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The interaction of CO, with noble metals deposited on ceria sur-
faces have been studied by temperature-programmed techniques.
A transient kinetic study of CO, activation and methanation over
M/CeO; has also been conducted. The mechanism of interaction be-
tween M/CeO; and CO; and its activation in the presence of H; to
CHyis strongly influenced by the reduction temperature, regardless
of the metal employed. It is suggested that, by increasing the reduc-
tion temperature, a progressive reduction of bulk CeO; takes place,
which is not promoted by the presence of the metal. The interaction
mechanism suggested involves activation of CO, on a surface Ce3*
site with formation of CO followed by oxidation of Ce3* to Ce**.
The presence of oxygen bulk vacancies will create the additional
driving force for the reduction of CO, to CO and/or surface car-
bonaceous species which then rapidly hydrogenate to CH,4 over the
supported metal. @ 1997 Academic Press

INTRODUCTION

Materials containing CeO; have been frequently investi-
gated inrecent years owing to the use of CeO, as an effective
component in three-way catalysts for automotive exhaust
control (1). Ceria has been used as a support for precious
metal catalysts in many applications, from CO/NO reaction
(2) to CO and CO; hydrogenation (3) and CO oxidation
(4). Although the detailed mechanism is still unknown, it
is clear that the role of ceria in promoting these reactions
lies in its ability to create surface and bulk vacancies and
in the effectiveness of its Ce(l11)/Ce(1V) redox couple (5).
The role of the noble metal during reduction should be that
of providing a reservoir of reducing H species through the
well-known spillover effect, hence increasing the ability of
CeO;, to form vacancies and to act as an effective oxygen
storage/release component for redox catalysis. Therefore,
the nature of the interaction between ceria and noble met-
alsinareducing atmosphere is different from that observed
on other well-known reducible supports such as TiO, or
Nb,Os (6-9). Evidence of this difference is also found in the
catalytic properties of noble metals supported on ceria and
titania; while, for example, a reducing treatment at 773 K
suppresses the rate of CO, hydrogenation on Rh/TiO; or
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Rh/Nb,Os, it results in a strong temporary enhancement of
reactivity over Rh/CeQO; (9). The presence of oxygen va-
cancies on CeO,, located both on the surface and in the
bulk, are believed to be the driving force leading to this
behaviour.

As part of a more general investigation of CO, activa-
tion on metals supported on reducible oxides, we studied
here CO, decomposition and methanation over noble met-
als supported on CeQ,. Temperature-programmed reduc-
tion (TPR), decomposition (TPD), and surface reaction
(TPSR) have been used to better elucidate the role of ceria
in CO, activation, while catalytic studies were carried out
under both pulse and steady-state conditions. The aim of
this paper is to elucidate the role played by the metal and
the support in CO; activation over M/CeO, (M =Pd, Pt,
Rh, Ir, and Ru) subjected to different reducing treatments
under hydrogen and, in particular, to find some common
features in the behaviour of the different metals.

EXPERIMENTAL

Catalyst Preparation

Cerium oxide (19 m?g B.E.T. area) was prepared by hy-
drolysis of cerium nitrate with NH4OH followed by drying
and calcination at 823 K. Noble metal catalysts (nominal
loading 1 wt%) were prepared by incipient wetness of CeO,
with an agueous solution of the appropriate metal salts
(RhC|3, Rh(N03)3, RUC|3, HthC|6, PdC'z, IrCI3). They
were then dried at 373 K overnight and calcined in air at
773 K for 2 h. Reduction was carried out under H; flow
(60 ml min~?) at 473 K (LTR) or at 773 K (HTR) for 2 h.

Hydrogen Chemisorption and Temperature-Programmed
Reduction (TPR)

H, adsorption was measured at 298 K after LTR and
HTR. After reduction the samples were evacuated at 573 K
(10~° torr) for 2 h. The H, uptake was calculated by extrap-
olating the linear part of the adsorption isotherm to zero
pressure. A Sorptomatic 1990 Carlo Erba instrument, inter-
faced to a computer, was used. The experimental procedure
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and the apparatus for TPR analysis were described in a
preceding paper (3). Briefly, the sample was heated in a
U-shaped conventional quartz micro reactor from 300 to
1450 K (heating rate 10 K min~') in a flowing hydrogen/
argon mixture (30 ml min~1, 5.22% H, in Ar); the hydrogen
consumption was monitored using a thermal conductivity
detector. The quantitative evaluation of H, consumed was
done by calibrating the apparatus with the reduction of
CuO to metallic copper.

Temperature-Programmed Desorption (TPD) and
Temperature-Programmed Surface Reactions (TPSR)

The experiments were performed using the apparatus de-
scribed in a recent paper (10). The catalyst (200 mg) was
loaded in a quartz micro reactor and oxygen was removed
in flowing He (10 ml min~1) at 800 K for 1 h. Before reduc-
tion and prior to CO; adsorption, the catalyst was further
treated in helium at 573 K for 1 h. The adsorption was per-
formed at 298 K by pulsing three consecutive injections
(4.1 umoles) of CO,. Excess CO, was removed in flowing
helium until no further desorption of CO; could be detected
(60 min approx.). The catalyst was then ramped at a linear
heating rate of 25 K min~t in flowing He (50 ml min~1). The
TPD experiments were performed following CO, adsorp-
tion after LTR (run TPD1), after HTR (run TPD2) and af-
ter run TPD2 without intermediate reduction (run TPD3).
The desorbing gases were analyzed by a quadrupole mass
spectrometer (VG 200 instrument). The observed intensity
for CO, and CO were normalized with respect to a stan-
dard mixture of the same range of concentration for both
TPD and TPSR experiments in order to account for CO;
dissociation into the ion source.

TPSR was performed in the same apparatus described for
TPD, and the samples were pretreated under the same con-
ditions. After saturation with pulses of CO,, the catalysts
were heated from 300 to 900 K (heating rate 25 K min~1)
in 8% H; in He.

Catalytic Studies

Catalyticstudieswere carried out under both steady-state
and transient (pulse) conditions. Before the experiments,
the catalysts were reduced in H, (60 ml min~?) at 500 K
(LTR) or 773 K (HTR) for 2 h. Pulse experiments were per-
formed according to the method described by Mori (11). A
known amount of CO, (0.81 xmoles) was injected into the
catalyst bed, into an H, stream (30 ml min~1), by using a six-
way valve. CO, was adsorbed on the catalyst bed and then
hydrogenated selectively to CH4 and H,O. The two prod-
ucts were separated in a short Porapak Q column inserted
between the reactor and the detectors. At the end of the col-
umn, a splitter enabled simultaneous detection of CH,4 and
H,O on a flame ionization detector (FID) and on a ther-
mal conductivity detector (TCD), respectively. When the
rate of formation of methane was measured, the Porapak

Q column was excluded in order to decrease the dead vol-
ume from the reactor to the detector and thus avoid the
dispersion of CH,4. Since H,O is not detected by FID, the
FID response is directly related to the rate of CH, forma-
tion (11). The detector response factor was determined by
injecting known amounts of CH, into the system.

Catalytic tests under steady-state conditions were car-
ried out by using a conventional flow micro reactor in the
differential mode. The conditions were as follows: GHSV
6000 h™', CO,/H, = 1/4, reaction temperature 500-550 K.
Reaction products were analyzed by an on line HP5890
Gaschromatograph equipped with a Porapak Q column
and TCD and FID detectors. Unless otherwise specified,
we avoided the use of turnover frequencies (TN) owing to
the uncertainties of H, uptake on CeOs.

A series of additional experiments in continuous con-
ditions were conducted by using a diluted mixture (CO,
(2%)/H, (5.95%)/He (92.05%)). The amount of catalyst
used was in the range 80-150 mg and the space velocities
were 7500-10000 h~1. Methane evolved was directly and
continually monitored with a FID; under such conditions
the time delay between introduction of the reagents and
monitoring of the products was less than 15 s, thus allowing
the measurement of the initial rate over the virgin catalyst
(9). The system was calibrated by using CHs/He mixtures
of known CH, concentration. Temperature-programmed
methanation of carbon was carried out on samples treated
for 35 min under these reaction conditions. After reaction
the samples were cooled to room temperature in He and
then ramped (10 K min~1) under H, (30 ml min~1) from
300 to 800 K.

RESULTS
Hydrogen Chemisorption and Temperature-Programmed
Reduction

Hydrogen chemisorption after LTR and HTR for all
metal-supported samples is reported in Table 1. High H/M
values are obtained after reduction at 473 K; in the case of Ir

TABLE 1

Hydrogen Chemisorption after Low and
High Temperature Reduction?

H/M
Sample LTR HTR
Rh/CeO, 0.93 0.61
Ir/CeO, 2.97 0.79
Ru/CeO;, 0.98 0.57
Pt/CeO, 1.26 0.23
Pd/CeO, 0.63 0.27

2L TR =reduction at 473 K, HTR = reduction
at 773 K.
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and Pt, H/M values greater than 1 are observed. These high
values for H, uptake are typical of CeO,-supported cata-
lysts and are a consequence of the high H, spillover rate
(12, 13). An examination of the data reported in Table 1
reveals a partial suppression of H, uptake after the HTR.
Low H/M values were observed, especially for Pd and Pt;
however, it should be noted that, despite a relatively high
H/lr after the HTR, there is also a significant decrease in
the H, uptake by Ir, since a ratio of the LTR/HTR uptakes
of 3.8 is obtained.

Temperature-programmed reduction profiles of all sam-
ples are reported in Fig. 1. For pure CeO, two peaks were
observed at around 835 and 1090 K, characteristic of reduc-
tion of surface and bulk ceria; the degree of reduction to
Ce®*, as estimated by integrating the area of the curve, is
approximately 46% at 1450 K, corresponding to CeO; 77.
This is in agreement with reported data for reduction of
CeO, at these temperatures (14). The presence of the noble
metal strongly modifies the features of the TPR traces. The
first peak almost disappears, while a strong signal appears
at around 350-500 K and was assigned to the reduction of
the metal (15, 16). A quantitative estimation of these low
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FIG. 1. Temperature-programmed reduction profiles of (a) CeOy;

(b) Rh/CeOy; (c) Ir/CeOy; (d) Ru/CeOy; (e) Pt/CeO,; (f) Pd/CeO,.
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FIG. 2. Extent of CeO; reduction in CeO; (--+-) and Ru/CeO, (—) as
calculated from TPR measurements.

temperature signals indicates that the amount of H; con-
sumed greatly exceeds that required for the reduction of
the metal oxides as calculated according to the reduction of
Rh,03, RuO;, IrO,, PtO,, and PdO to the corresponding
metal. This fact, together with an almost complete disap-
pearance of the low temperature peak at 835 K, which is
present in CeO; only, indicates that most of H, consumed
in the low temperature region is used to remove the readily
available surface oxygen through the spillover mechanism,
as already observed with Rh (12), Ir (17), and Pd (13). By
subtracting the TPR trace of M/CeO, from that of the corre-
sponding M/SiO,, in which H, consumption can be related
to complete reduction of the metal only, it is possible to
quantify the extent of reduction of CeO, in the presence of
the metal, assuming that all of the extra hydrogen consumed
is used for CeO, reduction. This is shown in Fig. 2 for CeO,
and Ru/CeO, and detailed in Table 2 for all the examined

TABLE 2

Degree of Reduction of the Support and Peak Temperatures
as Determined from TPR

Degree of reduction CeOy,?

Sample 500 K 800 K 1450 K Peak Temperature K
CeO, 2.00 1.96 177 835, 1090

Rh/CeO; 1.95 1.94 1.73 408, 619, 1100
Ir/CeO, 197 1.95 1.76 357, 385, 705, 1110
Ru/CeO, 1.95 1.93 1.73 358, 425, 630, 1105
Pt/CeO;, 1.96 1.95 1.74 495, 715, 1100
Pd/CeO, 1.96 1.93 1.73 405, 605, 1062

2 Degree of support reduction expressed as CeOy. Standard deviation
x==0.01.
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FIG.3. TPR of Ru/CeO; after reduction for 2 h at 473 K (—) and
773 K (-+). The shaded area represents the difference between the two
curves.

samples. It is clearly shown that reduction of CeO; in the
presence of the metal is greatly increased, especially in the
low and medium temperature regions (350 K < T < 800 K),
where reduction of the more readily available surface and
near surface Ce(1V) is observed. The TPR curves for metal-
supported samples can be divided into three parts: (1) the
region between 350 and 500 K in which reduction of ceria by
a spillover mechanism takes place; at these temperatures a
reduction of approximately 10% is reached, corresponding
to a stoichiometry for CeOy with x =1.95—1.97; no reduc-
tion over pure ceria is observed in this region; (2) in the
second portion of the curve, from ca 500 to 800 K, reduc-
tion under TPR conditions increases very slowly; compare
Table 2; (3) in the high temperature range (900-1300 K)
a further increase in the reduction rate is observed for all
samples, reaching values close to x =1.75. The overall de-
gree of reduction is only slightly affected by the presence
of the metal; a degree of reduction ranging from 46 to 54%
is observed for CeO; in all the metal-supported samples.
Moreover, with some metals, a splitting of the low tem-
perature signal is observed, which might be due to a less
homogeneous deposition of metal crystallites of different
crystal sizes (18).

To estimate the degree of reduction after LTR and HTR
a Ru/CeO; catalyst was subjected to these treatments fol-
lowed by TPR analysis. The results, reported in Fig. 3, in-
dicate that there is a significant difference in the degree of
reduction of the support as indicated by the shaded area.
Under assumption that the final degree of reduction of
CeOy in the Ru/CeO, sample is constant at x=1.73
(Table 2), we estimated a value of x =1.94 and x = 1.87 after
LTR and HTR, respectively.
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Temperature-Programmed Desorption and
Decomposition of CO;, on M/CeO,

The sequence of Fig. 4 shows the traces of CO and CO;
desorbing from Pt/CeO, following CO, adsorption after
LTR and HTR. There are significant differences in the
behaviour of the catalyst subjected to different reduction
treatments; after reduction at 473 K there is a broad des-
orption of CO; with a shoulder at around 400 K. A small
amount of CO was detected in this experiment. By in-
creasing the reduction temperature to 773 K the situation
changed. The presence of both CO and CO, is detected,
and the total amount of desorbed CO exceeds that of CO,.
A third TPD run was performed after adsorbing CO; on
the samples obtained from the second TPD experiment.
The situation is partially reversed, since a strong increase
in CO;evolution isobserved. Similar profiles were obtained
with the other metal catalysts, and the dataare summarized
in Table 3. After LTR the CO,/CO ratio observed for pure
ceria is significantly higher than those observed over the
metal-loaded samples. In contrast, similar values were ob-
served for all samples after HTR, indicating the important
role of ceria in CO; activation in this case. In agreement
with what is depicted in Fig. 4, an increase in the CO,/CO
ratio during TPD3 was observed, in contrast to TPD2. In
summary, it appears that, as a general trend, mainly CO; is
desorbed after a low temperature reduction, while after a
high temperature reduction CO; is mainly decomposed to
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FIG. 4. Temperature-programmed desorption of CO () and CO;,
(—) from Pt/CeO, following CO; adsorption after LTR (TPD1), HTR
(TPD2) and after TPD2 (TPD3).
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TABLE 3

Temperature-Programmed Desorption (TPD) of Adsorbed CO,
from M/CeO, Catalysts: Relative CO,/CO Amounts Evolved

TPD1? TPD2P TPD3®

Sample CO,/CO CO,/CO CO,/CO
Rh/CeO, 10(£1)¢ 3.3(+0.5) 9.6(+1)
Ru/CeO, 24(+3) 1.1(0.1) 17(+2)
Pt/CeO, 28(+4) 0.4(+0.06) 1.1(£0.1)
Pd/CeO, 33(+5) 0.7(£0.1) —
Ir/CeO, 28(+4) 1.6(+0.2) 16(+2)
CeO; 56(+8) 0.56(+0.08) 5.2(+0.7)

a2 TPD of adsorbed CO; after LTR.
b TPD of adsorbed CO, after HTR.
¢ TPD of adsorbed CO, after TPD2.
4 The error is reported in brackets.

give a substantial desorption of CO, indicating a possible
activation of CO; by the support.
Temperature-Programmed Surface Reaction

Figure 5 shows the TPSR profile of methane formation
from M/CeQ, after a low and a high temperature reduc-

CHy evolved (a.u.)
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FIG.5. Temperature-programmed surface methanation of CO; ad-
sorbed after LTR (—) and after HTR (). (a) Pd/CeOy; (b) Pt/CeOy; (c)
Ru/CeOy; (d) Rh/CeOy; (e) Ir/Ce0s.
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FIG. 6. Temperature-programmed surface methanation of adsorbed
CO; on Rh/CeO; catalyst after LTR (a) and after 2 (b) and 4 (c) hours of
reduction at 773 K, and 1 h at 873 K (d).

tion. Traces of C, and C3 hydrocarbons were also observed;
however, their concentrations are lower by two orders of
magnitude as compared to CH,4. After LTR, with the ex-
ception of Ru/CeQ,, a single peak located at 550-750 K is
observed. The HTR maodifies the reaction profile, since ei-
ther a shoulder at lower temperatures appears and/or the
peak temperature shifts to lower values. This is particularly
evident in the case of Pt, in which a difference of more than
200 K is observed between the two maxima. For all catalysts
tested, the onset of CH,4 formation after HTR is observed
to be several degrees lower than that of LTR. In the case of
Rh/CeQ,, the samples were subjected to HTR by varying
the reduction times and increasing the reduction tempera-
ture to 873 K. The resulting TPSR profiles are reported in
Fig. 6. It is shown that, by increasing HTR reduction times
from 2 to 4 h and the reduction temperature from 773 K
to 873 K, the CH, formation rate significantly increases at
low temperature as indicated by the tailing of the peaks in
Fig. 6. No CH, evolution is observed after LTR and HTR
on pure ceria.

CO, Methanation under Continuous and
Transient Conditions

The effect of varying the reduction temperature was also
investigated in CO, hydrogenation under both steady-state
and transient pulse conditions. Steady-state activities are
reported in Table 4, together with reaction conditions. Ac-
cording to these results the catalyst can be divided into two
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TABLE 4

Steady-State Activity for CO, Hydrogenation over
Ce0,-Supported Catalysts?

LTR HTR
rCoO rCH, rCo rCH,
Ir 2160 167 1000 39
Pd 2348 256 1415 76
Pt 6220 26 4527 6
Rh — 2210 — 1520
Ru — 3292 — 1550

@ Reaction conditions: T=550 K (Ir, Pd, Pt) 500 K
(Rh, Ru); COy/H, = 1/4; weight of catalyst 0.1-0.2 g, total
flow 15 ml min—'. Rate: umole % g} *h~™.

groups: Ru and Rh which give CH,4 only as the reaction
product and Pt, Pd, and Ir which give both CO and CHa.
The effect of reduction temperature does not greatly modify
behaviour; a general decrease in activity is observed by in-
creasing the temperature of the reduction treatment, which
can be related to a decrease in exposed metal sites, as de-
tected by H, chemisorption.

Under pulse conditions CH,4 and H,O are the only reac-
tion products in the case of Rh and Ru, while in the case
of Pt, Pd, and Ir a small quantity of CO is also formed af-
ter LTR. The CH4 elution peak was analyzed by using the
pulse surface reaction rate analysis (PSRRA) method de-
scribed by Mori et al. (11). Typical results are reported in
Fig. 7 for Ru/CeO;. The rate of methane formation gradu-
ally decreases with time from the top of the curve for the
LTR catalyst, while a more intense peak with a sharp de-
crease is observed for the catalyst reduced at 773 K. A lin-
ear relationship, corresponding to a first-order kinetic, was
found to hold for all catalysts tested. Reaction rates were
calculated at initial conditions by using the intercept of the
linear plot at time t =0 for all catalysts after LTR and HTR.
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FIG.7. FID response for CH, formed following the CO; pulse in

flowing H; after LTR (-++) and HTR (——) on a Ru/CeO;, catalyst.
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TABLE 5

Kinetic Parameters for CH, Formation in CO, + H, Reaction
under Transient-Pulse Conditions?

LTR HTR
kP re k r r
Ir 0.0042 340 0.334 4120 1720
Pd 0.0073 880 0.126 1080 780
Pt 0.014 2400 0.514 27850 1000
Rh 0.055 19940 0.445 101100 12940
Ru 0.054 12820 0.651 152790 12830

2 Reaction conditions: T =550 K (Pt) 500 K (Ir, Pd, Rh, Ru); CO; pulse
size 20 ul; Cat. weight 20 mg; carrier flow 30 ml H, min~2,

b k: rate constant, (s2).

°r: rate calculated during the first CO; pulse, umole = g *h=2; r': rate
calculated after 10 pulses.

As shown in Table 5, k and reaction rates are considerably
larger after HTR than after LTR. HTR induces an increase
up to one order of magnitude in the reaction rate after the
first pulse; this enhancement is much more evident with Ru,
Rh, and Pt and less marked for Pd and Ir. However, during
successive pulses the reaction rate for methane formation
decreases to values close to those found after LTR. More-
over, the analysis of reaction products reveals that CO is
not formed and water is not detected as a reaction prod-
uct during the first pulses. This stands in sharp contrast to
the transient behaviour observed after LTR where little de-
activation is observed: water is detected and no decline in
methane formation with time is observed. The strong pro-
motion of the activity over all the virgin catalysts after HTR
is also the reason why, under pulse mode, catalyst activity is
much higher than that observed under continuous steady-
state conditions (compare Tables 4 and 5), although the
different reaction conditions (H,/CO; ratio in feed) may
also contribute to the difference in activity. The following
factors need to be emphasised from these experiments: (i)
a marked difference exists between the catalytic behaviour
measured under transient and steady-state conditions; (ii)
all the catalysts, regardless of the metal employed, show
an increase in activity after a high temperature reduction
(if measured under transient conditions) with fast deacti-
vation; (iii) after HTR water is retained by the catalyst at
the beginning of the reaction.

A series of additional experiments in the continuous
mode was carried out on Rh/CeO; using a diluted CO,/H,
mixture in He, as described in the experimental section,
to obtain an accurate and continuous determination of re-
action rate vs time over a virgin catalyst. In accordance
with what was observed in the pulse mode, a strong and
fast deactivation characterizes the behaviour of the HTR
catalyst (Table 6). A similar effect is observed by using
Rh(NOs3)3, instead of RhCl; as the metal precursor, in-
dicating that the precursor of the metal does not play a
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TABLE 6

Catalytic Activity of Rh/CeO, under Continuous Conditions Using
a Diluted CO,/H; Mixture in He (See Experimental Section)

Deposited carbon®
(wmole/geat.)

Initial rate
Red. Temp. (K) (umole/gct x h) Deactivation (%)?

473 529 49.7 157(94-63)
573 866 73.9 147(79-68)
653 1944 935 119(68-51)
693 3717 96.8 101(55-45)
773 7433 99.5 89(44-45)
473° 540 49.0 —

773¢ 5212 92.9 —

2 Percent of deactivation after 35 minutes of reaction.

b Total deposited carbon determined after 35 minutes of reaction. Values
obtained from the integration of the curve profile fitted with two gaussians
are reported in brackets.

¢ Experiments carried out on Rh/CeO; prepared from Rh(NOg3)s.

primary role in the determination of this transient effect.
After reaching the stationary state (35 min of reaction),
the H,/CO,/He flow was replaced with He and then with a
Ha/Ar stream. The total amount of carbonaceous deposits
was then determined by monitoring the CH,4 evolved dur-
ing a temperature-programmed hydrogenation (Table 6 ).
These may consist of several species containing carbon,
such as carbonates, formates, and surface carbon, which can
form by the interaction of CO; with the support under hy-
drogenation. A treatment under H,/Ar of a Rh/CeO, cata-
lyst, reduced at 473 K for 2 h and treated with CO,/He at the
reaction temperature, produces a quantity of CH4 which is
about 30% of the lowest value found after the catalytic re-
action (32 vs 89 umoles g~1). This justifies the assumption
that CH, evolution after the catalytic reaction is predomi-
nantly due to hydrogenation of surface carbon-containing
species formed in the CO,+ H, reaction. The results in-
dicate that carbon formation on the catalysts during the
reaction progressively decreases with increasing reduction
temperature. Moreover, at least two kinds of surface car-
bonaceous species are present on the Rh/CeQ; catalyst: a
first species which is easily hydrogenated at temperature
near 500 K and which accounts for the majority of carbon
present (Fig. 8, trace a); a second species which is less reac-
tive and much more difficult to reduce. Consistently, when
the Rh/CeO, catalyst was kept at 463 K under hydrogen
before ramping the temperature, a single peak at 560 K
was observed (Fig. 8, trace b). Both species are present at
higher concentrations on the LTR samples and their con-
centrations decrease with increasing reduction tempera-
ture. However, adeconvolution of the peak profiles by using
two gaussians curves for the two carbon containing species
shows that the low temperature feature is more affected
by the temperature of the reduction on H; than the high
temperature one; as the reduction temperature is increased
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FIG.8. Temperature-programmed methanation (TPM) of surface
carbonaceous species formed after the CO,/H, reaction over Rh/CeO,
catalysts. Curve a: TPM measured after reaction. Curve b: TPM measured
after reaction and treatment for 1 h under H, at the reaction temperature.

from 473 to 773 K, the amount of CH, formed decreases to
47% and 71%, respectively, of the initial value (Table 6).
This behaviour may suggest that the less reactive carbon-
containing species are associated with surface carbonates
and the decrease in their amount with increasing reaction
temperature may be due to a partial loss of surface area, al-
though the presence of a less reactive carbon species cannot
be excluded. On the other hand, the more reactive carbon
may be associated with surface carbon accumulated in the
CO,/H; reaction. Consequently these species are probably
not responsible for the rapid and strong deactivation which
characterizes the transientactivity, although they may be re-
sponsible for the deactivation observed under steady-state
conditions and which is typical of metal-supported catalysts
under hydrogenation conditions (19).

DISCUSSION

The role of noble metals, particularly Rh and Pt, in the
modification of the surface and catalytic properties of ceria
has been the subject of several recent investigations (1-5,
7-9, 12-17). There is general agreement that a synergetic
interaction between the metal and ceria is responsible for
some of the interesting properties of M/CeO;, catalysts, such
as the high rate of H; spillover and the easy formation of
oxygen vacancies in the proximity of the metal particles.
In this study a systematic approach has been taken to in-
vestigate the behaviour of noble metals supported on ce-
ria as catalysts for CO; activation and hydrogenation. First
the interaction between H, and metal-supported ceria was
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analyzed, followed by the investigation of the interaction
between the catalysts and CO, following different reduc-
tion treatments; particular attention was paid to phenom-
ena occurring under transient conditions.

Chemisorption studies are in accordance with previously
published data on Rh (3, 20), Pt (21), Pd (13), and Ir (17)
on ceria. The high values of H; uptake correlate with a
high capacity of H; spillover from the metal to the support
with the subsequent reduction of the latter. The H/M values
decrease after HTR compared as compared to LTR. Such
behaviour may be due to several phenomena: (i) sintering
of metal particles and/or partial covering of the metal by
the reduced support, although this phenomenon is likely to
occur with CeO; only after H; treatment above 900 K (20);
(ii) decrease in the rate of H spillover. This can be induced
either by a partial dehydroxylation during the HTR (12) or
by the presence of a fully reduced surface and the conse-
quent lack of reducible surface cations which may inhibit
H-spillover as observed over Pt/TiO; (22). Rh and Ru ap-
pear to be more efficient in promoting H, chemisorption
even after HTR.

The result of Ru/CeQ;, is remarkable, because the use of
RuCls as a precursor generally results in low dispersions
(23). These chemisorption results are also in general agree-
ment with those observed under TPR conditions. H; con-
sumed from 300 to 800 K is well above that required for
reduction of the metal, indicating that the extra hydrogen
is used for support reduction. This is true, providing that
with the support we have used (surface area 19 m? g~1), the
limitations observed by Zotin et al. (24) in the application
of TPR to characterize high surface area ceria samples are
overcome. Itwas recently shown that such limitations do not
apply to low surface area noble-metal loaded CeO,-based
catalysts (18). Consistently, the Johnson and Mooi correla-
tion between H, consumption and surface area holds for a
surface area of approximately 20 m? g=* (25). This suggests
that these limitations should be absent in the present case.

All the metals show a qualitatively similar reduction
behaviour; however, with RuO, and Rh,03, a somewhat
higher consumption of hydrogen for ceria reduction is ob-
served below 500 K; this appears to be consistent with the
ability of these metals to efficiently activate/adsorb H, even
after HTR. While the presence of the metal is important at
these reduction temperatures, it is less effective at high re-
duction temperatures (>900 K), where the reduction pro-
file of CeO; is similar to that of M/CeO.. This indicates that
the metal has almost no effect on the reduction of the inner
most layers of ceria.

The interaction of CO, with ceria and its subsequent
methanation in the presence of hydrogen have been used
as a probe to obtain further information on this system.
Noble metals deposited on CeQO, are active catalysts for
CO; methanation, although their activity is lower than
that observed on supports like TiO, and Nb,Os (19, 26,
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27). The order of activity for the formation of methane is
Ru > Rh > Ir ~ Pd > Pt which is qualitatively in agreement
with the early work of Solymosi and Erdohely (28) on CO,
hydrogenation over M/AI,Os. Although a direct compar-
ison between these activities cannot be made due to the
different reaction conditions, it is clear that, in both cases,
Ru and Rh give complete selectivity to CH,4 while for Pd,
Pt, and Ir, CO is also formed (Pt being the least selective).
The use of CeO; as a support results in higher selectivities
to CO with these three metals as compared to Al,O3, par-
ticularly in the case of Ir and Pd. Thus, a selectivity of 13%
in CO was observed over Ir/Al,O3 (28) this increases to
93 and 97% for Ir/CeQ; after LTR and HTR, respectively.
This may suggest an active participation of the support in
CO, dissociation. The high hydrogenation activities of Ru
and Rh may account for the lack of observable CO which,
being an intermediate, is rapidly hydrogenated over these
metals. The reduction treatment strongly affects the inter-
action of CO; with the metal-ceria system, and the extent
of CO; interaction with ceria is stronger when ceria has
been reduced at high temperature. TPD experiments pro-
vide evidence that, after HTR, adsorbed CO, is reduced to
CO. In all cases the amount of desorbed CO significantly
increased after HTR as compared to LTR. Under these
conditions, the presence of oxygen vacancies and, thus, of
reduced ceria favours the reduction of CO; and reoxida-
tion of the support. This is supported by running a second
TPD experiment after HTR; CO formation decreased in
this case, indicating that CO; in the first TPD run provided
oxygen for a partial CeO,_, oxidation, according to the fol-
lowing scheme:

M-CeO,_y + XCO,; — M-CeO, + xCO.

Under these conditions, oxygen from COfills up the oxy-
genvacancies in the reduced support, thus bringing the cata-
lyst back to a situation reminiscent of that observed after a
low temperature reduction. Such a reaction is the opposite
of that observed in the oxidation of CO with CeO,, where
oxygen from the support is extracted to form CO; (29).

Room temperature dissociation of CO, over a Pt/CeO,
catalyst was proven by Daniel by monitoring the behaviour
ofthe CO i.r.adsorption band (30). In our TPD experiments
we did not detect appreciable CO evolution at room tem-
perature. This difference may be due to the establishment
of adynamic equilibrium of dissociation and recombination
of CO;, (as reported in Ref. (30)) which may be favoured by
the greater surface areas employed here. This would ren-
der the amount of CO leaving the surface by desorption
negligible.

After LTR, the small amount of CO evolved in the TPD
experiments indicates that CO, activation is inhibited un-
der these conditions. This is probably the consequence
of a limited degree of reduction of CeO,. A quantitative
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calculation as described by Johnson and Mooi (25) on the
TPR reported in Fig. 3 shows that 310 xmol H; gCeOgl are
consumed during LTR. Thisisapprox. 2.7 times the amount
required for reduction of surface CeO,, suggesting that re-
duction at T <500 K is mostly limited to the uppermost
layers of ceria (31, 32).

The fact that pure CeO, shows a behaviour qualitatively
similar to that observed in the presence of supported met-
als indicates that the promotion of the reduction of surface
CeO, does not greatly affect the way CO; interacts with the
support. It is only after reduction at temperatures >773 K
that a relevant number of oxygen vacancies are formed,
providing the driving force for CO; activation and reaction
with ceria. Note that the H, consumed after HTR (Fig. 3)
is 6.7 times the amount required for surface reduction. This
is consistent with the mechanism proposed for ceria reduc-
tion (16, 32) which suggests that reduction takes place on
the ceria support by first influencing the surface (dissocia-
tive chemisorption of H,) and then penetrating the bulk of
material leading to the creation of oxygen vacancies. The
two processes and the extent to which they occur in the
catalysts can be influenced by several factors. In the case
of Rh, the reduction temperature, the nature of the pre-
cursor salt and the surface area of the support were found
to strongly affect the degree and the nature of the reduc-
tion processes (33). According to these findings, the use of
chloride as a precursor for the metal and the use of a low
surface area support would increase the amount of ceria
reduced by an irreversible process with the formation of
oxygen vacancies. This is also supported by the results ob-
tained with CO, methanation by using Rh(NO3)3 instead
of RhClj3 as a precursor. The reduction of the former cata-
lyst at 773 K produces an increase of the methanation rate
which is slightly lower than that observed in the latter one.
This is consistent with a lower degree of irreversible reduc-
tion associated with the formation of oxygen vacancies in
the case of Rh(NO3)3 (34).

A general mechanism taking these findings into account
can be proposed for Rh as shown in Fig. 9. The key finding
for the transient behaviour is the presence of bulk oxygen
vacancies which form under high temperature reduction
(Hz, T > 773 K) and which create the driving force required
for the fast activation of CO,. The subsequent oxidation of
the support by water and/or CO, decomposition and the im-
possibility of regenerating bulk vacancies during reactions
under milder conditions are the main causes of the tran-
sient behaviour and the fast deactivation which prevent the
development of a full catalytic cycle. The powerful oxygen
abstraction ability appears to be a general property of the
reduced CeO; moieties. Consistently, bulk oxygen vacan-
cies promote the NO dissociation/reduction over reduced
metal-loaded catalysts containing CeO, (35). The main role
of the noble metal (cycle 1) is that of providing reactive
H-species through H; activation, although its role in as-
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FIG.9. Mechanistic cycle proposed for CO, methanation with

Rh/CeO,.

sisting CO», activation under steady state conditions cannot
be excluded. In addition, H-spillover from metal to ceria
(Fig. 9, path (i)) or lattice oxygen migration from ceriato Rh
(36) (path (ii)) contribute to the maintainance of an equi-
librium concentration of active surface Ce(l1l) sites under
the reaction conditions. The different hydrogenation capa-
bility of the catalyst after HTR and LTR is also responsible
for the variation in total carbon-containing species formed
during the reaction. After LTR, the carbon formed cannot
be easily hydrogenated at first; some of the carbon accu-
mulates during this reaction. A second carbon species may
originate from the formation of less reactive carbon, as al-
ready reported in the cases of Rh and Ru on Al,O3 (19, 37),
although the formation of some surface carbonates during
the reaction, which may contribute to the presence of the
second peak at higher temperature, cannot be excluded at
this stage. Thus, while CO; activation could occur over the
support, the successive formation, and hydrogenation of
COfsurface carbonaceous species probably occurs at the
M-CeO; interface even if long range effects cannot be ex-
cluded (36).

In summary, we have found that reduced ceria, as a sup-
port for noble metals, has a strong effect on CO, adsorp-
tion and activation. It is suggested that oxygen vacancies,
and particularly those present in the bulk, are the driv-
ing force for CO; activation with the formation of CO and
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oxidation of reduced ceria. The role of the supported metal
is important in providing a source of active H-species for
the hydrogenation reaction.
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