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Hydrated and anhydrous rhodium oxides, Rh,O, .5H,O and Rh,OS crystallites, were used as 
catalysts for the hydrogenation of CO at 6 atm and in the range of 250-350°C. The anhydrous oxide 
reduced to metallic rhodium rapidly, while the hydrated oxide was quite stable under the reaction 
conditions. The hydrated oxide produces a high concentration of oxygenated hydrocarbons, mostly 
acetaldehyde in addition to CI-Cs alkenes and methane, in contrast to the unsupported metal which 
is a mediocre methanation catalyst. The activation energy for the formation of all of the products is 
26 + 2 kcal/mole indicating that they are likely to be produced from a common precursor intermedi- 
ate, t&H,. The addition of ethylene to CO and HI results in the conversion of the oletin to 
propionaldehyde. This carbonylation reaction was not observed on the rhodium metal. The slower 
rates of hydrogenation on the oxide and its ability to insert CO into the C,H, intermediates appear 
to be responsible for the changed product distribution in the CO/H, reaction. Electron spectros- 
copy studies indicate the presence of patches of oxide and metal both participate in the reaction and 
control the product distribution. 

1. INTRODUCTION 

The catalysis of the hydrogenation of car- 
bon monoxide over the Group VIII metals 
can lead to a variety of products, the rate of 
formation of which depends upon the cata- 
lyst and the reaction conditions. The prod- 
uct spectrum can contain alkanes, alkenes, 
and oxygenated hydrocarbons, alcohols, 
and aldehydes. Rhodium catalysts of var- 
ious formulations have been explored for 
use in both heterogenous (I -3) and homog- 
enous (4) processes. An attractive feature 
of many of these catalysts is their ability to 
produce large yields of oxygenated prod- 
ucts selectively, often containing two car- 
bon atoms. Using heterogeneous rhodium 
catalysts, the relative amount of oxygen- 
ated products depends both on the support 
used and the method of deposition of the 
rhodium on the support. High yields of 
methanol and ethanol for Rh on MgO or 
ZnO (2), acetaldehyde and acetic acid for 
Rh on silica (3, 28) have been reported 
which contrast with results reported for 

alumina-supported rhodium (1) and rho- 
dium foil (5) in which only hydrocarbon 
products that contained no oxygen were 
detected. 

In this laboratory we have explored the 
characteristics of small-surface-area rho- 
dium crystals (5) for the hydrogenation of 
CO at pressures in the range of l-10 atm. 
Such systems are model catalysts free of 
support effects which can reveal the 
influence of surface structure and composi- 
tion upon their activity and selectivity. 
These studies have shown that clean ele- 
mental rhodium is a stable methanation cat- 
alyst, but of mediocre activity. Preoxida- 
tion of the surface of a rhodium single 
crystal or foil results in sharply enhanced 
activity for methanation and the formation 
of small but detectable amounts of oxygen- 
ated species. 

The changing product distribution and 
activity obtained upon preoxidation of the 
rhodium metal samples (6) have prompted 
us to extend such studies to the rhodium- 
oxygen system in general. This system is 
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rather poorly understood as rhodium ox- 
ides appear to be thermodynamically unsta- 
ble under the reaction conditions utilized 
during the catalyzed hydrogenation of CO. 
We present results obtained for CO hydro- 
genation over rhodium oxide surfaces ob- 
tained from both the hydrated and anhy- 
drous sesquioxide and the dioxide. The 
differing stabilities of these compounds un- 
der reaction conditions have been uncov- 
ered and explored. The surface composi- 
tion and oxidation state were monitored 
both before and after reaction by Auger 
electron spectroscopy (AES), X-ray photo- 
electron spectroscopy (XPS), and thermal 
desorption spectroscopy (TDS). The reac- 
tion was carried out at about 6 atm pressure 
using temperatures between 250 and 350°C 
and various H&O ratios. 

Our results indicate that the hydrated ox- 
ide can be kinetically stabilized for hours 
under the reducing conditions of the CO/H, 
reaction. The oxide produces up to 30% 
oxygenated products at low conversions, 
mostly acetaldehyde. The activation ener- 
gies to produce methane, ethylene, and ac- 
etaldehyde, are all about the same, 26 ? 2 
kcallmole indicating that these molecules 
form from a common precursor. The addi- 
tion of ethylene to the CO/H, feed led to its 
conversion to propionaldehyde. Carbonyla- 
tion activity observed on the rhodium oxide 
was absent for rhodium metal under identi- 
cal reaction conditions. The reaction mech- 
anism that can be proposed includes the 
rate-determining formation of C,H, frag- 
ments, followed by the rapid carbonylation 
or hydrogenation of these intermediates to 
form the observed reaction products. The 
reduced hydrogenation and increased car- 
bonylation activity of the rhodium oxide as 
compared to the metal is thought to be re- 
sponstble for the markedly altered product 
distrrbution. 

2. EXPERIMENTAL 

The experimental apparatus, described in 
detail elsewhere (5, 7), consists of an ultra- 
high vacuum chamber pumped with ion and 

diffusion pumps and equipped with retard- 
ing field LEED/Auger optics, a mass spec- 
trometer, and an internal high-pressure 
(~20 atm) isolation cell. With the cell open, 
samples can be cleaned by argon ion sput- 
tering, annealing, or chemical treatments 
with gases admitted via a leak valve. Sur- 
face composition was monitored regularly 
by AES. With the cell closed, the apparatus 
was operated as a stirred batch reactor. 
The CO (Matheson, 99.95%) was passed 
through a copper tube heated to -200°C 
and then through a molecular sieve chilled 
by an acetone-dry ice bath to remove car- 
bonyls; the HZ (Liquid Carbonic, 99.995%) 
was used without further purification. Re- 
action products were monitored by divert- 
ing a very small fraction of the gases to 
a gas chromatograph (Hewlett-Packard 
5720A) equipped with a flame ionization de- 
tector and integrator (Spectra Physics). 
Due to the low conversion levels (< 1%) 
such a detector is required, but unfortu- 
nately prevents a carbon and oxygen bal- 
ance due to its insensitivity to permanent 
gases. A 6-ft x l/g-in. Porapak PS column 
initially held at 50°C for 5 min and then 
temperature programmed at B/min allowed 
a good on-line separation of all major oxy- 
genated and hydrocarbon products in a 15- 
to 20-min analysis. 

XPS measurements were carried out in a 
separate instrument, a modified AES 200 
spectrometer. This instrument did not al- 
low for sample treatment and operated un- 
der only modest vacuum conditions of -5 
x lo-* Torr and, hence, was only suitable 
for examination of metal spectra. An AlKa 
source was used, and the hemispherical an- 
alyzer was equipped with position-sensi- 
tive, pulse-counting electronics which al- 
lowed good signal-to-noise spectra to be 
accumulated rapidly. Binding energies 
were referred to C 1s at 285.0 eV; the reso- 
lution of the instrument was about 1.8 eV. 
Samples were mounted on double-sided ad- 
hesive tape. 

High-pressure CO hydrogenation reac- 
tions were carried out over various rho- 
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dium oxide samples which were deposited The exact temperature at which this heating 
as thin layers from a methanol slurry onto was carried out did not appear to be im- 
gold (and occasionally platinum) foils. The portant as regards the catalytic properties 
metal foils provided both a physical back- of the resulting oxide. Thermogravimet- 
ing for these powder samples and a means tic analysis of the dehydration of the 
of heating. The foils were heated resistively Rh20s . 5H20, however, showed that the 
both to outgas the samples and to establish dehydration reaction is complex and grad- 
reaction temperatures, which were mea- ual. 
sured by an Alumel-Chrome1 thermocou- The surface area of the dried sesquioxide 
ple attached to the foil. before deposition was estimated by the 

The rhodium oxide samples used were (a) BET method and found to be -10 m2/g. 
anhydrous Rho2 (Alfa Products), (b) anhy- 
drous Rh20B (Aldrich Chemical Co.), and 3. RESULTS 
(c) Rh20a * 5H20 (Pfaltz and Bauer, 
99.9%). The anhydrous oxides were used 3.1. SURFACE CHARACTERIZATION 
as purchased. After deposition as a film, 
and mounting in the vacuum chamber on a. Anhydrous Rh203 and Rho2 AES 

Au or Pt foils, they were degassed at 400°C Measurements 

for 1 h and then surface impurities were The Auger spectra obtained using the 
removed by ion bombardment. The hy- RFA analyzer were, in general, free of 
drated sesquioxide was heated in air at charging effects, probably due to the thin 
-400°C prior to deposition on the Au foil. oxide layers and the proximity of the high- 
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FIG. 1. Auger electron spectra of an anhydrous Rh,Os surface: (a) as mounted in the vacuum 
chamber; (b) after reaction at 3OOY, 6 atm in I : 1 H&O. 
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conductivity metal support. In some cases, 
particularly after a reaction, rather noisy 
spectra result, e.g., Fig. 3c, but generally 
quite clean spectra could be obtained, e.g., 
Fig. 1. 

The anhydrous sesquioxide, RhzOs, ex- 
hibited an Auger spectrum after mounting 
in the vacuum chamber, as shown in Fig. 
la. The oxygen transition at 515 eV is pro- 
nounced, being about one-fourth of the in- 
tensity of the main rhodium transition at 
302 eV. The large peak at -225 eV is com- 
posite, being made up of a rhodium transi- 
tion at 256 eV and an overlapping potas- 
sium transition at 252 eV. Due to the strong 
cross section of potassium and the low res- 
olution of the RFA analyzer, a relatively 
small contamination of potassium results in 
a 255-eV peak larger than that for pure rho- 
dium where Iz55/1302 - 0.3-0.4 

After reaction in 6 atm of 1: 1 H&O at 

300°C for 30 min, the Auger spectrum of 
Fig. lb is obtained. Clearly, the potassium 
peak has diminished but, most importantly, 
the oxygen peak is now entirely absent, 
indicating reduction to the metal. This re- 
duction can be followed visually by a color 
change from the black oxide to the silver- 
gray metal. 

Figure 2 shows a sequence of Auger 
spectra for the anhydrous dioxide, RhOz. 
The freshly mounted specimen showed an 
0515/Rh902 ratio of 0.32 and the presence of 
potassium on the surface. Degassing at 
400°C for 1 h changed the color of the sam- 
ple from brown to black; the surface con- 
centration of potassium dropped, presum- 
ably due to desorption or migration into the 
bulk; the 0515/Rhm ratio dropped to about 
0.2 close to the value obtained for Rh,03. 
This indicates a decomposition of the diox- 
ide to the sesquioxide, a reaction known to 
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FIG. 2. Auger electron spectrum of an anhydrous Rho, surface: (a) as mounted in the vacuum 
chamber; (b) after heating to 4OOT for 1 h; (c) after reaction at 3OOT, 6 atm in 1: 1 H&O. 
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occur at about 680°C at 1 atm (30): 

2Rh02 * RhzOa + B2. 

Once again reaction of 1: 1 H&O at 6 atm, 
300°C resulted in complete reduction to the 
metal as evidenced by Fig. 2c, together 
with the reemergence of some potassium 
and some deposition of carbon. 

b. Hydrated Rhodium Sesquioxide 
Rh,O, . 5H20-AES, XPS, and TDS 
Measurements 

The hydrated sesquioxide behavior was 
markedly different from its anhydrous 
counterpart. In order to avoid excessive 
outgassing in the vacuum chamber, the ox- 
ide was first heated in air to 400°C or more 

N’(E 

for 2 h. Dehydration appears to be a com- 
plex and kinetically slow process and 
results in an oxide with considerably more 
stability and resistance against reduction to 
the metal than the anhydrous oxide. This is 
evidenced in the Auger spectra shown in 
Fig. 3. The first spectrum shows an as- 
mounted spectrum of the hydrated ses- 
quioxide which appears similar to that of 
the anhydrous oxide. Figure 3b shows a 
spectrum of the oxide after degassing and 
cleaning by ion bombardment in the vac- 
uum chamber and shows a lowered potas- 
sium level and only a small reduction in the 
surface oxygen concentration. However, 
reaction in H&O under the same condi- 
tions that reduced the anhydrous sesqui- 
and dioxides to the metal does not reduce 
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FIG. 3. Auger electron spectrum of a Rh,Ol . SH,O sample dried at 600°C for 2 h: (a) as mounted in 
the vacuum chamber; (b) after heating to WC for 1 h and then argon ion bombarded at 500 eV and 5 
PA/cm% for 15 min; (c) after reaction at 3OOT, 6 atm in 1: 1 H&O. 
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the dehydrated oxide totally, but leaves a 
small but readily detectable oxygen con- 
centration (Fig. 3c), and also does not in- 
duce the black-gray color change. This ox- 
ygen surface concentration gives rise to the 
Auger peak ratio, 0515/RhSOP - 0.1-0.2. 
Thus the CO/HI reaction over the hydrated 
sesquioxide produces an oxygen-deficient 
surface region which is, however, relatively 
stable to reduction under hydrogenation re- 
action conditions. The stable oxide formed 
in this manner can be reduced to the metal 
by (1) heating to >4OOY in V~CUO with car- 
bon present, e.g., after a synthesis reac- 
tion, leading to production of CO, and re- 
duction, 

2c ,attice + Rh209 + CO + CO2 + 2Rh, 

(2) heating to >4OO’C in excess HZ, (3) heat- 
ing in vacua to >55o”C, or (4) many hours 
of reaction in HP/CO mixtures will eventu- 
ally lead to reduction. 

XPS spectra were recorded in a separate 
apparatus for the Rh 3d5,* line. Due to the 
modest vacuum of this spectrometer and 
the fact that the samples had to be trans- 
ferred in air and could not be treated in situ, 
no analysis of C Is or 0 1s signals was 
attempted. Table 1 shows XPS data for rho- 
dium metal and the used catalyst, together 
with RhzOB * 5H20, RhzOs . 5Hp0 dried at 

TABLE 1 

XPS Binding Energy Data for the Rh 3d, Line 

Sample En Rh %* 

This work L\Ex Brinen and 
Malera (10) 

Rh metal 308.5 f 0.2 2.8 307.1 
Rh,O, .5H& 311.0 + 0.2 2.2 
Dried 309.8 f 0.2 1.9 

RhsO, .5HsO 
Anhydrous 310.0 2 0.2 2.5 308.7 

WA 
Used catalyst 309.0 zi 0.2 2.4 

Nore. Binding energies are referred to C 1s at 285.0 
eV. & represents the full width at half-height of the 
Rh J4, peak. 
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FIG. 4. Thermal desorption spectra of CO and D, 
from: (a) a used oxide catalyst; (b) the same catalyst 
reduced to the metal by heating in vacua to 750°C for 
30 min and subsequently cleaned by ion bombard- 
ment. 

400°C for 2 h, and anhydrous Rh909. A 
progressive shift of the position of the rho- 
dium 3d5,, peak from a value of 308.5 eV for 
the metal through to 311 .O eV for RhzOs 
is found. The peak maxima found in our 
studies are also compared with values given 
by Brinen and Malera (20). The shift in 
binding energy between Rh and Rhz03 is 
the same for the two sets of results within 
0.1 eV, but the absolute values differ by 
about 1.5 eV, a discrepancy which may be 
due to charging effects. We also note that 
our values for the Rh(II1) compounds are 
quite close to that given by Jorgensen and 
Berthou (II) for RhC& of 310.5 eV. 

These data clearly indicate that the start- 
ing material used in the majority of these 
experiments, Rhz09 + 5Hp0 that had been 
heated for 2 h or more at 4OOC, contains 
rhodium in a high oxidation state close to a 
formal charge of 3. The used catalyst, how- 
ever, displays a Rh 3d,,, binding energy 
value that is much closer to that of metallic 
rhodium but still indicates the presence of 
rhodium in a partially oxidized form. 
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While the resolution of our XPS instru- 
ment is modest, the peak width (at half- 
height) data shown in Table 1 show that 
heating the hydrated sesquioxide results in 
a rather sharp peak indicating that all the 
rhodium present is in a similar chemical 
environment. The anhydrous oxide, the 
metal, and the used catalyst, however, 
show rather wide peaks that indicate the 
presence of other surface oxide phases or a 
mixture of oxide and rhodium metal envi- 
ronments (8, 9). 

Thermal desorption of both CO and D, 
was also performed. On the freshly pre- 
pared hydrated oxide surface only small 
amounts of CO and Dz (~15 and <5%, 
respectively) were detected desorbing. The 
vast majority of the reactant gases were 
desorbed as either CO, or D,O, indicating 
facile reduction of lattice oxygen. Further 
details of this work will be published else- 
where. 

On an oxide surface that has been used as 
a catalyst, both CO and D2 desorb as intact 
molecules. Typical desorption spectra are 
shown in Fig. 4a; while CO adsorption con- 
tinued almost indefinitely (up to several 
thousands of Langmuires exposure) the Dz 
desorption peak is saturated at exposures 
of -250 L. 

This behavior with Dz may be attribut- 
able to the rapid conversion of the remain- 
ing oxide sites on the surface to hydroxyl. 
D, can then only be desorbed by the break- 
ing of these O-H bonds and subsequent 
migration and recombination of D atoms 
resulting in a relatively high temperature of 
desorption. 

In Fig. 4b, the above results are com- 
pared with TDS results for CO and Dz ad- 
sorbed onto a catalyst that had been re- 
duced by high-temperature decomposition 
of the oxide to the metal. Two effects of 
reduction are immediately apparent. First, 
Dz desorbs from the reduced metal surface 
close to room temperature, in agreement 
with other studies of the H&h system 
(5, 31, 32); whereas it desorbs at the rela- 
tively high temperature of - 120°C from the 
oxide surface. Reduction of the oxide ap- 
pears to lower the amount of CO adsorbed, 
but also increases the binding energy of that 
CO, evidenced by the upward shift of the 
peak maximum from - 150 to 190°C a value 
somewhat lower but close to the range nor- 
mally found for CO desorption from metal- 
lic rhodium (32). 

3.2. REACTION OF Hz/CO OVER RHODIUM 
OXIDES 

a. Background Reactivity 

In order to assess the background reac- 
tivity of the system and of the metallic foils 
used as backings for the oxide films, blank 
experiments were performed with Au and 
Pt foils. The results of these tests are pre- 
sented in Table 2 and are compared with 
results for deposited films of hydrated 
Rh203 * 5Hz0 on gold foil (for more detail 
see Section 3.2~). As a comparative mea- 
sure of the rates of reaction, the number of 
C atoms converted to products during 1 h is 
listed for typical samples. Also listed are 
the product distributions. 

Clearly, the metal foils in the stainless- 

TABLE 2 

Reaction of I : 1 Hz/CO at 6 atm Pressure over Au and Pt Foils Compared with Dried Rh203 5Hp0 on Au Foil 

Sample T Total C atoms Product distribution (wt%) 
(“(3 converted in 60 min 

Cl C, G C 1+ oxys 

Au foil 300 6 x 1Ole 64 19 13 4 0 
Pt foil 350 25 x 10’6 87 7 2 3 0 
Dried rhodium oxide 350 190 x 10’6 41 17 13 5 23 

on Au foil 
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steel reaction chamber give a very different 
product distribution containing no oxygen- 
ates when compared to a rhodium oxide 
film deposited on a foil. The rate of conver- 
sion to products in the presence of the 
blank foils is an order of magnitude less 
than when the foils are covered with rho- 
dium oxide. Samples of oxide deposited on 
either type of Pt or Au foil behave in a very 
similar manner. Therefore, as the foil sup- 
ports are completely covered during the ex- 
periments with a rhodium oxide film, we 
can be certain that any oxygenated prod- 
ucts we see are due to the presence of the 
rhodium oxide. 

b. Reaction over Anhydrous Rho, and 
Rhdh 
Both of these anhydrous oxides were 

rapidly and completely reduced to the 
metal in a HP/CO mixture. The reduction 
was evidenced by (1) an obvious color 
change from the characteristic oxide color 
of brown (RhOJ or black (Rh,O,) to a sil- 
very-gray metallic luster characteristic of 
rhodium metal; (2) the disappearance of an 
oxygen Auger signal is noted in Section 3.1 

and shown in Figs. 1 and 2; (3) a product 
distribution typical of rhodium metal show- 
ing little or no oxygenates present and a 
predominance of methane (80%+). 

Attempts were made to reoxidize re- 
duced samples of these materials by heating 
in wet and in dry O2 at 1 atm pressure and at 
600°C for 30 min. After such treatments the 
oxide formed was still found to be unstable 
and reduced to the metal very rapidly under 
reaction conditions in the CO-H2 gas mix- 
tures. Due to the extreme instability of 
these oxides no further studies were made 
of their catalytic properties. 

c. Reaction over Hydrated Rh203 * .5H20 

I. Product distributions. As mentioned in 
Section 3.1, the hydrated sesquioxide is rel- 
atively stable under reaction conditions and 
can be operated for many hours in a mix- 
ture of Hz and CO with only slow reduction 
occurring. 

The hydrogenation of CO over a hy- 
drated Rhz03 . 5Hz0 surface leads to the 
formation of large concentrations of oxy- 
genated hydrocarbons. A yield of oxygen- 
ated products can be detected that may be 
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Preoxidised Rh Rhodium Oxide 

FIG. 5. Product distribution (wt%) for the reaction of 1: 1 Hz/CO at 3OOT and 6 atm pressure for 
rhodium oxide (Rh,Oa . SH,O) compared with rhodium metal both clean and preoxidised (6). 
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TABLE 3 

Product Distributions for CO Hydrogenation over Various Rhodium Catalysts 
- 

Catalyst T P K/CO Product distribution (C at.%) Ref. 
CT) (atm) 

C1 C, C3 MeOH EtOH MeCHO MeCOOH 

Rh/AlzOO, 265 1 3 89 8 3 
Rh metal 300 6 3 91 7 2 
Rh/LazOs 225 0.1 2 23 1 -+l 
Rh/ZnO 250 0.1 2 18 0 0 
Rh/SiO, 300 70 1 53 1 0 
Rh/SiO* 300 80 1 9 a Q 
Preox. Rh 300 6 3 80 11 7 
Dried 300 6 3 29 22 25 

Rh,Os 5Ht0 

0 
0 

30 
82 
0 
(1 

Trace 
3 

0 0 0 (1) 
0 0 0 (5) 

46 Trace 0 (4 
0 0 0 (4 

Trace 30 6 (3) 
4 42 37 (W* 

Trace 2 0 6 
Trace 16 0 This work 

o Not quoted. 
*mole%. 

as high as 25 wt% or more, depending upon 
the reaction conditions. This sequence is 
shown in more detail in Fig. 5 where the 
product distributions obtained for Rhz03 * 
5Hz0, rhodium metal, and the oxidized 
metal are reported. 

Acetaldehyde is the major oxygen-con- 
taining product together with smaller 
amounts of propionaldehyde, butyralde- 
hyde, methanol, and trace amounts of etha- 
nol. Acetic acid and its esters were not 
detected, although the analytical method 
used was capable of detecting such prod- 
ucts. An interesting feature is that the 
C,, hydrocarbon yield is almost entirely 
olefinic, in contrast to the usual predomi- 
nance of alkanes with the metallic rhodium 
catalysts. 

Table 3 compares the product distribu- 
tion from this Rhz03 * 5Hz0 catalyst with 
other literature reports for rhodium cata- 
lysts. The results for this rhodium catalyst 
approach those reported by Wilson and co- 
workers (3) for a silica-supported catalyst 
operated at somewhat higher pressures and 
higher conversion than those used here. 
The silica-supported catalyst produces 
large amounts of acetic acid and ethanol, 
while the dehydrated rhodium oxide used 
here produces predominantly acetalde- 
hyde. It is possible that at high conversion 

or pressures acetaldehyde may be formed 
initially and then further reacted to form 
these other products. 

It is intriguing to speculate on the differ- 
ences in behavior among these various rho- 
dium catalysts and as to their origin. Our 
results suggest that the degree of oxidation 
of the rhodium may be an important factor, 
metallic rhodium formulations (I, 5) lead- 
ing to hydrocarbons and oxidized forms 
leading to more oxygenated products 

100 I I 

Rh,O,, 350°C 

3 80 - 

5 
.g 60- 
9 .- L 
f 
6 40- 
5 
2 
E a zo- 

Hz/CO Ratio 

FIG. 6. The effect of changing the H&O ratio on 
the product distribution of the hydrogenation of CO 
over dried Rh,OS . 5Ht0 at 350°C and 6 atm. 
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(2, 3, 6, 28). Clearly, the method of prepa- 6o I I I I I . 
ration and pretreatment of these catalysts is Rhp03. I:I H&O 

all important and should be characterized 350°C 

more fully. 
The effect of changing the H&O ratio is 

3 

shown in Fig. 6 for a sample held at 6 atm 
2 40- 

total pressure and 350°C. The percentage of g 
oxygenated products is relatively insensi- 5 ; 
tive to this parameter, although a slight 0 
trend to more alcoholic products is seen at 5 zo- 

higher Hz partial pressures as might be ex- z 
petted. The major effect of increasing the 
CO concentration in the reactant stream is 
to depress the methane yield and increase 
the amount of C&, hydrocarbons formed 0 I I I I I 

0 2 4 6 8 IO 
such that they are formed in roughly equal Total Pressure (otm.1 

(wt%) amounts for a 1: 3 H&O mixture. FIG. 7. The effect of changing the total pressure On 
AS is demonstrated in Fig. 7, the effect of the product distribution for the reaction of 1: 1 H&O 

changing the total pressure over the range at 350°C over dried Rh,Oa . 5Ht0. 

of 2-10 atm at fixed temperature and syn- 
thesis gas composition is very small. tal yield of oxygenated products; unfortu- 

The effect of increasing the reaction tem- nately, at temperatures of 250°C and below 
perature upon the product distribution is the rate of conversion is sufficiently low to 
shown in Fii. 8. Raising the temperature make accurate determination of the oxy- 
favors the production of shorter-chain hy- genate yields difficult. 
drocarbons presumably by preferentially 2. Kinetics. A typical plot of the accumu- 
increasing the rate of hydrogenation rela- lation of products with time is shown in Fig. 
tive to that of chain growth. Conversely, 9 for a gold-supported, hydrated RhPOI ’ 
lowering the temperature increases the to- 5Hz0 flm at 3oo”C, 6 atm pressure, and 

Rh,O, , I: I H&O 

6 atm. 

0 350°C 
m 3oo*c 

FIG. 8. The product distribution in weight percent at temperatures of 350 and 300°C for the reaction 
of 1: 1 H,/CO at 6 atm over dried RhlOS SH,O. 
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FIG. 9. Product accumulation with time for the reac- 
tion of 1: 1 H&O at 300°C and 6 atm over dried 
Rh,O, .5H,O. 

1: 1 H&O ratio. We can see that all prod- 
ucts are produced at approximately con- 
stant rates with little or no induction period 
and with no drop in performance over a 
period of 2-3 h. Occasionally poisoning by 
sulfur led to reductions in the rates. Assign- 
ing turnover numbers (TNs) to each prod- 
uct is complicated by imprecise knowledge 
of the number of Rh atoms available for 

TABLE 4 

Turnover Numbers for Methane Production over 
Dried Rh20,. 5H,O Compared with Literature Data 

at 3CKPC, 1: 1 HI0 

clzm EA Ref. 
(molecule/site/set) (kcal/m&) 

Rh foil. 1-6 atm, 0.1 24 L 2 (5, 6) 
&an 

Rh/AI,O,, I atm 0.034 24 + 2 (1) 
Rh/SiO,, 7 atm 0.030 24 ‘c 2 (3) 
Dried 0.001 26 c 2 This work 

Rh,Os .sH#, 
6 atm 

reaction; but, using the BET surface area of 
10 m2/g and assuming that two-fifths of the 
surface atoms are rhodium, we arrive at 
TNs for the major products of (1: 1 H&O, 
300°C 6 atm; Rh208 .5H,O): 

CH, CH&HO 

TN (molecules/site/set) -1 x 10-s -1 x IO--’ 

The Ch, TN estimate is lower than those 
reported for Rh foils at 6 atm (6), but are 
closer to those reported for supported rho- 
dium catalysts (I, 3), as shown in Table 4. 
This discrepancy, however, may be more 
apparent than real as no in situ measure of 
the number of surface Rh atoms was avail- 
able and, hence, the number of atoms tak- 
ing part in reaction is probably overesti- 
mated. Table 4 also lists the activation 
energy for methane production obtained 
from an Arrhenius plot. The value of 26 
kcal/mole, found for the dehydrated rho- 
dium oxide used in the present work, com- 
pares very favorably with other values 
found for rhodium synthesis gas catalysts. 

In Fig. 10 is shown an Arrhenius plot for 
the formation of CI-CB hydrocarbons and 
acetaldehyde, the major oxygenated prod- 
uct. Within experimental error, all the 

“1 Rhp03, I: I H&O 

6 otm. 

-1 I6 

. 16- 

.c 
h 
; 
3 
3 

E 
r 

H 15- 

I41 I.85 1.95 

I/T (K) lO-3 

FIG. 10. Arrhenius plot of kinetic data for the reac- 
tion of 1: 1 H&O at 6 atm over dried Rh,O, . 5HI0. 
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hydrocarbon species methane, ethylene, 
and propylene/propane, and acetaldehyde 
show variations of reaction rate with tem- 
perature that are all closely similar, and the 
activation energies of their formation all 
cluster around a value of 26 + 2 kcal/mole. 

3. Hydrogenation of carbonaceous resi- 
dues. At the end of a reaction, AES and 
XPS reveal the presence of considerable 
amounts of carbon on the surface of the 
sample (Fig. 3~). Carbonaceous deposits 
formed during CO/H, reactions have been 
reported for Ni (12~24), Fe (15~Z7), and 
Rh catalysts (5, 6). In common with these 
systems, the carbon deposits that are found 
on the rhodium oxide surfaces investigated 
can be easily hydrogenated. The results of 
such a hydrogenation experiment are de- 
picted in Fig. 11. The products are solely 
alkanes with methane the majority product 
(95 wt%), although products up to CJ can 
be detected. In particular, no oxygenated 
products of any type can be detected during 
such an experiment, even as a transitory 
feature. 

These results are similar to those re- 
ported by Bonzel and co-workers (26, 17) 
for the hydrogenation of carbidic residues 
on Fe foils, but do differ in certain respects. 
Under the conditions employed by these 
workers, the Fe foil acted as a methanation 
catalyst. The Fe foil produced CH, at the 
same rate from a mixture of CO and Hz as 
when carbidic residues were hydrogenated. 

Our experiments with rhodium oxide 
show a somewhat different behavior in that 

t/ 

0 
RhZOs, 350 C 

1 

0 30 60 90 
Tame kmn I 

FIG. 11. Product accumulation with time for the 
hydrogenation of carbonaceous residue from a pre- 
vious hydrogenation of CO reaction using 3 atm H2 at 
350°C. 

CH, was produced by hydrogenation of 
carbonaceous deposits at initial rates of 
about lo-30 times the rate of methane pro- 
duction from CO/Hz mixtures. As reported 
in Table 5, while the rate of methane pro- 
duction is greater under hydrogenation con- 
ditions, the initial rates of production of 
higher hydrocarbons (not reported by Bon- 
zel and co-workers) are lowered from their 
CO/H, reaction values. Clearly, in contrast 

TABLE 5 

Comparison of Rates of Formation of Products Formed over Dried RhpOa . 5H10 at 350°C 

P (atm) Rate x lOI molecule/min 

co H, Cl G G G CH,CHO 

Reaction’ 3 3 18.0 a.4 4.5 1.4 3.5 
Hydrogenationb 0 3 140.0 2.6 0.9 0.45 0 

a 1: 1 H&O mixture. 
b Hydrogenation of the residue from a. 
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to the results on simple methanation cata- 
lysts, the fate of carbon deposits under re- 
action conditions is not the same as that IOO- 

under pure hydrogenation conditions. The 
implications for the reaction mechanism are 60- 

discussed in Section 4.2. 7 
4. The efect of added ethylene. The ef- 3 

feet of adding a small amount of ethylene 5 60- ; 
(0.1%) to the reactant gas stream is demon- 
strated in Fig. 12. With no added ethylene, 

i 

; 
40- 

we obtain a typical product spectrum, 4 
shown in Fig. 12a. Note that these data are E 
product distributions for all products ex- 

20 - 

cluding Cz. When 0.1% C,H, is present, it 
completely dominates the analysis and is, 

n 

hence, removed from these data to more 
C2 C3 C4 

- .̂ - . . . . . . FIG. 13. k’roduct ctlstrbutlon obtained from the hy- 
drogenation of the carbonaceous residue formed in the 
reactions of Fig. 12 with 3 atm of Hz at 350°C. 

Ah203 hydrogenatton 

35OY, 3 atm. Ii2 

clearly show the effect on the production of 
other substances. In Fig. 12b are the results 
when 0.1% C,H, is present, and we can 
clearly see that added ethylene is conver- 
ted almost completely to propionaldehyde. 
This is in complete contrast to the behavior 
of rhodium metal where only a small in- 
crease in the concentration of higher hydro- 
carbons was observed (6). 

It appears that C, units are being formed 
intact on the active surface from ethylene 
and then converted to C,H,CHO by direct 

Rh&. I : I H2/C0, 35O’C 

6 atm. 

IOO- 

0 n 
C, C3 C4. Me Et 

CHO cm) 
C, C3 CA,+ Me Et 

CHO CHO 

FIG. 12. Product distributions in weight percent (ex- 
cluding Co hydrocarbons) found for the reaction of 1: 1 
H&O at 6 atm and 350°C with: (a) no added C,H,; (b) 
0.1% C&I, added to the reactants. 

0.1 X C2H4 

carbonylation. We would expect that hy- 
drogenation of the carbon deposit from 
such a mixture would lead to abnormally 
high Cz and C3 hydrocarbon fractions. This 
is indeed the case as is shown in Fig. 13, 
where the product distributions for hydro- 
genation from carbon layers formed from 
CO/H2 and CO/H,/O.l% CzH, are com- 
pared. In the presence of the ethylene addi- 
tive, the C, fraction is markedly reduced, 
the Cz fraction greatly increased, and the C3 
fraction is now measurable, clearly indicat- 
ing a large fraction of Cz species on the 
surface. 

4. DISCUSSION 

4.1. IDENTITY AND STABILITY OF 
RHODIUM OXIDE CATALYSTS 

The thermodynamic parameters (free en- 
ergy and heat of formation) that character- 
ize rhodium oxides (30) indicate that they 
should be unstable under the reaction con- 
ditions used during the hydrogenation of 
CO (>3oo”C, absence of oxygen). The dis- 
sociation oxygen pressure of the oxide is 
greater than 10” Torr at 400°C which as- 
sures its decomposition in the reducing 
CO-H, gas mixture. The ordered oxide 
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forms readily upon heating the metal in a 
low partial pressure of oxygen at high tem- 
peratures (29) followed by rapid cooling 
that prevents the out-ditfusion of oxygen 
from the bulk of the metal. The trapped 
oxygen readily orders, and the oxide struc- 
tures that form in the near-surface region 
have been studied by Castner and Somorjai 
(29). The rapid reduction of anhydrous rho- 
dium oxides in CO/H2 gas mixtures upon 
heating to 300°C is clearly demonstrated in 
this study and by previous studies of the 
preoxidized metal. However, we find that 
the hydrated rhodium oxide, RhzOs . 5Hz0 
retains a relatively high concentration of 
oxygen at the surface even after hours of 
chemical reaction in high pressures of CO 
and Hz at 3OO“C. Thus while the metal oxide 
is thermodynamically unstable, it is kineti- 
cally stabilized by the slow rate of reduc- 
tion of this particular form of hydrated ox- 
ides. 

It is desirable to improve the character- 
ization of the different oxides used in this 
study in order to understand more fully 
their differing stabilities. Work is under 
way to determine the effects of heat and 
reducing gases on the mode of decomposi- 
tion and the modifying effect of impurities, 
particularly in the form of alkali metals 
which were present in some of our samples. 

It occurs frequently in heterogeneous ca- 
talysis that a certain form of catalyst that is 
thermodynamically unstable remains stable 
indefinitely in the circumstances of chemi- 
cal reaction. Zeolites (alumina silicates) of 
all types are metastable with respect to 
crystalline alumina and silica, yet they re- 
main structurally stable to over IOOV’C. 
Noble metal oxides, oxides of platinum, 
gold, and iridium, in addition to rhodium 
are all thermodynamically unstable, yet 
they are prepared and utilized as stable cat- 
alysts in proper circumstances. Their sta- 
bility is assured by their slow rate of de- 
composition that is controlled by the 
diffusion of oxygen from the bulk to the 
surface of the metal, a very slow process 
indeed below 500~6OCPC, that is, under the 

usual conditions of most heterogeneous 
catalytic reactions. 

4.2. REACTION MECHANISM 

The major difference between hydrated 
RhzOs and metallic rhodium for the hydro- 
genation of CO is that the oxide produces 
large quantities of aldehydes and the hydro- 
carbon product is predominantly olefinic. 
This clearly implies that placing rhodium 
atoms in an oxide environment leads to a 
diminution of their hydrogenation ability. 
Thus while rhodium metal catalyzes the 
formation of only small quantities of oletins 
compared to alkanes, the oxide catalyst 
produces mostly olefins. The diminished 
hydrogenation capability also leads to the 
formation of aldehydes rather than alco- 
holic oxygenates particularly at H&O ra- 
tios of 1 or less. The different product dis- 
tributions obtained during the CO/H2 
reaction over rhodium catalysts dispersed 
on a variety of supports (1, 3, 28) may well 
be the result of the unique oxidation rates 
that are stabilized by metal-support inter- 
actions. 

The lirst question we might address is 
that of the source of the oxygen atoms that 
appear in the oxygenated products-do 
they arise from CO or from the lattice oxy- 
gen? In the absence of isotopic labeling 
evidence, which is not practical in this ex- 
perimental arrangement, we must turn to 
indirect evidence. There is, in fact, good 
indirect evidence that in the main the 
oxygen atoms found in the oxygenated 
products of CO hydrogenation over 
RhZOs * 5H,O do originate in CO and are 
not abstracted from the oxide lattice. 

(1) The rate of production of oxygenates 
does not decrease with time. 

(2) AES indicates that the working cata- 
lyst surface has a relatively low oxygen 
content. The total number of oxygen atoms 
found in the products generally exceeds 
that available in the sample. 

(3) When the carbonaceous deposit, 
formed during a synthesis reaction, is hy- 
drogenated in pure HZ, no trace of oxygen- 
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ated products is detected, yet hydrocar- 
bons up to C5 are produced. This evidence 
shows that in the absence of CO, oxygen- 
ated species do not form, while in the pres- 
ence of CO they form in a manner indicat- 
ing that CO incorporation is part of the 
reaction pathway. Thus it seems reasonable 
to propose that the aldehydic species 
formed during reaction arise from CO inser- 
tion into carbidic fragments present on the 
metal surface. The AES and rehydrogena- 
tion results with their similarity to those 
results seen for Fe (I 7) and Ni (19) indicate 
that a carbonaceous deposit is present on 
the surface of the working catalyst that con- 
tains little oxygen. Thus we would postu- 
late that aldehyde formation occurs through 
CO insertion. 

M-CH, 2 M-CO-CH, 3 
M + CH,CHO, (1) 

M-&H, %’ M-CO-&H, 5 
M + CH,CH,CHO. (2) 

Support for this contention comes from 
two sources. First, we see almost complete 
carbonylation of CzH4 to C2H5CH0 when 
ethylene is added to the reactant mixture. 
Second, rhodium is well known for its abil- 
ity to catalyze the carbonylation of ethyl- 
ene and methanol both in homogeneous 
(18, 19) and heterogeneous systems (20, 
22). In these systems CO insertion into 
a Rh-CH, bond is thought to be the key 
step. 

Important evidence to support this reac- 
tion mechanism is provided by our kinetic 
measurements. In particular, the activation 
energies for the formation of all hydrocar- 
bons and acetaldehyde are all closely simi- 
lar. This strongly suggests that these prod- 
ucts all come from the same precursor with 
the same rate-determining step. The simi- 
larity of the activation energy for methane 
formation on both the oxide surface, rho- 
dium metal, and the supported catalyst sug- 
gest that the mechanism for methane for- 
mation on all these surfaces is similar. 

A way in which this data can be accom- 

modated with a reaction mechanism is to 
postulate a rate-determining formation of 
surface metal-carbon species and then have 
efficient hydrogenation and carbonylation 
reaction steps. Once a M-CH, or similar 
species is formed, then it is rapidly and 
competitively converted to hydrocarbon or 
aldehyde . 

M-CH, 

co 
\ 

M-CO-CH, L CH$HO 

1 
H 

C2H4 

Chain growth could occur through addition 
of CH, units, by CO insertion followed by 
hydrogenation or by condensation of two 
oxygenated intermediates. The data ob- 
tained through olefin addition suggest that 
when CO is inserted, the product aldehyde 
is released much more quickly than it can 
be hydrogenated, i.e., C2H5CH0 is pro- 
duced to the exclusion of CsHB. Hence, 
chain growth by insertion followed by hy- 
drogenation to give hydrocarbon does not 
seem likely. 

The actual product spectrum obtained 
will depend weakly on temperature as all 
activation energies are similar, and to a 
larger extent upon the HZ/CO ratio which 
will alter the balance between the compet- 
ing secondary reactions. 

While CO dissociation can occur on Rh 
surfaces under certain conditions (27), it 
has not been conclusively demonstrated to 
occur on rhodium oxide. Attempts to per- 
form thermal desorption to investigate this 
possibility were hampered by a large back- 
ground of CO produced by the reaction of 
carbon trapped in the bulk with lattice oxy- 
gen on heating. However, the TDS results 
do show that the bonding of both Hz and 
CO on the active oxide surface differs 
markedly from those on the reduced metal 
surface. The relatively weaker bonding of 
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CO and stronger bonding of the Hz to the 
oxide versus the metal surface correlates 
with the reduced hydrogenation capacity 
and increased tendency toward carbonyla- 
tion of the oxide surface. However, it is 
diacult at this time to interpret these find- 
ings in mechanistic terms though it is hoped 
that further work in this area will clarify 
this question. 

The spectroscopic results indicate that 
we are dealing with a partially reduced ox- 
ide possibly containing patches of metallic 
rhodium. It is interesting to note that rho- 
dium in an oxidized form has been sug- 
gested as the active agent for carbonylation 
activity in a zeolite matrix (24, 25) as a 
result of ir, XPS, and uv measurements, 
although not conclusively (26). Also oxi- 
dized rhodium species are implicated as ac- 
tive centers in the homogeneous rhodium- 
catalyzed methanol carbonylation reaction 
(28, 19). It is possible that the oxide traps 
hydrogen as hydroxyls groups allowing car- 
bonylation to compete successfully with 
hydrogenation and carbidic chain growth. 
Such ideas have been advanced by Sachtler 
and co-workers (23) as the formation of 
oxygenated products over iron Fischer- 
Tropsch catalysts occurring on oxide 
patches, possibly maintained by the water 
produced in the reaction. 

CONCLUSIONS 

1. While anhydrous RhOz and RhzOs are 
unstable to reduction under reaction condi- 
tions, RhzOI . 5Hz0 is stable for long pe- 
riods of time at temperatures <35O”C. 

2. This oxide is catalytically active for 
the hydrogenation of CO producing 25+ 
wt% of oxygenated products, mostly acet- 
aldehyde, the balance being methane and 
C&C5 alkenes. 

3. The oxygenated products appear to 
form by insertion of CO into surface C,H, 
species; this process competes successfully 
on the oxide, but not on the reduced metal, 
with hydrogenation to hydrocarbons. 

These results show that the reaction 

pathway that the hydrogenation of CO fol- 
lows over rhodium surfaces can be drasti- 
cally altered to produce oxygen-containing 
hydrocarbons instead of alkanes by placing 
the rhodium surface atoms into an oxide 
matrix. The ability to successfully produce 
oxygenated species by carbonylation ap 
pears to be linked to the higher than zero 
oxidation state of the rhodium. The hy- 
drated Rh,O, * 5H,O catalyst undergoes 
partial reduction during pretreatment and 
eventual full reduction if used for a long 
enough period or at high enough tempera- 
tures. Work is under way to define and 
prepare more stable oxidized rhodium sys- 
tems to further test the possibility of con- 
trolling the product distribution in the 
CO/H2 reaction by the control of the oxida- 
tion state of the metal. 
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