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The CO hydrogenation over cerium oxide was studied by using a closed circulating reaction
system and in situ Fourier transform infrared spectroscopy (FT-1R} at 300-673 K. The major
products of the CO-H, reaction over cerium oxide were found to be olefins (C, -C;), CH,, CO,,
and H,O. IR bands due to surface oxygen-containing species such as formate, dioxymethylene,
methoxy, and formyl were always detected during the CO-H- reaction at 300-573 K over cerium
oxide. No direct relationship between the surface oxygen-containing species and the production of
hydrocarbons were found. The mechanism of CO hydrogenation on cerium oxide involving the

surface redox was discussed.

I. INTRODUCTION

CO hydrogenation has long been the
most important topic in catalysis (/) and it
has been extensively studied on group VI1II
metals. However, similar investigations on
pure metal oxides are much less than those
on metal, although metal oxides have been
frequently used as support or promoter of
many metal catalysts. The fundamental
knowledge about the CO-H; reaction over
metal oxides is far from extensive. In fact, a
detailed study of this reaction on rare earth
oxides is nearly absent. From the view of
industrial interest, the formation of unsatu-
rated hydrocarbons and oxygenates with
high selectivity is more valuable than the
production of saturated hydrocarbons.
During the last decade, the emphasis on the
CO-H, reaction has been shifting to the
synthesis of highly selective unsaturated
hydrocarbons and oxygen-containing com-
pounds (2). It has been found that the reac-
tions over metal catalysts can be switched
to different distributions of products by us-
ing special oxides as support or promoter.
However, the role that the oxides as sup-
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port or promoter played in the reaction and
the role of surface species formed on oxide
supports are still unclear or controversial in
some cases. Studies of the CO-H; reaction
on metal oxide catalysts will provide direct
information about the surface activity and
properties of oxides, and will shed light on
reaction mechanisms over oxide-supported
metal catalysts. This is also desirable for
developing new catalysts with high selec-
tivity and activity.

We have reported that the CO-H, reac-
tion on cerium oxide exhibited two charac-
teristics of producing hydrocarbons (3) and
having high selectivity for olefin (¢). This is
a unique phenomenon to metal oxide cata-
lysts, since the CO hydrogenation on metal
oxide catalysts generally produces oxygen-
containing compounds. Our previous stud-
ies (5) have shown that formate species
were readily formed even at room tempera-
ture when CO was interacted directly with
the surface of partially reduced cerium ox-
ide. Besides the formate species, some
weak bands appearing in the 1200-800 cm ™!
region due to dioxymethylene and methoxy
species were detected (6). These oxygen-
containing species could be the possible in-
termediates of methanol and other oxygen-
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ate products. Nevertheless, only trace
amounts of oxygenates could be detected in
the products from the CO hydrogenation
over cerium oxide. In the present study, in
site FT-IR spectroscopy was used to iden-
tify the surface species derived from the
CO hydrogenation on cerium oxide and to
find some relationships between surface
species and products, with the aim of eluci-
dating the reaction mechanism of the CO
hydrogen over cerium oxide.

11. EXPERIMENTAL

Sample preparation, spectroscopic tech-
nique, and other experimental conditions
were described in our previous papers (5,
6). Prepared cerium oxide was pressed
into a disc with a diameter of 20 mm for in-
frared study. A partially reduced cerium
oxide was obtained by treating a well dehy-
droxylated cerium oxide, symbolized as
Ce0-(100 K), in H; at 673 K for a given time
and then evacuating at this temperature for
1 h to remove adsorbed water. The partially
reduced cerium oxide sample was generally
referred to as Ce0,(673-H) and in detail the
reduction time (1, hour) is also indicated in
the way as Ce0(673-H-7), e.g., CeOx(673-
H-4). A dehydroxylated CeO,(673-H-4) was
obtained by treating the CeO5(673-H-4) at
1000 K in vacuum for 30 min. All above
pretreatments and reactions were carried
out in an in situ IR cell in which the sample
disc can be heated up to 1000 K. After the
treatments either the Ce0,(1000 K) or
Ce0,(673-H) sample was stepwise cooled
to a desired temperature in vacuo for the
adsorption experiment, while background
spectra were recorded from 673 K to room
temperature with each interval of 100 K
during the cooling process. IR spectra were
recorded on a JEOL JIR-100 FT-IR Spec-
trometer with 256 scans at 4 cm™! resolu-
tion using a liquid-nitrogen-cooled MCT de-
tector.

Adsorption of CO and CO, were investi-
gated at room temperature (300 K). Sam-
ples were in contact with adsorbate gas un-
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Fi1G. 1. Procedure for hydrogenation of surface spe-
cies formed either at 300 K or high temperatures. After
each sampling, fresh H; is introduced again for the
next regime.

til the IR spectrum of the adsorbed species
no longer changed with time. It was found
that the adsorption equilibrium of CO on a
partially reduced cerium oxide usually
takes more than 60 min. Hydrogenation of
CO was performed in a closed circulation
system. The reactions were tested in two
ways, i.e., steady-state reaction and sur-
face reaction. The former was under
CO+3H, (1: 3) atmosphere, while the Jatter
is a reaction of H, with surface species
which had been generated prior to the ad-
mission of Hi.. All the reactions were car-
ried out from 300 to 673 K in stepwise fash-
ion, as shown in Fig. 1. The products of the
three reaction regions I, II, and III at 473,
573, and 673 K, respectively, were sampled
after reaction for about 2 h. The sampled
products were analyzed with a gas chroma-
tography equipped with a Porapak Q
column for hydrocarbons, CO,, and H,0,
and a molecular sieve SA column for CH,
and CO. Hydrocarbons were detected by a
FID detector, and H,O, CO,, and all inor-
ganic products were detected by a TC de-
tector. After each sampling, H, was again
admitted in the system as depicted in Fig. 1,
for surface reaction, and CO+H, mixture
was admitted in for steady-state reaction.
In situ IR spectra were recorded during
every reaction regime.
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FiG. 2. IR spectra of surface species derived from
CO adsorption on a series of CeO:(673-H-1), t, reduc-
tion time of cerium oxide, as indicated for every spec-
trum. The spectra were recorded after admission of
CO (30 Torr) for 70 min at 300 K.

1II. RESULTS

. Effect of Reduction Extent of Cerium
Oxide on CO Adsorption

Figure 2 displays a set of spectra re-
corded after CO adsorption on CeQO(673-
H-¢) at 300 K for 70 min. The reaction time,
t as noted in Fig. 2, was varied from 0.5 to
16 h. A similarity in the five spectra (Figs.
2a—2e)can be observed that formate species
(5) characterized by IR bands at 2945, 2845,
1564, 1369, and 1338 cm™! were formed on
all the different CeO4(673-H-1). Weak bands
at 2770 and 2542 cm~! tentatively attributed
to formyl species also appear, except the
2541-cm™! band was not detected on
Ce(0,(673-H-0.5) and CeO,(673-H-2). Weak
bands in the frequency range of 1300-800
cm™~! slightly increased in absorbance and
became broad for the samples with increase
in reduction time. These weak bands are
most probably ascribed to dioxymethylene
(7) and methoxy (7, 8) species, as demon-
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strated by absorption of formaldehyde and
methanol on cerium oxide (6). The varia-
tions of two absorbance features near 1564
and 2845 cm™! of the formate species were
plotted in Fig. 3 as a function of reduction
time. The maximum absorbance is found
for Ce0,(673-H-2), and the intensities de-
cline somewhat with reduction time. This
might be interpreted as that the surface OH
groups were partly removed during the pro-
longed reduction.

2. Hydrogenation of Surface Species
Formed from Adsorption of CO on
Ce0(673-H)

Reaction behaviors of surface species
formed from CO adsorption on partially re-
duced cerium oxide were examined in a
closed circulating system under H, atmo-
sphere according to the procedures given in
Fig. 1. The Ce0y673-H-t) samples had
been in contact with CO for more than 1 h
until IR spectrum of the adsorbed species
no longer varied. Then the system was
evacuated for 30 min prior to the admission
of H» at 300 K. Figure 4 shows the IR spec-
tra recorded during the H: treatment of ad-
sorbed species on CeO,(673-H-1) samples.
At 300 K, the spectrum was unchanged
when the sample was exposed to H, (Fig.
4a) and still not affected after heating the
sample to 373 K (Fig. 4b). Upon heating the
sample to 473 K (Fig. 4¢), bands due to
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FiG. 3. Correlation between band absorbances of
formate species {data from Fig. 2) and reduction time.
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F1G. 4. (a) IR spectrum recorded after an equilib-
rium of CO with CeO:(673-H-4) at 300 K for 3 h and
then an evacuation for | h. (b)-(d): Spectra recorded
during H. treatment of the adsorbed species at ele-
vated temperatures. (b) 373 K for 20 min. (¢) 473 K for
2 min, and (d) 473 K for 2 h.

formate species in the C—H stretching re-
gion and at 1572, 1469, 1360, and 1338 cm™!
were simultaneously weakened. while a
band at 993 cm™' range grew significantly.
A standing of 2 h at 473 K led to more evi-
dent change in spectrum (Fig. 4d). Bands of
formate species were markedly reduced in
intensity and the band at 993 ¢cm ! devel-
oped further. Meanwhile the two weak
bands at 2707 and 2542 c¢m ' became
stronger as the sample was heated from 300
to 473 K in the presence of Hi. This sug-
gests that the formate species might be hy-
drogenated to the dioxymethylene and
methoxy species at 473 K. Likewise, for-
my! species may be evolved from a reduc-
tion of the formate species. A separate ex-
periment on desorption of formate species
in vacuo at elevated temperature proved
that the formate species were stable at 473
K and obviously decomposed at tempera-
tures exceeding 530 K. Hence the sharp de-
crease of surface formate species at 473 K
under H, were caused by the hydrogenation
of the species. A dramatic change of spec-
trum can be seen in Fig. Se, which was re-
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corded after Fig. 4d when the temperature
was raised from 473 to 573 K. The bands in
the 30002500 cm~/ range disappeared and
the bands due to formate species in the
1600-1200 cm™' range were replaced by
bands at 1518, 1452, and 1377 cm~!. The
1092- and 1034-cm™! bands might be an in-
dication of residual methoxy species, and
these two bands vanished soon at 573 K, as
shown in Fig. 5f. According to the assign-
ment in our previous paper (9), the band at
1518 cm ™! is ascribed to carboxylate spe-
cies and the two bands at 1452 and 1377
cm™!, together with 858 cm™', are attrib-
uted to monodentate carbonate species.
Both the carboxylate and carbonate species
were likely produced from the decomposi-
tion of residual formate species (6). The
band at 1518 cm™! of carboxylate species
perished when the sample was heated to
673 K but the other two bands at 1452 and
1377 cm™! seem almost the same from 573
to 673 K, and even for 2 h at 673 K (Figs.
Se-5g).

3. Surface Species Observed during the

CO-H, Reaction on Ce0-(673-H)

For a better understanding of reaction be-
havior of surface species in the CO hydro-
genation, In situ spectra were also recorded
in the course of the CO-H, reaction on
Ce04(673-H-4) complying with the proce-
dures in Fig. 1. Figure 6a gives the IR spec-
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Fi1G. 5. (Continued from Fig. 4) (e} 573 K for 2 min,
(f) 573 K for 75 min, and (g) 673 K for 2 h.
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F1G. 6. IR spectra recorded during reaction of CO
and H, (CO, 30 Torr; H., 90 Torr) on CeO,(673-H-4) at
elevated temperatures. (a) 300 K for 12 h, (b) 373 K for
20 min, and (c) 473 K for 2 h.

trum taken after admission of CO and H»
mixture to Ce0,(673-H-4) for 12 h at 300 K.
It was found that the spectrum is nearly
identical to that in Fig. 4a. This indicates
that the presence of H, does not alter the
spectrum of adsorbed CO at room tempera-
ture. No obvious change was observed af-
ter heating the sample up to 373 K. How-
ever, the spectrum (Fig. 6¢) recorded at 473
K under CO + H, atmosphere for 2 h ex-
hibits intense bands in the frequency region
due to formate, dioxymethylene, and
methoxy species. Two striking features in
the spectrum should be pointed out. First,
at least three strong bands at 1099, 1034,
and 1033 cm ™/, together with several weak
bands below 1200 cm™' due to dioxymeth-
ylene and methoxy species, developed with
prolonged time at 473 K. Second, IR bands
in the region of 2400-1200 ¢cm™! also in-
creased in intensity and two additional
strong bands at 1610 and 1300 cm™! attrib-
uted to monodentate formate species ap-
peared at 473 K. The two bands near 2711
and 2563 cm! slightly increased from 300
to 473 K (Figs. 6a to 6¢). The band at 2790
cm™! might be attributed to the C-H vibra-
tion of methoxy species, and growth of this
band was accompanied by the bands in the
1200-800 cm~! range. Figure 7a shows the
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spectrum taken as soon as the temperature
was raised to 573 K. Bands of formate spe-
cies were reduced markedly, while the
bands due to carbonate species appeared.
The two weak bands at 2711 and 2563 cm ™!
due to formyl species disappeared. But the
bands in the 3000-2700 cm ! region due to
formate and methoxy were still clearly de-
tected. With duration at 573 K bands near
2920 and 2785 cm ™' attenuated in parallel
with the weakening of two bands at 1090
and 1034 cm™'. These bands can be attrib-
uted to methoxy species (6). The bands at
2975 and 2841 cm™! coexisted with bands at
1574, 1371, and 1300 cm~' even standing for
2 h at 573 K. This suggested that the for-
mate species can be accumulated on the
surface even up to 573 K under CO + H,
atmosphere, whereas the formate species
decomposed completely in vacuo at this
temperature. When the sample was heated
to 673 K a similar spectrum to that in Fig.
Sg was obtained, i.c., the spectrum was
predominated by the bands of carbonate
species, while those bands due to both for-
mate and methoxy species disappeared.

4. Products from Hydrogenation of
Surfuce Species on CeO-(673-H)

In order to correlate the surface species
with products from CO hydrogenation, the
surface species formed from CO adsorption
on the five partially reduced cerium oxides,
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F1G. 7. (Continued from Fig. 6) (a) 573 K for 2 min,
(b) 573 K for 15 min, and (¢) 573 K for 2 h.
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Fic. 8. Variation of total product amount from hy-
drogenation of surface species (Fig. 2) vs reduction
time of cerium oxide. H.C.. hydrocarbons (carbon-
based).

as described in Fig. 2, were respectively
treated with H,. Surface reactions were in-
vestigated by following the procedure de-
signed in Fig. 1. Figure 8 represents the to-
tal amount of products (sum of the three
reaction regimes) from hydrogenation of
the surface species formed from adsorption
of CO on the five CeO»(673-H-¢) samples. It
is somewhat surprising that the hydrocar-
bons increased appreciably with deeper re-
duction of the cerium oxide. Amount of
CO; also increased with reduction time in
0.5-8 h and no longer enhanced from 8 to
16 h. The hydrocarbons were distributed
mainly from C, to Cs. In Figs. 2 and 3, the
observed bands and their intensities seem
to be essentially the same for the five sam-
ples with different prereduction times. By
comparing Figs. 2 and 3 with Fig. 8, the
formate is responsible for the products. It is
speculated that additional surface species
other than formate may be the real interme-
diate for formation of the hydrocarbons.
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IV. DISCUSSION

1. Formation of Surface Formate,
Dioxymethylene, and Methoxy Species

Production of formate species via the di-
rect reaction of CO with surface OH groups
has been dealt with in Ref. (§). Surface hy-
droxyls on partially reduced cerium oxide
are so active toward adsorbed CO that the
formation of formate species or the making
of the C—H bond on cerium oxide via an
OH group is visible even at room tempera-
ture. Subsequently, formation of dioxy-
methylene and methoxy species can be
considered as results of successive reaction
of formate species with surface OH groups,
namely,

CO + OH — HCOO~
HCOO~ + OH™ — H,COO~ + 0*"
H,COO~ + OH™ — H;CO~ + 07,

(D
(2)
3

and the methoxy may also be produced via
the Cannizzaro mechanism of dioxymeth-
ylene species, as established in (6, 7):

2H,COO~ — HCOO~ + H,;CO~ + O,
(4)

Existence of proximate OH groups around
a formate 1on is necessary to the further
hydrogenation of formate species. The re-
actions (2)~(4) must be accompanied with
the oxidation of surface, i.e., oxidation of
surface Ce** to Ce** ion. We presumed that
just the chemical potential from Ce'* to
Ce** ion makes further hydrogenation of
formate possible. This assumption can ex-
plain the fact that the weak bands in Fig. 2
due to dioxymethylene and methoxy spe-
cies seems to be somewhat prominent with
deeper reduction of cerium oxide. The for-
myl species has been assumed to be an in-
termediate of formate species (5). On the
other hand, the formyl species can be gen-
erated via a reduction of formate species
along with the oxidation of surface (8).
When surface formate species were re-
duced at elevated temperatures (Fig. 4),
dioxymethylene and methoxy species in-
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creased. This indicates that the conversion
from formate to dioxymethylene and
methoxy is facilitated at higher tempera-
tures. Figure 5¢ shows the results that the
decomposition of formate species produced
carbonate and methoxy species:

3HCOO™ — H:CO~ + O~
+ 2COs(carbonate) (5)

HCOO~ — H(1/2H,)
+ COs(carbonate). (6)

The above reactions can be further deduced
from the results of Figs. 6 and 7 in which
the formate, dioxymethylene, and methoxy
species were greatly enhanced owing to the
presence of CO and 3H, atmosphere. The
dioxymethylene and methoxy species were
accumulated from hydrogenation of for-
mate species which were constantly com-
pensated from CO + H, atmosphere. The
formate, dioxymethylene, and methoxy
species are predominant on the surface dur-
ing the CO-H; reaction at temperature up
to 573 K, and begin to decompose above
573 K. Correspondingly, the carbonate spe-
cies are always produced above this tem-
perature.

2. Relation of Adsorbed Species to CO
Hydrogenation

Although very strong bands of formate
species were detected after CO adsorption
on partially reduced cerium oxide. no direct
correlation was found between the band in-
tensities of formate species and hydrocar-
bons produced by H; treatment of these ad-
sorbed species. The band intensities of
formate species (Fig. 3) declined slightly
with reduction time of cerium oxide, while
the hydrogenation products increased al-
most linearly with reduction time. This in-
dicates the possibility that there are other
unobserved or weak absorbance surface
species by IR spectrum in addition to the
formate species contributing to the produc-
tion of hydrocarbons.

On the other hand, there is another prob-
lem on the products formed from the CO-

LI ET AL.

H> reaction and the hydrogenation of sur-
face adsorbed species. The CO-H; reaction
at 523 K initially forms methanol from al-
most 1 day and isobutanol and C; ketone as
main products in the steady state after 4
days from the reaction start, but only a
trace amount of hydrocarbons (/0). The hy-
drogenation of adsorbed species from CO
on partially reduced cerium oxide forms
only hydrocarbons consisting mainly of lin-
ear carbon chain (//). The CO-H- reaction
over cerium oxide at 673 K forms exclu-
sively hydrocarbons, but the main isomer in
C4 hydrocarbons, which is one of the main
products, consists mostly of isobutene (3).
Therefore, there seems to be no relation be-
tween the CO-H- reaction over cerium ox-
ide and the hydrogenation of adsorbed spe-
cies from CO adsorption on partially
reduced cerium oxide.

However, the CO-H- reaction is not so
simple, i.e., Cs hydrocarbons formed at 673
K over cerium oxide consist mainly of iso-
prene, whose selectivity in total hydrocar-
bons exceeds 20% (/2). and the CO-H- re-
action in the presence of H-O forms
ketones such as acetone, methyl ethyl ke-
tone, and methyl isopropyl ketone as one of
the main oxygenates (/3). Again these
products have branched carbon chain.
Therefore, it may be posstible that the for-
mation of C; and/or C, species are impor-
tantly shared to all product formation and
there are several kinds of mechanisms for
higher product formation, and that the ad-
sorbed species from CO adsorption over
partially reduced cerium oxide correspond
to the C; adsorbed species. At least the ad-
sorbed species can be an intermediate for
linear hydrocarbons formed over oxide cat-
alysts (/4). The participation of the ad-
sorbed species in the formation of the other
products and the detailed knowledge of the
adsorbed species are under investigation.
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