi- 
scher-Tropsch oxygenate distributions and 
concluded that, for selective Croxygenate 
formation, both Rho and Rh+ sites were 
required. They proposed that Rho sites 
functioned as CO dissociation sites in the 
formation of alkyl groups, while Rh+ 
served as the site for associative CO ad- 
sorption and subsequent CO insertion to 
form acyl species. Similarly, Wilson et al. 
(3) have concluded that the stabilization of 
Rh+ by Mn promoters in silica-supported 
Rh catalysts may be responsible for the en- 

hanced &oxygenate selectivity under syn 
gas reaction conditions. 

Somorjai and co-workers (4-6), using a 
different approach, have studied the syn 
gas activity of clean and oxidized Rh foil 
(4), anhydrous and hydrated rhodium oxide 
(i.e., Rh203 and RhzO3 * 5H20) (5), and 
LaRhOs (6) at different temperatures and, 
presumably, at different levels of reduc- 
tion. They also concluded that for the selec- 
tive CZ and C: oxygenate formation to oc- 
cur efficiently, Rho and Rh+ are required for 
facile CO dissociation and CO insertion, re- 
spectively . 

Thus, there are strong implications as to 
the importance of the oxidation state of 
rhodium in controlling the linear oxygenate 
selectivity and product distribution in syn 
gas transformations (7). 

The present investigation was aimed at 
the evaluation of the importance of the oxi- 
dation state of I&-based catalysts which 
are of use for the conversion of syn gas to 
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linear alcohols and for the hydroformyla- 
tion of olefins. The Rh system we have cho- 
sen is LaRh03. Specifically, we have inves- 
tigated in some detail the synthesis, 
characterization, and catalytic activity of 
lanthanum rhodate, LaRhOs, with an em- 
phasis on the identification of the oxidation 
states of the rhodium under different reac- 
tion conditions. When appropriate, com- 
parison will be made with a conventional 
Rh/SiOZ catalyst prepared by impregnation 
techniques. 

ILEXPERIMENTAL 
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A. CATALYST PREPARATION 

1. Synthesis of the Rare-Earth Rhodates 75 

Starting materials. LazOj and Rh203 * 
5HzO were obtained from Strem Chemi- 
cals, Inc. Rh(NO& was obtained from Alfa 
Products. Rh20J was obtained from Aesar 
(Johnson Matthey, Inc.). 

0 
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Two-theto Meqmd 

Lanthanum oxalate (La2(&0& * 12HzO) 
preparation. Commercial La203 was dis- 
solved in concentrated HNO3 and the solu- 
tion was filtered to remove any particulate 
matter. Ammonium hydroxide (1 : 1) was 
added to the solution until the first faint 
white precipitate appeared, at which point 
an excess of 1 M ammonium oxalate was 
added. The resulting precipitate was de- 
composed in air to the oxide (Laz03) and, 
from the weight loss, the formulation 
La2GO4)3 * 12H20 was assigned to the 
product. 

. LaRh03 (jirst preparation). 
Lal(E204)3 * 12H20 (1.5920 g, 2.1 mm) and 
Rho3 - 5H20 (0.6878 g, 2.0 mm) were 
ground well in an agate mortar and added to 
a Pt crucible. Concentrated nitric acid was 
added dropwise to a give a paste. The cruci- 
ble was then covered, placed in a fire-brick 
holder, and heated overnight at 150°C in a 
drying oven. The dried sample was then 
heated in a Harper furnace at 1000°C in air 
for 24 h. An X-ray diffraction (XRD) pat- 
tern of this product was recorded and the 
product was then ground well in an agate 

FIG. 1. Powder XRD pattern of (A) monophasic 
LaRh03; (B) LaRh03 prepared from the oxides at 
1100°C. The additional impurity phases found in this 
preparation are a, La203; b, RhZOZ; c, unidentified 
phase. 

mortar and refired for 24 h at 1000°C. No 
change in the XRD pattern was observed 
after the second firing. The black product 
was then leached with 3 x 150-ml portions 
of 50°C 20% acetic acid, washed well with 
water and acetone, and dried overnight 
over P205 in a vacuum desiccator. The 
product was characterized as pure LaRh03 
by powder XRD (Fig. 1A). 

The Pt crucible was cleaned between 
runs using a potassium pyrosulfate flux, fol- 
lowed by washing with boiling dilute HCl 
and then distilled water. 

b. LaRh03 (second preparation). Stoi- 
chiometric amounts of dried La203 and 
Rh203 * 5H20 were ground in an agate mor- 
tar and heated in a Pt crucible for 24 h at 
1100°C to give a gray-black powder. This 
procedure (i.e., that of Ref. (6)) gives a 
product characterized by powder XRD as a 
mixture of LaRh03, La203, Rh203, and an 
unidentified phase (Fig. 1B). 

b 
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2. Synthesis of Silica-Supported Rhodium 

The Rh/SiOz catalyst was prepared by the 
impregnation of an aqueous solution of 
Rh(NO& onto Davison grade 59 SiO2 (250 
m*/g). After drying at 120°C the catalyst 
was activated in 1 atm of flowing HZ at 
250°C for 4 h prior to the catalytic evalua- 
tion. Elemental analysis of the catalyst by 
atomic absorption gave a Rh loading of 
1.5% by weight. Characterization of the 
catalyst by H2 chemisorption showed the 
Rh to be present as ccystallites with an av- 
erage diameter of 34 A. 

3. Synthesis of Powdered Metallic 
Rhodium 

Rh203 powder was reduced in flowing H2 
at 400°C for 4 h in situ prior to catalytic 
evaluation to prevent surface oxidation 
from air exposure. 

B. CHARACTERIZATION METHODS 

I. XRD 

The powder XRD patterns were recorded 
as packed slides with a Philips diffractome- 
ter using monochromatized high intensity 
Cuba! radiation (A = 1.5405 A). The pat- 
terns were recorded from 30” 5 28 5 70” 
with a scan rate of 1” (28)lmin and a chart 
speed of 30 in./h. Cell parameters were de- 
termined by a least-squares refinement of 
the reflections. Programs for conversion of 
the 28 values to d spacings and calculation 
of the cell parameters were written by 
Kirby Dwight of the Materials Research 
Laboratory at Brown University. 

2. Temperature-Programmed Reduction 

The TPR technique was a dynamic one in 
which ultrapure HZ (99.99% purity prepared 
by diffusion through a Pd thimble) (RSD-50 
hydrogen purifier) at 90 ml (STP)/min was 
used as a sweep/reducing gas to transfer 
H20 (formed during the reduction of the ox- 
ide) into the differentially pumped inlet sys- 
tem of a UT1 Q-30C mass spectrometer sys- 
tem. All stainless-steel transfer lines were 

maintained at greater than 100°C to prevent 
condensation of Hz0 in the sweep stream. 
The intensity of the H20+ signal was moni- 
tored and stored in the memory of a UT1 
2054 programmable peak selector. 

The thermocouple used to measure the 
temperature of the sample during reduction 
was imbedded in the sample using a Pyrex 
thermowell. The thermocouple output was 
amplified as a 0- to 10-V signal and was 
stored along with the H20+ peak intensity 
data in the programmable peak selector. In 
practice, the H20+ intensity values and cor- 
responding temperatures were scanned and 
stored in memory every l-2 set during the 
course of the TPR experiment. 

The temperature programmer was a 
Thea11 TP-2200 programmer connected to a 
small 1500-W nichrome-wrapped quartz 
furnace that was fabricated in-house. The 
dimensions of the furnace and the calibra- 
tion of the programmer gave linear heating 
rates up to 60”C/min. The TPR experiments 
in this study were conducted at lO”C/min. 

3. X-ray Photoelectron Spectroscopy 

XPS measurements were made with un- 
monochromatized MgKa! radiation (hv = 
1253.6 eV) using a Vacuum Generators 
ESCALAB Mark II spectrometer system in 
constant analyzer energy mode corre- 
sponding to 0.2 eV resolution. Pressure of 
the vacuum chamber during measurement 
was 1 X 1O-9 mbar. Binding energies for 
selected peaks of LaRhO, were determined 
on the untreated material by assigning the C 
1s peak of the adventitious carbon to be 
284.6 eV. Thereafter, the perovskite peaks 
could be used as a secondary reference. 
This procedure yielded identical positions 
for Rh3+ in LaRh03 before and after low- 
temperature hydrogen reductions, and 
yielded the commonly accepted binding en- 
ergy values for Rho upon severe reduction 
(307.0 eV). 

Samples for surface analysis were identi- 
cal to those used in the other physical stud- 
ies in this work. Pressed pellets were 
formed under ca. 1 ton pressure to fit into a 
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stainless-steel sample holder. Reduction 
treatments were done in a high-pressure gas 
cell attached directly to the ultrahigh vac- 
uum (UHV) chamber (typical conditions): 1 
atm hydrogen flowing at 30 SCCM at tem- 
peratures between 100 and 350°C). 

CCATALYTICEVALUATION TECHNIQUES 

All catalytic activity measurements were 
conducted in a single-pass high-pressure 
flow reactor. Analyses of reactor effluent 
were made using an in-line gas sampling 
loop which was directly plumbed to a Var- 
ian 3760 gas chromatograph. Separation 
and quantitative analysis of all the reaction 
products were made using a packed Chro- 
mosorb 102 column and flame ionization 
detection. 

The reaction conditions for Fischer- 
Tropsch syntheses were 800 psig overall 
pressure and a feed composition of HZ : CO 
= 1: 1. The reactor temperatures ranged 
from 220 to 350°C for LaRh03 and 225- 
440°C for Rh/Si02. In all cases, CO conver- 
sion levels were maintained at ca. 3%. For 
reaction temperatures of 375 and 400°C 
lower catalyst loadings were required. In 
order to determine whether equilibrium 
conversion levels were attained at reaction 
temperatures, thermodynamically allowed 
rates of formation of CHJOH and CZ-oxy- 
genates were calculated for reaction tem- 
peratures of 325°C or higher. In all in- 
stances, the experimentally observed rates 
of formation were far below those permit- 
ted at thermodynamic equilibrium, indicat- 
ing the rates of formation were kinetically, 
and not thermodynamically, controlled. 
The gas phase hydroformylation of C2H4 
was carried out at lSO”C, 250 psig over- 
all pressure, and a feed composition of 
CZHJ:HZ:CO= 1:l:l. 

III.RESULTSANDDISCUSSION 

A. SYNTHESISOF RARE-EARTHRHODATES 

LaRhO, has been previously prepared by 
the reaction of stoichiometric amounts of 
La203 and Rh203 in a Pt crucible at 1000 to 

1100°C (8-10). As is the general practice in 
such solid-state reactions, the materials are 
heated for 24 h, cooled, ground well in a 
mortar, and refired for another 24 h. Com- 
pletion of the reaction is monitored by pow- 
der XRD after each firing. An added com- 
plication in the case of such rhodium 
perovskites is the insolubility of the high- 
temperature form of Rh203 which requires 
that the synthesis of pure phase be carried 
out using a slight excess (ca. 5%) of the 
rare-earth oxide that can be readily re- 
moved after completion of the reaction by 
leaching with warm 20% acetic acid. Care- 
ful attention to this synthetic consideration 
is critical if such materials are to be evalu- 
ated as catalysts, since the presence of ex- 
cess l&O3 would result in the facile reduc- 
tion of this oxide to rhodium metal under 
the reducing conditions of syn gas transfor- 
mations. 

LaRh03 was prepared by a modification 
of the original procedure (8) which has been 
recently reported for the synthesis of 
YRhO3 (9, 20). In this procedure, a mixture 
of the appropriate oxides or oxalates (5% 
excess Laz03 over the 1 : 1 stoichiometry) 
in a Pt crucible is converted to a homoge- 
neous mixture of the nitrates by dropwise 
addition of concentrated nitric acid. When 
a paste is obtained, the crucible is heated 
overnight in a 150°C oven and then fired for 
24 h at 1000°C. The reaction is complete 
after one 24-h firing as evidenced by the 
powder XRD pattern compared to the cor- 
responding pattern after an additional 24-h 
firing. The surface area of the product is ca. 
1 m*/g, a value generally found for materials 
prepared in this temperature range. Figure 
1A shows the resulting XRD pattern for 
LaRh03. Preparation of the perovskite by 
the procedure of Ref. (6) (i.e., heating a 
mixture of LazOs and Rhz03 . 5H20 to 
1100°C for 24 h) gave a product contami- 
nated with La203 and Rh203 (Fig. IB). 

B. TEMPERATURE-PROGRAMMED 
REDUCTION 

TPR has previously been shown in this 
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FIG. 2. TPR scans of LaRhO,, Rhz03 . 5H20, and 
Rh203. 

laboratory to be a very effective probe of 
the thermal stability of metal oxide phases 
(21). In general, this technique gives better 
resolution than thermal gravimetric analy- 
sis in following complex reductive decom- 
position of such materials (II ). The reduc- 
tive stability of lanthanum rhodate is 
illustrated by its TPR scan (Fig. 2). The sta- 
bility of the oxidized rhodium is signifi- 
cantly enhanced when present in the 
perovskite lattice (i.e., Hz0 peak at 390°C). 
The TPR scan of an anhydrous Rh203 sam- 
ple gave an extremely sharp Hz0 peak cen- 
tered at 120°C while that for RhzOs . 5H20 
gave two Hz0 peaks centered at 115 and 
220°C. The reduction temperature for an 
unspecified form of rhodium oxide has been 
reported to be 177°C (12). 

The stability order of Rh3+ oxides, 
LaRh03 > Rh203 . 5H20 > RhzO,, is in 
agreement with that of Watson and Somor- 
jai (5, 6). However, the stability limit of 
Rh203 * 5HzO in this study (less than 250°C 
as evidenced by the TPR scan in Fig. 2) is 
considerably lower than that claimed by 
Watson and Somojai (5) who state that 
Rh203 * 5H20 is resistant to reduction to 
Rho under several hours of syn gas reaction 
conditions of 3OO”C, HZ: CO = 1: 1, and 
total pressure = 6 atm. 

The TPR scan for LaRh03 indicates that 
reduction to Rho occurs in a single step. 

This observation is in excellent agreement 
with that of Tascon et al. (13) who used 
microgravimetric methods to study the 
temperature-programmed reduction of 
LaRh03. These authors found that for a 
temperature ramp rate of 4”Clmin the re- 
duction of LaRh03 began at about 200°C 
and passed through a maximum rate of re- 
duction at approximately 425°C. From the 
TPR curve shape and powder X-ray diffrac- 
tion analyses at different stages of reduc- 
tion, Tascon er al. (13) concluded that the 
reduction of LaRh03 occurred in a single 
step and that rhodium existed in no stable 
oxidation states between 3+ and 0. 

As Gentry et al. (14) have observed, the 
reductive stability is also dependent on the 
pressure of the reducing medium. For ex- 
ample, under Fischer-Tropsch reaction 
conditions used in this study (800 psig of 
HZ : CO = 1: I), the TPR peak would be 
shifted to a lower temperature. The extent 
of this shift can be calculated using the ki- 
netically dependent Arrhenius relationship 
described by Gentry ef ul. (24). Using the 
activation energy of 30.6 kcal/mole for 
LaRh03 reduction determined by Tascon et 
al. (13), we calculate that the TPR peak for 
H20 formation would be shifted from 390°C 
at 1 atm of Hz to approximately 299°C un- 
der the reaction conditions used in this 
study. Thus, reaction temperatures above 
300°C should give catalytic activity that re- 
flects the highly reduced state of Rho. 

Powder XRD of the sample of LaRh03 
(Fig. 1A) subjected to TPR showed only 
broad peaks due to La203 and small crystal- 
lites of Rho (Fig. 3). 

C. X-RAY PHOTOELECTRON SPECTROSCOPY 

The range of binding energies reported 
for various oxidation states of rhodium is 
ca. 3.9 eV (Table 1). As illustrated from 
these data, the characterization of the 3+, 
l+, and 0 oxidation states of rhodium ap- 
pears to be possible. The Rh 3& binding 
energy for clean surfaces of rhodium metal 
is generally accepted to be 307.1 4- 0.1 eV. 
Binding energies for higher oxidation states 
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1 Rh203, which is not detected by powder 
XRD, was introduced in the initial prepara- 
tion of the nominally “stoichiometric 
amounts” of lanthanum and rhodium ox- 
ides used in the 1100°C firings. At this tem- 
perature, the hydrated rhodium oxide is 
converted into the very insoluble amor- 
phous Rh203. This latter trace impurity 
cannot be removed by leaching the product 
with 20% aqueous acetic and at 70°C. In- 
corporation of excess Laz03 is, therefore, 
critical to ensure complete consumption of 
Rh203 to form the perovskite. The excess 
La203 can be readily removed from the final 

FIG. 3. Powder XRD pattern of the TPR product of 
LaRh03 (i.e., La203 + Rho). 

TABLE 1 

of Rh are rather scattered, so only the gen- 
eral ranges of values reported for Rh+ and 
Rh3+ are listed along with data for a few 
typical compounds. The Auger parameter 
for rhodium (15) may also be of value in 

XPS Data (Rh 3&J for Some Typical 
Rhodium Compounds 

Rh compounds Binding energy Reference 
(eV 

assigning the proper oxidation state; how- 
ever, these parameters show a significant 
amount of scatter. 

With these facts in mind, we studied a 
carefully synthesized perovskite, LaRh03, 
and have shown that surface monitoring of 
impurity concentrations is a valuable aid in 
the synthesis of stoichiometric metal ox- 
ides. Additionally, we characterized the 
surface stability of LaRh03 under various 
reduction conditions. Figure 4A illustrates 
the Rh 3d XPS spectrum for LaRhO3 pre- 
pared via the in situ formation of the ni- 
trates using “stoichiometric amounts” of 
Rh203 and LaZ03. This preparation, al- 
though more effective than the ground pow- 
der preparative route previously used for 
catalyst evaluation (6), shows the presence 
of nonstoichiometry at the surface. In Fig. 
4A, two sets of Rh 3d peaks are readily 
observed. The most intense 3d5,y feature at 
308.6 eV is attributable to LaRhO3, while 
the peak at a higher binding energy (310.5 
eV) is most likely attributable to simple 
Rh203 based on the XPS binding energy 
values (Table 1). This slight excess of 

Rho 
Rh metal 307.1 

307.1 
307.1 
308.5 

Rh/C (5%) 307.3 
(vacuum/400°C/2 h) 

Rh+ 307.6-309.6 
WWCOD)h 308.7 
WXCOWPh,M 308.9 
IRh(H)(COM'Ph,),~ 308.7 

Rh2+ 308.4-309.3 
RhWXH32 309.0 
IRhWPGHd3M 309.2 

Rh3+ 308.8-311.3 
RhzO3 309.1 

310.0 
310.5 

RhzOs . 5H20 

LaRhO, 

311.0 

308.6 
311.0 

RhCl, . 3Hz0 310.0 
310.2 
309.7 
310.3 

RhCI,(PPh,)3 310.2 
OWNHd~CW~~ 310.2 

This work 
(16) 
(17) 

(5) 
(18) 

(19, 26) 
(21) 
(22) 
(22) 

(.w 
(22) 
(22) 

(6) 
(21) 

(5) 
This work 

(5) 

This work 
(‘5) 

(22) 
(23) 
(24) 
(21) 

(22) 
(18) 
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Binding energy (eV) 

FIG. 4. Rh 3d XPS spectra of LaRhOl: (A) LaRhOl 
(Rh,O& (B) LaRhOx, 1st firing, 5% extra La203; (C) 
2nd firing; (D) 2nd firing + 50°C leaching with 4 M 
acetic acid. 

product by leaching with 20% aqueous 
acetic acid at 50°C to give monophasic 
LaRh03. Figures 4B-D show Rh 3d spectra 
for LaRhOJ prepared in the presence of ex- 
cess La203. No additional peak attributable 
to Rhz03 appears in these spectra. Each of 
the samples produces the identical binding 
energy (308.6 * 0.15 eV) when referred to 
adventitious carbon. 

XPS spectra illustrating the surface sta- 
bility of LaRhO3 under hydrogen or syn gas 
reaction conditions are shown in Fig. 5. To 
illustrate the sensitivity for surface Rh203 
detection under hydrogen reduction, we 
use the RhzOrimpure perovskite formed 
from a nominally “stoichiometric” mixture 
of the simple oxides. Figure 5A again 
shows the untreated sample containing 
both Rh203 and LaRh03. Upon low-tem- 
perature hydrogen reduction, the RhZ03 
phase is observed to disappear with the si- 
multaneous formation of Rho characterized 
by a binding energy of 307.1 eV (Fig. 5B). 
This binding energy is identical to that of 

Rh metal and, as such, reflects bulk-like 
particles supported on an oxide substrate. 
Similar experiments were performed on the 
LaRhOj samples prepared with excess 
LazOj (i.e., Fig. 4D) to demonstrate that 
the surface of this perovskite was pure 
enough to exhibit no detectable Rh203. Re- 
duction at 250°C in 1 atm of flowing hydro- 
gen was insufficient to completely reduce 
the surface of LaRh03 (Fig. SC). Syn gas 
reaction conditions tend to promote the sta- 
bilization of LaRh03. Under these condi- 
tions, 300°C in a 2 : 1 = HZ: CO flow at 1 
atm total pressure, two peaks are observed 
which we attribute to Rh3+ in LaRhO3 and 
Rho in reduced metallic particles (Fig. SD). 
The full Rh 3d spectrum can be produced 
by summing the separate spectra for un- 
treated LaRh03 (Rh3+, 308.6 eV) and fully 
reduced LaRhO3 (Rho, 307.1 eV) (see Fig. 

D) 

A) 

Binding energy (eV) 

FIG. 5. (A) Rh 3d XPS spectra of LaRhOl (contain- 
ing trace impurity of RhzOJ and its reduction products 
on heating in pure Hz; (B) 0.5 h, 250°C; (C) 0.5 h, 
300°C; and (D) in 2: 1 Hz: CO at 300°C. 
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I 
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FIG. 6. Deconvolution of the Rh 3dslZ spectrum of 
LaRhOl reduced at 300°C in 2 : 1 H2 : CO into Rho and 
Rh3+ components from fully reduced LaRh03 and un- 
treated LaRhO,. 

6). No Rh+ component in the intermediate 
region (ca. 308 eV) is apparent. 

These results differ from previousIy re- 
ported work (6) and must be attributed to 
the improved synthetic procedure used in 
this work. Preparation of LaRhOJ using a 
nominally “stoichiometric” mixture of the 
oxides (6) results in residual Rhz03 as de- 
tected by both XRD and XPS. The full 
width half maximum (FWHM) for the Rh 
3d5,2 peak of LaRhOJ reported previously 
(6) was 2.0 eV, while the binding energy 
reported was 311.0 eV. We obtain a 
FWHM of 1.25 eV and a binding energy of 
308.6 eV, showing that there is a distinct 
difference in the surface characteristics. 
Since the surface properties of a catalyst 
will control the activity and selectivity of 
heterogeneous reaction, careful control 
of sample surface preparation is needed. 
These new data concerning the surface re- 
duction characteristics can be used in con- 
junction with kinetic and chemisorption 
data to offer a new explanation for oxygen- 
ate selectivity in rhodium catalysts. 

IV. CATALYTIC ACTIVITY 

The Fischer-Tropsch activities for 
LaRh03 at different reaction temperatures 
are displayed as Schulz-Flory plots in Fig. 
7. At a reaction temperature of 3OO”C, 

the formation rates of Goxygenates 
(CH$HO + C2H50H) are greater than for 
CH30H, indicating that the mechanism for 
CH30H formation is different from the 
mechanism for formation of higher oxygen- 
ates. Similar mechanisms for both CH30H 
and higher oxygenates would imply some 
typical Schulz-Flory growth mechanism 
and require that the molar rate of CHjOH 
formation be greater than the molar rate of 
&-oxygenate formation. Thus, CHjOH is 
formed by the reduction of adsorbed CO by 
a mechanism not containing intermediates 
common to those by which higher oxygen- 
ates are formed. The higher oxygenates are 
apparently formed by a CO insertion into 
surface alkyl fragments as others have 
noted (2, 5). Since XPS did not detect any 
Rh+ on the LaRh03 surface following a 
much milder pretreatment at 300°C and the 
TPR curve indicated that, in I atm of HZ, 
50% of the lattice O*- associated with Rh in 
LaRh03 had been removed at 4OO”C, it is 

(Hydrocarbons) (Oxygenates) 

FIG. 7. Fischer-Tropsch activity of LaRhO, as 
a function of temperature. Schulz-Flory plots for 
LaRhO+ 
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FIG. 8. Fischer-Tropsch activity of Rh/Si02 as 
a function of temperature. Schulz-Flory plots for 
LaRhOl. 

difficult to envision the existence of stable 
Rh+ on the catalyst surface under our reac- 
tion conditions. Note that the TPR condi- 
tions at 400°C correspond to ca. 300°C un- 
der the high-pressure reaction conditions. 

The above results are strongly corrobo- 
rated by the data in Fig. 8 which displays 
the Fischer-Tropsch activity for a conven- 
tional Rh/SiO* catalyst over the tempera- 
ture interval 225-400°C. The shapes of the 
Schulz-Flory curves for LaRh03 (Fig. 7) 
and Rh/SiOz (Fig. 8) at similar temperatures 
are essentially indistinguishable, suggesting 
the same type of catalytically active Rh 
species for both catalysts. Since the Rh 
present on such SiOz-supported catalysts is 
considered to be zero valent under these 
reaction conditions (17, l&25), it is consis- 
tent that the active rhodium present in 
“LaRhOJ” is also zero valent. 

Other workers have reported similar cat- 
alytic behavior for supported Rh catalysts 
under reduction conditions similar to those 

used in this study. Bhasin et al. (26) found 
that for a 2.5% Rh/SiOz catalyst evaluated 
at 3OO”C, 1000 psig, and Hz : CO = 1: 1, the 
molar selectivity to &oxygenates was ap- 
proximately 20% while that for CHjOH was 
less than 2%. Likewise, Arakawa and co- 
workers (27) observed that the molar selec- 
tivities for &-oxygenates and CHJOH were 
approximately 35 and 3%, respectively, for 
a 4.7% Rh/SiOz catalyst which was tested at 
28O”C, 700 psig, and Hz : CO = 1: 1. 

In order to test the intrinsic Fischer- 
Tropsch activity of unsupported Rho, a 
sample of Rh20J was reduced in situ in 
flowing HZ at 400°C for 4 h prior to evalua- 
tion at 3OO”C, 800 psig, and H2 : CO = I : 1. 
As the TPR scan in Fig. 2 shows, the Rh203 
undergoes a sharp, single-stage reduction at 
approximately 120°C. In addition, from the 
AGT data of Reed (28) we can calculate that 
the reduction by Hz of Rhz03 to Rho is ther- 
modynamically favorable, even at room 
temperature. Thus, we can be reasonably 
certain that the Rh203 is totally reduced to 
Rho after 4 h in flowing H2 at 400°C. 

The Fischer-Tropsch activity of the pre- 
reduced Rh203 catalyst is presented in Fig. 
9. The shapes of the Schulz-Flory curves 
for product formation are in general agree- 
ment with those for LaRh03 and Rh/SiOz. 
These data indicate that under normal 

JLJ-J I Cl c.2 c3 c, cs 
Hydrocarbons Oxygenates 

FIG. 9. Fischer-Tropsch activity of Rhz09 following 
in situ reduction at 400°C in flowing Hz for 4 h. Reac- 
tion temperature in 300°C. Schulz-Flory plots for 
Rh203. 
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Fischer-Tropsch conditions Rho produces 
substantial amounts of C2-Cs linear oxy- 
genates (primarily aldehydes). The similar- 
ity of the shapes of the Schulz-Flory 
curves for the C&4 hydrocarbons with 
those for the C&ZS linear oxygenates sup- 
ports the generally accepted view that lin- 
ear oxygenate formation over Rh catalysts 
proceeds via CO insertion into Rh-C, alkyl 
fragments to form C n+l linear oxygenates. 

Further evidence for the role of Rho in 
controlling the Fischer-Tropsch activity of 
LaRh03 under reaction conditions was ob- 
tained by measuring the activity of the 
LaRh03 catalyst sample following in situ 
reduction in 1 atm of flowing H2 at 550°C for 
2 h. The shapes of the Schulz-Flory prod- 
uct distribution curves at 250 and 300°C 
were essentially identical to those at the 
same temperatures in Fig. 7. The measured 
rates of product formation were slightly 
different, however, due to the sintering 
of the Rho particles at 550°C which re- 
sulted in a lower surface area of Rho sites. 

These results suggest there is no need to 
invoke Rh+ to explain the high rates of C2- 
oxygenate formation. Rather, the poor CO 
dissociation capability of Rho (26) requires 
higher temperatures to efficiently dissociate 
CO and form surface alkyl fragments in 
high enough surface concentrations so that 
CO insertion into the metal-alkyl bond (to 
form acyl species) can compete favorably 
with hydrogenation of adsorbed CO and 
surface alkyls to form CH30H and paraf- 
fins, respectively. 

As others have noted, Rho surfaces do 
not readily dissociate CO until higher tem- 
peratures are reached. Yates et al. (30), 
using UHV techniques, have concluded 
that CO dissociation does not occur readily 
over Rh(lll) surfaces until T > 600°C 
are attained. Similarly, Gorodetskii and 
Nieuwenhuys (32) concluded that the rate 
of CO dissociation, at 0.1 Torr of CO pres- 
sure on both densely packed and open Rh 
surfaces, was negligible until temperatures 
above 700°C were reached. 

Under conditions more similar to those 

of the present study, Solymosi and Erdo- 
helyi (29) found that when CO at 1 atm 
pressure was exposed to a Rh/Al203 cata- 
lyst it did not undergo dissociation to any 
significant degree until temperatures above 
ca. 275°C were reached. This observation is 
in excellent agreement with the results of 
Monnier and Apai (II ) for the temperature- 
programmed desorption/dissociation of CO 
from a 1.5% Rh/SiOz catalyst (same Rh/ 
SiOz catalyst as used in the present study; 
Fig. 8). The desorption of molecular CO 
occurred over the temperature range 70- 
260°C as a multiplet of four desorption 
peaks, while COZ (from the disproportiona- 
tion of adsorbed CO) did not occur until 
temperatures higher than 250°C were 
reached; the rate of CO2 formation passed 
through a maximum at 300°C. 

In recent work, Baetzold and Monnier 
(32) have kinetically modeled the CO inser- 
tion mechanism for linear oxygenate forma- 
tion from syn gas and observed that by 
lowering the activation energy for CO 
dissociation (with other parameters held 
constant), the rate of alkyl chain growth in- 
creased dramatically. In such a situation it 
was possible to very closely reproduce the 
experimentally obtained Schulz-Flory dis- 
tribution for both linear oxygenates and 
hydrocarbons over a Ru/SiO* catalyst. 
Clearly, the rate of chain growth is more 
critical for Rh than for Ru at a given tem- 
perature. For similar rates of alkyl chain 
growth, considerably higher temperatures 
are required for Rh catalysts. 

One way to test the conclusion that no 
Rh+ is present is to evaluate LaRhO, in a 
catalytic reaction in which Rh+ is pre- 
sumably the species responsible for the 
selective formation of a given product. 
The catalytically active species in the 
hydroformylation of olefins by homoge- 
neous Rh catalysts are reported to be Rh+ 
complexes (e.g., Rh(H)(CO)(PPh&, Rh(C1) 
(CO)(PPh3)3 (33). Thus, we should expect a 
heterogeneous catalyst containing some Rh 
in the l+ oxidation state to be more selec- 
tive than one which contains no Rh+. 
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TABLE 2 

The Hydroformylation of C2H4 over LaRhO, as a 
Function of Hz Pretreatment Temperature 

Hz pretreatment 
temperature0 

(“C) 

Rates of formation 
(moles/g cat./sec) 

C&e C2H+ZHO 

Molar % 
selectivity 

200 0.054 0.210 80 
250 0.168 0.594 78 
325 0.087 0.276 76 

(1 Catalyst heated in a high-pressure reactor for I h at 
each temperature before catalytic evaluation. 

The data in Table 2 reveal that selectivity 
to C2H&H0 is essentially independent of 
HZ pretreatment temperature, implying that 
Rh+ is not formed at any of the pretreat- 
ment temperatures. The range of H2 pre- 
treatment temperatures in Table 2 encom- 
passes those used by Watson and Somotjai 
(6) to form presumably stable, catalytically 
active Rh+ centers by the reduction of 
LaRh03. Thus, the results for C2H4 hydro- 
formylation (Table 2) over LaRhOj as a 
function of Hz pretreatment temperature 
corroborate the hypothesis that Rho is the 
only catalytically active Rh species present 
on the surface, since HI pretreatment of a 
similar catalyst at 300°C gave an XPS spec- 
trum of only Rho (Fig. 5C). 

To illustrate that Rho does selectively hy- 
droformylate CzH4, a second sample of 
Rhz03 (see TPR scan in Fig. 2) was reduced 
in situ at 400°C in flowing H2 for 4 h prior to 
catalytic evaluation for C2H4 hydroformyla- 
tion under the same conditions as used for 
LaRh03. At steady-state reaction condi- 
tions the molar selectivity of C~HSCHO for- 
mation was 72%, in very good agreement 
with the data of Table 2 for LaRh03. 

The rates of product formation (but not 
selectivity) in Table 2 do increase as the 
reduction temperature is raised from 200 to 
250°C which is consistent with a higher 
level of reduction of LaRh03 to metallic 

Rho. As the reduction temperature is raised 
to 325°C the rates of formation fall, sug- 
gesting that aggregation of Rho particles has 
occurred with subsequent loss of Rho sur- 
face area. 

V. CONCLUSIONS 

The formation of pure monophasic 
LaRh03 requires that an excess of the rare- 
earth oxide be used in the synthesis, since 
any excess present after the reaction can be 
readily removed by treatment with warm 
20% acetic acid. The presence of any ex- 
cess rhodium in the reaction leads to the 
presence of the highly insoluble high-tem- 
perature form of rhodium oxide which can- 
not be removed after the firing. This latter 
oxide is considerably more susceptible to 
HZ reduction than the perovskite, LaRh03. 
Use of such materials, therefore, in detailed 
catalytic studies involving correlation of 
catalytic activities and selectivities with 
catalyst oxidation states obtained by XPS 
measurements requires that careful atten- 
tion be given to preparative procedures to 
ensure the formation of monophasic mate- 
rial. 

XPS has been shown to be a critical com- 
plementary analytical probe to XRD to 
characterize the purity of solid-state mate- 
rials that are to be used in catalytic studies. 
It has also shown that, under typical hy- 
drogen reduction conditions, the surface of 
LaRh03 is fully reduced to Rho. If the cata- 
lyst is run under 2 : 1 HZ: CO at 1 atm at 
300°C the Rh 3d core levels can be suc- 
cessfully deconvoluted into Rho and Rh3+ 
contributions alone. The surface shows no 
Rh+ contributions. 

TPR has been used to study the reductive 
stability of LaRh03. This has shown that 
the bulk stability of Rh3+ is substantially 
enhanced within the rare-earth perovskite 
crystalline lattice when compared to the 
stability of Rh3+ in the simple oxide lattice 
(i.e., Rh203). However, at temperatures 
comparable to those used for Fischer- 
Tropsch evaluation, the TPR curves indi- 
cate that reduction of LaRhO3 does occur 
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and, from the XRD and XPS data, that the 
reduction product is Rho. 

Under syn gas reaction conditions, 
LaRh03 undergoes reduction to Rho with 
no evidence of any stable Rh+ species, as 
had been previously proposed in the litera- 
ture . 

The higher rates of &-oxygenate (i.e., 
CHsCHO + CzHjOH) formation vs CH3OH 
above 300°C observed for LaRh03 can be 
explained by the poor dissociation capabil- 
ity of Rho which requires high temperatures 
to efficiently dissociate CO and form sur- 
face alkyl fragments in sufficiently high sur- 
face concentrations to allow favorable 
competition of CO insertion into the 
rhodium-alkyl bond (to form acyl species) 
vs hydrogenation of adsorbed CO and sur- 
face alkyls (to form CHJOH and paraffins, 
respectively). 

A detailed study of the hydroformylation 
of ethylene over LaRh03, as a function of 
H2 pretreatment of the catalyst, similarly 
supports the presence of Rho, rather than 
any Rh+ species, as the active catalyst. 
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