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A series of Rh/SiO, samples promoted with CeO, have been
prepared and used as catalyst in CO, methanation. Their behav-
iour has been compared to that of unpromoted Rh/Si0; and Rh/
Ce0, catalysts. The activity has been monitored under transient
and steady-state conditions and the catalysts have been character-
ized using quantitative temperature programmed reduction,
chemisorption, X-ray diffraction, and transmission electron mi-
croscopy. By impregnation of amorphous silica with Ce(NO;); .
6H,0 followed by calcination at 923 K, aggregates of CeQ; parti-
cles with size ranging from 35 to 150 nm (depending on initial
cerium loading) form on the surface. These large agglomerates are
constituted by individual, smaller (5-15 nm), crystalline CeO,
particles. Redispersion of CeO, in the presence of H, at 773 K is
observed in all samples. The presence of Rh, deposited by impreg-
nation from RhCl; . 3H,0 solutions, accelerates the process. The
reducibility of ceria is strongly enhanced by deposition on silica:
complete reduction to Ce;0; is observed for CeO;-supported sam-
ples at temperatures lower than 1100 K, while a maximum of 50%
reduction (corresponding to CeQ) 15) is observed for unsupported
CeQ, in the range of temperature 295-1400 K. The activity of the
virgin catalyst, as tested under unsteady-state conditions, is posi-
tively influenced by the reduction temperature and CeO, crystal-
lite size. We suggest that the observed enhancement of catalytic
activity is linked to the presence of bulk vacancies created on ceria
after reduction at high temperatures. Annihilation of these oxygen
vacancies by oxygen from CO,, under reaction conditions, re-

stores the normal catalytic behaviour. < 1995 Academic Press, Inc.

INTRODUCTION

Cerium-based catalysts in the presence of transition
metals have been increasingly investigated in recent
years because of their potential interest in several pro-
cesses, from application in the treatment of exhaust gas
from automobiles (1-3) to their use in methanation and
methanol formation (4, 5), the water gas shift reaction (6),

! E-mail: trovarelli@dstc.uniud.it.

and acetone hydrogenation (7). There are several reasons
why CeO, has been successfully used as catalyst pro-
moter or support, although it is very difficult to distin-
guish its role in most of the processes. CeO, has been
found to improve the thermal stability of alumina (8), to
promote the reduction of supported metals and stabilize
their reduced state (1, 9), to change the properties of
Group 8 and 9 metals through electronic interaction at the
metal/oxide interface (10), and, especially in exhaust cat-
alysts, the oxide can act as an oxygen storage component
).

We have recently investigated the behaviour of Rh
supported over different reducible oxides in the hydroge-
nation of CO; (11, 12). Among the oxides tested, CeO,
appeared to be the most interesting owing to its specific
behaviour (12). It was reported that, following a high
temperature reduction, the catalytic activity of Rh/CeQ,
catalyst in CO and CO; hydrogenation is increased by
several times, in contrast to the strong suppression of
activity observed on Rh supported over other reducible
oxides like TiO,, Ta,Os, and Nb,Os (12, 13). The same
behaviour has also been observed with other CeO;-sup-
ported noble metals (14), demonstrating the crucial role
of the support in promoting the catalytic activation of CO
and CO,. The presence of oxygen vacancies created after
a high temperature reduction was suggested to be respon-
sible for the activation of CO moieties at the interface
between CeO; and Rh crystallites. However, some un-
solved issues were still present in those studies; for ex-
ample, the amount of surface and bulk vacancies formed
after different reduction treatments and their role in the
observed catalytic properties were not clearly under-
stood. To further investigate the role of CeO, in these
reactions, and particularly to address the above-men-
tioned points, we report here the effect of adding CeO, as
a catalyst modifier to a high surface area Rh/SiO; cata-
lyst. The catalytic activity in CO, methanation has been
monitored under transient and steady-state conditions
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and the catalysts have been characterized by H, chemi-
sorption, temperature programmed reduction (TPR), X-
ray diffraction (XRD), transmission electron microscopy
(TEM), electron microdiffraction (ED), and energy dis-
persive X-ray analysis (EDX).

EXPERIMENTAL

Materials

CeO; was prepared by adding dropwise NH;OH 0.1 M
to a solution of Ce{NOs); . 6H,0. The resulting oxide was
filtered, dried at 373 K for 15 h, calcined at 773 K, and
then stored. SiO, was purchased from Merck. Ce0,/SiO;
samples with different CeO; contents were prepared by
wetting the silica support with a solution of Ce(NO,), .
6H,0 until incipient wetness followed by drying at 373 K
for 15 h and calcination at 923 K for 2 h. The properties of
all these samples are listed in Table . Rh samples were
prepared by wetting the support with RhCl; . 3H,O solu-
tion until incipient wetness, followed by drying at 373 K
for 15 h and calcination at 773 K for 2 h. The gases used
in the catalytic reactions (CO,, H», He, CO,/H,/He, Ar/
H,) were of commercial purity, research grade. H, and
He were further purified by passing through molecular
sieves and oxygen traps (Alltech).

Catalytic Experiments

Catalytic experiments in continuous conditions were
carried out in a stainless steel flow microreactor (length
13 cm, i.d. 6 mm) interfaced to a Hewlett—Packard
HP35890A gas chromatograph equipped with thermal con-
ductivity and flame ionization detectors. The amount of
catalyst used was in the range 0.1-0.3 g. The ratio Ha/
CO; in the reaction mixture was always 3/1 and no di-
luent was used. The system was operated at a total pres-
sure of 1 atm. Space velocities were in the range
2500-5000 h~! and CO- conversion was always less than
10%. A series of additional experiments in continuous
conditions were made by using a CO,(2%)/H(5.95%)/
He(92.05%) mixture at very low CO,/H; concentration.

TABLE 1

Characteristics of Ce/Si Samples

BET surface
Sample Ce (%) Ce0, (%) wpmol CeQ,/m? area (m%g)
A 0 0 — 580
B 1.3 1.6 0.15 610
C 4.7 5.8 0.57 585
D 12.7 15.6 1.70 532
E 23.1 28.4 4.02 410
F 81.4 100 — 18
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In this configuration a U-shaped quartz reactor (6 mm
i.d., 200 mm long) was used. The reactor was heated by
an external oven and the temperature was monitored by
using a thermocouple immersed in the catalyst bed. The
amount of catalyst used was in the range 80-150 mg and
the space velocities were 7,500—10,000 h~!'. Methane
evolved was directly and continually monitored by using
a flame ionization detector; the time delay between intro-
duction of the reactants and monitoring of the products
was less than 15 s. The system was calibrated by using
CH,/He mixtures with known CH, concentration.

Pulse experiments were carried out by using a micro-
pulse reactor (i.d. 2.6 mm, 100 mm long). A pulse of CO,
(10-100 ul) was injected upstream of the reactor in flow-
ing H. by means of a six-way valve. The pulse passed
through the microreactor and entered directly into the
gas chromatograph. CH,, CO-, and water were separated
in a Porapak Q column and then analyzed with TCD for
conversion measurements; CHy was also directly ana-
lyzed with a flame ionization detector for peak shape
analysis. The amount of catalyst used was in the range 5-—
15 mg. Turnover numbers were calculated by using the
method described by Mori et al. (15). In all cases the
catalytic activity was investigated following the reduc-
tion in hydrogen at 473 K for 2 h (low temperature reduc-
tion, LTR), and at 773 K for 2 h (high temperature reduc-
tion, HTR).

Catalyst Characterization

BET surface areas and H, uptake were measured with
a Carlo Erba Sorptomatic 1900 instrument; H, chemi-
sorption at 298 K was calculated by extrapolating at zero
pressure the linear part of the isotherm. Temperature
programmed reduction was performed in a conventional,
U-shaped, quartz microreactor (i.d. = 6 mm, / = 200 mm)
using a 5% H, in argon mixture flowing at 35 cm*/min
(STP). For TPR measurements the temperature range in-
vestigated was 295-1400 K and the heating rate was al-
ways 10 K/min. The reduction of CuO to metallic copper
has been used to calibrate the TPR apparatus for H, con-
sumption.

X-ray diffraction patterns of powders were collected
with an Inel instrument using Co radiation. The average
CeQ, crystal size has been determined by using the
Scherrer formula L = AK/(8 cos #), where X is the X-ray
wavelength (A = 1.78897 A), K is a constant (0.9), 6 is the
angle of reflection, and B represents the measured peak
width (FWHM). All CeO; reflections (excluding low in-
tensity signals) have been used and averaged for a more
accurate calculation of mean crystal size. Samples for
TEM and ED were suspended to form a slightly turbid
suspension in methanol. Each suspension was constantly
agitated in an ultrasonic bath. A drop of the suspension
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was placed on a carbon-coated copper grid. The alcohol
evaporated, leaving a film of catalyst particles on the
grid, which was then loaded into a Hitachi H 800-MT
transmission electron microscope. The operating voltage
was 150 kV. Energy dispersive X-ray analysis was car-
ried out in STEM mode with a Kevex 8000 quantum sys-
tem. The X-rays emitted from the specimen upon elec-
tron irradiation were collected in the range 0-40 KeV for
100 s.

RESULTS

Temperature Programmed Reduction

TPR profiles of unsupported CeO, and a series of
Ce0,/8i0, samples of increasing CeO, concentration are
shown in Fig. 1. For pure CeQO; (Fig. 1a) two peaks are
detected at approximately 810 and 1100 K and a shoulder
at around 760 K. The main features of TPR traces are
maintained also with Ce0,/Si0, sample (Fig. 1b-le) in
which at least two different components are observed,
one peaking around 800 K and the other in the range

Hydrogen consumption (a.u.)

i

T T
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200
Temperature (K)
FIG. 1. Temperature programmed reduction of (a) CeQO., (b)

Ce0,(28.4%)/810,, (c) CeO,(15.6%)/Si0,. (d) CeO(5.8%)/Si0-, and (e)
CeO,(1.69%)/Si0,. For clarity the area of the curves has been normal-
ized.
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TABLE 2

Hydrogen Consumed and Peak Positions in Temperature
Programmed Reduction

H, consumed* Peak
temperature
Sample Calculated Experimental (K)
CeO, 1162 558 808, 1098
Ce0,(28.4%)/ 810, 330 325 803, 1051
Ce0,(15.6%)/Si0, 181 190 818, 1050
Ce0,(5.8%)/Si0, 67 63 794, 1028
CeOy(1.6%)/Si0, 19 20 798, 1031
Rh/CeO, 1220 697 400, 699, 1095
Rh/Ce0(28.4%)/S10, 388 365 395, 589, 997
Rh/CeO(15.6%)/Si0, 239 249 415, 966
Rh/CeQ5(5.8%)/Si0,; 125 135 401, 964
Rh/CeO,(1.6%)/S10, 77 65 385
Rh/SiO; 58 61 398

« H, consumed (umol) for reduction of 400 mg of catalyst.

1020-1050 K. By decreasing CeQO; loading a shift toward
lower temperatures is observed for the high temperature
signal (Table 2), while for the first peak smaller devia-
tions from the temperature of 800 K (from 818 to 794 K)
are observed, which are not depending on CeO; loading.
Moreover, for CeO,; loading lower than 5.8 wt.% an in-
version of the intensity of the two peaks is observed. A
quantitative analysis of TPR profiles has been undertaken
in order to determine the extent of reduction and to give a
better assignment of each reduction step. Reduction of
CuO to metallic Cu (16) has been used to calibrate the
TPR apparatus for H, consumption. Reaction [I] was
used to calculate the theoretical amount of hydrogen con-
sumed for reduction of CeQO; to Ce,0; in Ce0,, CeOs/
Si0;, and Rh/Ce0,/Si0, samples, and Eq. [2] (17) was
used to calculate the amount of hydrogen consumed for
Rh;0; reduction to Rh in Rh/Ce0,/Si0; samples:

ZCCOZ + H2 = C6203 + H;;O [1]
Rh;0; + 3H; = 2Rh + 3H.0. {2]

The difference between experimental and calculated val-
ues (Table 2) is always lower than 8% and the reproduc-
ibility of TPR analysis for different batches of the same
sample is within 7%. These quantitative results also pro-
vide indirect evidence that other side effects, which
could affect TPR of high surface area CeQ, (18), are ab-
sent here.

It is shown that for silica-supported samples, reduction
of CeO, to Ce;0; is complete at temperatures lower than
1100 K, whereas higher temperatures are required to re-
duce pure ceria. In the temperature range investigated
(300-1400 K) a maximum reduction of 50% can be
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reached with pure ceria, corresponding to an overall stoi-
chiometry of CeO, 75, a composition which is consistent
with that calculated from the phase diagram for reduction
of nonstoichiometric CeO,_, at these temperatures (19).
A correlation between the temperature and the extent of
reduction for different samples is reported in Fig. 2. The
reducibility of CeO, crystallites clearly increases by dep-
osition on SiO, (Ce;0; is completely formed at tempera-
ture of about 1100 K), and it is shown to be dependent on
ceria loading (compare Fig. 2b and Fig. 2¢).

The presence of Rh modifies the features of TPR pro-
files (Fig. 3a-3f). A sharp signal centered around 350-
400 K is observed in all samples. In agreement with sev-
eral authors (2, 8, 20), these maxima can be associated
with the reduction of rhodium oxides and probably with
the reduction of the most readily reducible surface oxy-
gen on the ceria support, adjacent to the metal. It is well
known that Rh can activate H, which subsequently can
spill over to the support, promoting support reduction at
lower temperatures (20, 21). Direct evidence that this
phenomenon occurs under our conditions, even on mixed
oxide samples, is the fact that on increasing CeQ, con-
tent, an increase in the amount of H, consumed at low
temperatures is observed. The value of total hydrogen
consumption for Rh reduction as calculated by integrat-
ing the peaks centered around 400 K is well above the
stoichiometric value calculated for Rh on undoped silica.
If we set to 1 the value of H, consumed for Rh reduction
in Rh/Si0;, calculated by integrating the area of the cor-
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FIG. 2. Extent of CeO, reduction vs temperature for (a) CeQ,, (b)

Ce04(28.4%)/Si0,, (c) Ce0:(1.6%)/Si0,, (d) Rh/Ce0(28.4%)/Si0,, (e)
Rh/Ce04(5.8%)/Si0,, and (f) Rh/CeOx(1.6%)/S10,.
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FIG. 3. Temperature programmed reduction of (a) Rh/CeQO,, (b)

Rh/Ce0,(28.4%)/510,, (c) Rh/Ce0.(15.65%)/810,, (d) Rh/CeO.(5.8%)/
Si03, (e) Rh/Ce0,(1.6%)/Si0,, and (f) Rh/Si0,. For clarity the area of
the curves has been normalized.

responding peak (Fig. 3f), it becomes 1.4 for Rh/
Ce0,(1.6%)/Si0,, 2 for samples containing 5.8 wt.% of
CeQ;, 2.8 and 3 for samples containing respectively 15.6
and 28.4 wt.% of ceria; this indicates that the more CeO,
becomes available to the surface the more H; is being
split over and consumed for the reduction. Notably with
the more disperse samples, most of the H, consumption
for CeO, reduction is concentrated at temperatures lower
than 500 K. The effect of Rh on CeO; reduction is well
illustrated in Figs. 2d-2f. These curves have been ob-
tained by subtracting from the TPR of the corresponding
samples the amount of H, consumed for Rh reduction in
Rh/SiO, and then integrating the curves. There is evi-
dence that reduction of the support at low temperatures
is dramatically influenced by the presence of Rh and by
CeO, loading. With the more disperse samples almost
70% of CeQ, reduction is observed at temperatures lower
than 500 K.

The profile of the medium and high temperature region
also differs from that obtained without the metal. Gener-
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ally, as can be seen from Fig. 3, a visible shift in the
direction of lower temperatures is observed with a gen-
eral broadening of the signal which makes it very difficult
to separate each contribution. Only for samples with
CeO; concentration 5.8% or higher are there still appre-
ciable contributions at high temperature.

An additional experiment has been carried out on the
Rh/Ce0:(28.4%)/Si10, sample, in order to estimate the
degree of CeO, reduction after prolonged H, treatment.
The reduction conditions were similar to those used for
prereduction in the catalytic experiments described be-
low. The sample has been reduced at 473 and 773 K for 2
h; after each reduction a TPR has been performed on the
reduced sample and the results are reported in Fig. 4. A
quantitative estimate of H, consumption led to a compo-
sition of CeO, with x = 1.8 after LTR and 1.77 after HTR.

Electron Microscopy

All samples have also been characterized with X-ray
diffraction, transmission electron microscopy, electron
microdiffraction, and energy dispersive X-ray analysis. It
is observed that by impregnation of Ce(NOs); on SiO;
and subsequent heating at 923 K, large CeO, agglomer-
ates, ranging in size from 36 to 152 nm, depending on
CeO, loading, are formed on the surface (see Table 3). In
Fig. 5a is reported a micrograph of Ce0,(5.8%)/Si0O,
showing the large, round CeO, patches. However, a care-
ful examination of these aggregates shows that they are
constituted of smaller, individual crystalline CeO, parti-
cles with size ranging from S to 15 nm. Notably, the size

Hydrogen consumption (a.u.)

860 10b0

Temperature (K)

400 600 1200

FIG. 4. Temperature programmed reduction of Rh/CeQ0,(28.4%)/
Si0, after reduction for 2 h at 473 K (- - ) and 773 K (- - -). The solid
line represents the difference between the two curves.
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TABLE 3

CeQ; Particle Size Dimensions (nm) as Calculated by TEM and
XRD Analysis

Samples with

Treated in 19z Rh reduced
Not treated? H,at 773 K inH,at 773 K
Samples TEM XRD TEM TEM

Ce04(28.4%)/Si0,  15(152)" 12 15(142) 13
Ce0,(15.6%)/Si0; 13(140) 11 13(122) 10
Ce04(5.8%)/Si0, 13(99) 10 13(78) 8
Ce0,(1.6%)/8i0, 5(36) ND ¢ 2
CeO, 24 22 — 25

Note. ND, not detected.

* The values refer to Ce0,/Si0O; samples after calcination at 923 K
(see text for sample preparation).

b Average crystal size. Mean agglomerate size is given in parenthe-
ses.

¢ Filamentary appearance.

of these crystallites is not strongly affected by the
amount of CeQO, present at high CeO, loading (>1.7
wt.%). X-ray diffraction analysis confirms the presence
of small CeO, particles and the accordance between TEM
and XRD is within 20% (Table 3). The effect of H, treat-
ment at 773 K is shown to affect the main particle size but
not the dimensions of individual crystallites. It appears
from the data reported in Table 3 that the large CeO,
agglomerates formed at CeO; loading >1.7% redisperse
on the support when heated in H;. A micrograph showing
how large agglomerates redisperse in H, is reported in
Fig. 5b for the CeO.(5.8%)/Si0, sample treated in H, at
773 K. The micrograph also shows in more detail how
individual crystallites agglomerate into larger particles; in
this case, individual CeQ; crystallites with approximate
size of 13 nm agglomerate into particles with mean size of
78 nm. On the other hand, CeO, electron diffraction lines
fade after H, treatment at 773 K, especially in low CeO,
content samples, indicating that at this temperature par-
tial reduction of CeQ, into an amorphous phase occurs.
The redispersion phenomenon is drastically exhibited by
the iow CeQ; content sample Ce,(1.6%)/Si0,, as shown
by the micrograph in Fig. Sc. In this micrograph, a fila-
mentous structure of CeO, well spread over SiO- is visi-
ble, which indicates a stronger interaction between CeQ»
and the support after H, treatment.

The presence of Rh affects the sample morphology.
While the results for Rh/Ce0,/SiO, before reduction
were indistinguishable from those reported for Ce0,/SiO,
(except for the presence of Rh;0;), Rh/Ce0-/Si0, sam-
ples after reduction in hydrogen at 773 K do not show the
presence of large CeO- agglomerates. Only a few agglom-
erates have been detected and CeQ; is present mainly as
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FIG. 5.

TROVARELLI ET AL.

Electron micrographs of CeQ,(5.8%)/Si0, sample before (a) and after (b) hydrogen treatment at 773 K, (¢) CeO,(1.6%)/Si0; sample

treated in hydrogen at 773 K, and (d) Rh/Ce0,(5.8%)/SiO, sample after hydrogen treatment at 773 K.

individual crystallites on the surface. This is illustrated
in Fig. 5d, which shows a micrograph of the Rh/
Ce0,(5.8%)/Si10, sample treated in hydrogen at 773 K.
EDX traces obtained from different areas of each Rh-
containing catalyst indicate that Rh is preferentially lo-
cated on CeOs-rich areas, but not on SiO,. Samples con-
taining Rh exhibit smaller CeO, crystal size with respect

to the homologous samples without Rh, as summarized in
Table 3; in addition, and at variance with previous sam-
ples, the dimension of the crystallites depends on CeO,
loading. A redispersion effect in the presence of H, has
already been observed in similar systems (22-24). For
example, at 770 K, CeO; particles redisperse and spread
over Si0O, in powder Ce0,/Si0; and Pt—-Ce0,/Si0; sam-
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FIG. 5—Continued

ples (22); a partial amorphization has also been observed.
The same effect has also been reported by Krause et al.
(24), which showed that in a model, thin film Rh—-Ce/SiO,
system, small CeO- particles in contact with SiO, redis-
perse in H, at 870 K. They also reported formation of
cerium silicates after H, treatment of CeQ,/Si0; at 1073
K; moreover, the presence of Rh was shown to lower the

temperature of formation of Ce,Si,O; to 870 K. In our
case, for all samples, no evidence for Ce,Si-O; was de-
tected in the electron diffraction patterns after treatment
in H, at 773 K. Similarly, with Pt/Ce0,/SiO, samples no
evidence was found for silicate formation at these tem-
peratures (22). The reason for the difference is most
probably due to the higher temperatures used by Krause
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et al., though other factors such as sample treatment and
preparation could affect this result as well.

In the case of pure CeQ,, crystallite size is not affected
by treatment under H; at 773 K and/or by the presence of
Rh.

CO, Methanation

The effect of addition of cerium oxide for samples con-
taining 1% Rh on silica in the methanation of carbon
dioxide has been studied. All samples were tested at at-
mospheric pressure under transient and continuous con-
ditions following a low (473 K, 2 h) and a high (773 K, 2 h)
temperature reduction. Our main concern was to study
the effect of reduction temperature on CQO, methanation
activity and particularly to gain some evidence on the
role played by CeQO,. We have used three different ap-
proaches: (1) catalytic tests under steady-state continu-
ous conditions; (2) activity under transient conditions by
using a pulse reactor; (3) catalytic activity under continu-
ous conditions but using a very dilute CO,/H, mixture.
Unless otherwise stated, all the activities are in (uwmol)
[(gea) (N)]7'. We avoided, when possible, the use of turn-
over numbers, which can be easily calculated from the
Rh dispersions given in Table 4. It is very well known
that CO and especially H, chemisorption cannot be used
to correctly estimate Rh dispersion in ceria-containing
samples (7, 9, 13, 25). The occurrence of H, spillover
leads to an overestimate of hydrogen uptake; this can
also be seen from our chemisorption measurements, in
which the higher is the CeO; loading, the higher is the H;
uptake. CO uptake by Rh/CeQ, can also lead to inaccu-
rate evaluation of Rh dispersions owing to significant CO
adsorption by the support (13) and strong dependence of
CO adsorption on reduction temperature (13, 20).

TROVARELLI ET AL.

The results obtained under continuous conditions are
briefly summarized in Fig. 6. By deposition of CeQO,, an
increase in the rate of methane formation is observed
after both LTR and HTR, which reaches a maximum for
samples containing 1.6 wt.% of CeO,. By increasing
CeO; loading, the overall activity decreases. For LTR
samples the activity stabilizes at values slightly higher
than those observed for Rh/SiO;, while for HTR samples
the difference in activity is less marked and the rate of
methane formation in Rh/SiQ; is slightly higher than for
the Rh/Ce0,(28.4%)/Si0; sample. The steady-state ac-
tivity is lower after a high temperature reduction in all
samples and the promotional effect following CeO, addi-
tion is more moderate. The behaviour observed for CO,
methanation under transient conditions over Rh/CeQO,/
SiO, samples is reported in Table 4. After reduction at
473 K for 2 h, methanation activity is constant with pulse
number and water is normally detected at the outlet as a
reaction product. In accordance with steady-state mea-
surements, deposition of CeO, results in a higher cata-
lytic activity, reaching a maximum for the Rh/Ce-
0,(1.6%)/Si0, sample. Following HTR, for samples with
ceria content higher than 5.8 wt.%, an enhancement of
reaction rate is observed; however, this enhancement is
not constant and in the following pulses the catalytic ac-
tivity decreases, stabilizing after several pulses at values
which are similar to those observed after LTR. Notably,
water is not detected as a reaction product in the samples
in which an enhancement is observed. It is detected only
after few pulses, in parallel with the decrease of activity.

The catalytic activity has also been monitored by using
a H,/CO,/He mixture at very low CO,/H, concentration,
in order to minimize the effect of reactants and products
on catalyst modification. We expected to find a condition
under which the catalytic activity enhancement observed

TABLE 4
CO; Methanation over Rh/CeQ, and Rh/Ce0Q,/Si0Q; Samples in Pulse Conditions*

High temp. reduction

Low temp.
reduction TN
Sample® TN¢ H/Rh¢ Pulse 1 Pulse 2 Pulse 3  After n pulses® H/Rh

A 36 33 35 32 36 31 55
B 200 46 70 68 67 66 62
C 140 51 50 50 51 51 71
D 51 62 83 69 66 49 67
E 54 7 257 159 82 40 60
F 130 90 3200 2860 2550 39 57

4 Reaction conditions: Temperature 463 K, pulse size: 20 ul.

b For sample designation see Table 1.
< TN: mol CH,; (mol Rh)-'s-' x 10%

4 H/Rh values as calculated by measuring H, chemisorption.
¢ n depends on samples (from » = S for sample A to n = 14 for sample F).
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FIG. 6. CO. methanation in continuous conditions at 500 K: Meth-
ane formation rate vs Ce0./Si0: loading; (M) reduction temperature S00
K (LTR), (@) reduction temperature 773 K (HTR).

in pulse conditions could also be detected in continuous
conditions, thus allowing a more simple and direct inter-
pretation and manipulation of data. The continuous and
rapid monitoring of CH; evolved, plus the use of very
dilute mixture, allowed us to detect transient evolution of
the catalyst which cannot be detected by using a conven-
tional continuous system (characterized by higher con-
centration of reactants and products, and periodical GC
analysis of effluents). The results obtained are very inter-
esting and are summarized in Table 5. In Fig. 7 is also
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FIG. 7. Rate of CH, formation vs time for Rh/Ce0(28.4%)/Si10,
(upper) and RhCeO+(5.8%)/Si0, (lower) samples following LTR and
HTR. (See text for details on how the experiments have been con-
ducted.)

TABLE $§

Methanation of CO; Using a Preformed (CO,/H,/He = 2/5.95/92.05) Mixture and
Analyzing Directly Methane Evolved?

Low temp.
reduction (473 K)

High temp.
reduction (773 K)

Sample Time?  Rate¢  Deact. (%) Time?  Rate¢ Deact. (%)
Rh/CeO, 0.8 544 49.1 0.8 7788 99.6
Rh/Ce04(28.4%)/Si0, 0.6 348 45.7 0.4 917 94.6
Rh/Ce0,(15.6%)/8i0, 0.9 189 29.1 0.6 211 §7.3
Rh/Ce04(5.8%)/Si0, 1.9 177 22.1 2.16 153 16.3
Rh/CeO.(1.6%)/Si0; 23 309 17.4 2.5 238 9.3
Rh/SiO» 6.5 80 4.4 3.7 89 8.7

@ For details see Experimental.

# Time (min) at which the maximum activity is shown.

< Rate of CH, formation (umol/g., h).

4 Percent of deactivation after 35 min of reaction (100 — (rate after 35 min/ maximum rate) x 100].
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reported, as a comparison, the time course of methane
formation following a low and a high temperature reduc-
tion on Rh/Ce0,(28.4%)/Si0, and Rh/Ce0(5.8%)/Si0,
samples. Time zero represents the time at which the CO,/
H, mixture is introduced into the reactor. After approx.
15 s the catalytic activity starts, reaching a maximum
after a few minutes (or a few seconds, depending on the
samples), and then evolves to reach steady-state condi-
tions. After a low temperature reduction Rh/CeQ; is
shown to be more active than Rh/SiO; but with a higher
deactivation. By addition of small quantities of CeOQ,,
promotion of CH, formation is observed, which is also in
agreement with the behaviour observed under pulse and
steady-state conditions. Following a high temperature re-
duction, there is an increase in the catalytic activity of
Rh/Ce0, and Rh/CeOx(>5.8%)/Si0, samples, followed
by a very rapid deactivation, which brings the catalyst
back to a situation similar to that observed after LTR (the
final activity is, however, much lower after HTR than
after LTR). Deactivations as high as 99.6 and 94.6% are
observed with Rh/CeO, and Rh/Ce0-(28.4%)/Si0, sam-
ples after 35 min of reaction. After this time a total of
approx. 850 umol of CO; per gram of catalyst have
passed through the reactor.

Summarizing our catalytic results, we have seen by
using different techniques that two different promotional
effects are present in these systems in relation to reduc-
tion temperature and CeO, loading. The presence of
CeQ; in a disperse phase, as small crystallites on the
silica surface (CeO; loading lower than 5.8 wt.%), pro-
duces an increase in the methanation activity relative to
that of undoped Rh/SiO,. This is observed in transient
and continuous conditions regardiess of the reduction
temperature. A quite different situation arises when the
behaviour of the catalyst is investigated under unsteady-
state conditions. In this case the activity is measured on a
time scale of seconds and some information on the activ-
ity of the catalyst at the beginning of the reaction can be
obtained. As can be seen, there is an increase in the
activity of the ceria-containing samples after HTR, but
only for CeO, loading >5.8 wt.%. However, the high
activity does not stabilize and after a few pulses (or a few
minutes, depending on reaction conditions) the activity
drops to values similar to or lower than that observed
after a LTR. There are four points that are worth men-
tioning: (i) the activity enhancement increases with CeO,
content, and thus crystallite size, being maximum for Rh
on pure CeQ,; (ii) the stronger is the enhancement of
catalytic activity, the higher is the percentage of deacti-
vation observed in the first 35 min of reaction; (iii) the
activity enhancement is clearly observed only for sam-
ples of CeQ, loading higher than 5.8 wt.% (and crystallite
size larger than 80 A); (iv) the activity enhancement is not
observed after a low temperature reduction.
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DISCUSSION

Let us first discuss some aspects of the TPR of CeQ;
and Rh/CeQO;, which can be useful to the interpretation of
the reduction profiles of the CeO,/SiO, system. The pres-
ence of two signals in the TPR of pure CeO, has been
associated with a stepwise reduction of the oxide (2, 8,
24-27); however, a definitive and unambiguous discrimi-
nation between the various processes is still missing.
While the origin of the second peak, which has been at-
tributed to reduction of the bulk of oxide crystallites, is
clear, less clear and open to different interpretations is
the origin of the first signal. Yao and Yao (2) attributed
this peak to the reduction of the surface capping oxygen
of CeO,. They based their results on studies of the reduc-
tion of CeO, with different surface areas, and thus, differ-
ent number of surface reducible sites. However, the
range of surface area explored was only 1-10 m?/g. Simi-
lar results were found later by Johnson and Moot (26),
who developed a model to calculate CeO, surface area
from the H, consumed in the first peak. Again, this study
was limited by the range of surface areas examined,
which was 1-27 m?%/g. Besides, their results fit the model
only for samples with surface area less than 13 m?/g and
other authors have reported an inconsistency in the appli-
cation of this model to high surface area samples (18, 27).
More recently other groups have assigned the first peak
to different contributions from both reduction of easily
reducible surface Ce!¥ and formation of nonstoichiome-
tric oxides CeO-,_, (28, 29). The indication that in our
samples the relative intensities of the two peaks depend
on CeQ; loading in the way observed, along with a quan-
titative determination of the extent of reduction for each
signal, is indicative of the fact that, ar least under the
kinetic control of the TPR experiments, formation of ox-
ides with definite stoichiometries is not predominant.
This, however, does not exclude the possibility of forma-
tion of nonstoichiometric oxides under isothermal condi-
tions. Formation of CeQ, g4 has in fact been reported over
Rh/CeO; after prolonged H, treatment at 623 K (28). The
first TPR signal probably originates from reduction of
small crystallites and/or reduction of the first surface lay-
ers of larger CeO, crystallites. It should be noted that
while the peak temperature of the second signal varies by
more than 50° from CeO, to CeO,/SiO; samples (and 30°
within supported samples), the peak temperature of the
first signal is almost constant around 800 K, indicating
that the maximum of H; consumption from the first peak
is not greatly affected by the dimension of CeO; crystal-
lites but is mainly due to surface Ce!Y reduction. Accord-
ingly, a quantitative estimation of H, consumed in the
first signals, as reported in Fig. 2, clearly indicates that
the lower the CeO; loading, the higher is the percentage
of CeO; reduction at lower temperatures.
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It follows that the TPR traces in CeQ,/Si0, samples
should reflect the reducibility of CeQO; with different crys-
tallite sizes and, as a consequence, a qualitative and
quantitative analysis of TPR profiles can be used as a
fingerprint to check the dispersion of CeO,. For Ce0O,
particle size larger than 10 nm, the TPR profiles are quali-
tatively similar to that observed for reduction of pure
CeO,. However, owing to the difference in CeO, particle
size (10-15 nm for Ce0,/Si0O, samples, 25 nm for CeO),
the peak attributable to Ce0O,-Ce->0O; reduction is ob-
served at lower temperatures, and the reduction to Ce»0;
is complete. At low ceria loading, the small ceria crystal-
lites formed (5 nm) are further dispersed on the silica
surface under H, treatment, and, as a consequence, hy-
drogen consumption at high temperature for bulk CeO,
reduction diminishes. This explains the inversion of the
intensity of the two peaks for ceria loading lower than 5.8
wt.%. It is clearly shown in Fig. 2 that on increasing
CeO, loading, and thus crystallite size, there is an in-
crease in the resistance of the oxide to reduction, espe-
cially in the range 800-1100 K, where the reduction of
bulk CeQ, takes place. The presence of silica, which acts
as a dispersing agent, also facilitates the complete reduc-
tion of CeO, deposited thereon, reducing sintering at
very high temperatures which is probably the reason for
the incomplete Ce(IV) reduction in pure CeO,. We have
indeed found that the surface area of CeO, after a TPR
run is reduced by more than one order of magnitude, and
much of this effect is concentrated above 1000 K. At high
temperatures, other effects might also affect TPR traces;
the reported formation of cerium silicates at tempera-
tures higher than 1000 K (24) could be one of the reasons
for the easier Ce(IV) reduction on SiO;-supported
samples.

The presence of Rh does modify the main features of
TPR. For samples with low cena loading (1.6 and 5.8
wt.%) H, consumption at high temperature is negligible,
indicating that for these samples CeQO» is redispersed over
the support and reduction of bulk CeO, is negligible. This
is in agreement with TEM and XRD measurements; in
the presence of H,, small CeO; crystallites with mean
particle diameters of 20 and 80 A are detected for 1.6 and
5.8 wt.% CeO, samples, respectively. Moreover, the ef-
fect of redispersion of CeO; in H, (particularly evident
for the 1.6 wt.% sample) plus the strong H, spillover from
Rh can explain the high degree of CeO, reduction at rela-
tively low temperatures.

Catalytic Measurements

The role of the metal and the support in CO and CO,
hydrogenation has been extensively studied in recent
years; although the main effort has been focused on CO
activation, there have also been different groups involved
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in the study of CO, hydrogenation (30). It has already
been shown by the early fundamental work of Solymosi
et al. (31) that the main product of CO; hydrogenation on
supported Rh is methane, although some higher hydro-
carbons can be formed in particular conditions over Rh
supported on reducible supports (11).

The effect of addition of cerium on the catalytic prop-
erties of silica-supported noble metals has been studied
by several authors (23, 32-34). These studies were also
mainly focused on the catalytic properties in the activa-
tion of CO. It was generally observed that small quanti-
ties of Ce cause a marked improvement in the activity
and selectivity of CO hydrogenation. For example, in Pd/
Si0; catalyst, decoration of Pd by rare earth oxide moie-
ties aids the dissociation of CO and raises the methana-
tion activity relative to that of unsupported Pd/SiO- (33).
The activity to CH;OH is increased as well. The addition
of Ce to a Rh/SiO; catalyst increases the rate of forma-
tion of higher molecular weight products and olefins in
CO hydrogenation (23); this promotional effect is ob-
served regardless of the pretreatment of the catalyst.
Kienneman et al. reported an increase in the selectivity
for ethanol when Ce is added to a Rh/SiO; catalyst (32).

The presence of Ce** on the surface and the electronic
interaction with Rh have been proposed to account for
such behaviour. A mechanism which is similar to that
proposed with other reducible oxide-supported metals in
which the active sites are present at the interface be-
tween the metal and the reduced support is believed to be
responsible for the high activity in CO/hydrogen reac-
tions (5, 35). A decoration of the metal particles by re-
duced CeO, followed by an electronic interaction has
been proposed in the case of Pd (33). However, recent
results (12, 13, 25) do not seem to support the fact that, at
least with Rh, the system enters into a classical strong
metal-support interaction (SMSI) state as it was origi-
nally defined (36), though a conclusive and unequivocal
answer is still missing.

In all of the above-considered examples, the Ce load-
ing is always below 5%, and there is no systematic study
on the effect of Ce content on the catalytic activity,

We have recently reported, as a part of a systematic
study on CO; hydrogenation on different reducible ox-
ides, that the high temperature reduction at 773 K of Rh/
CeQ, catalysts induced a transient Rh—CeO, interaction
which enhances the rate of CO and CO, hydrogenation
(12). The presence of surface vacancies generated after
high temperature reduction and their interaction with the
CO moiety were suggested to be responsible for promot-
ing the activation (13). The present observations, carried
out on CeOs-promoted Rh/silica, indicate that not all the
samples are active in promoting the enhancement in CO,
methanation after a HTR, but only samples with large
ceria crystallites, which could be indicative of the partici-
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pation, at some level, of bulk CeO; in the observed sur-
face properties. We have seen that the relative amount of
surface and bulk vacancies which can be formed on CeO,
is strongly dependent on the reduction conditions (it is in
fact easier to abstract oxygen from the ceria surface than
from the bulk (2, 37)) and on the dimensions of CeO,
particles. The equilibrium

2Ce(1V), + 2Ce(IV), + O, + Oy
LR 1| ¢t Ha-H0

2Ce(II), + 2Ce(IV)y + V4, + Oy
HTR 1| +Ha-H:0)

2Ce(Il), + 2Ce(lll), + Vs + Vg

can be pictured, in which the subscripts s and b stand for
surface and bulk, respectively, and V, indicates an oxy-
gen vacancy. The critical parameters affecting the equi-
librium are in our case the reduction temperature and the
dimension of the CeQ; crystallites. In the presence of Rh,
the first step occurs at relatively low temperatures (below
450 K), while for the second step a stronger reductive
environment is needed. Besides, large CeO, crystallites
must be present to provide bulk Ce(IV) available for re-
duction. As quantitative TPR and TEM measurements
show, with crystallites smaller than 80 A almost all the
Ce(1V) is reduced to Ce(IIl) after a LTR, while higher
temperatures are needed to reduce bulk CeO; in bigger
particles. As can be seen from Fig. 4 the difference be-
tween a LTR and a HTR for Rh/Ce0,(28.4%)/Si0; is
mainly concentrated in the reduction of bulk CeO,. Since
it is known that the presence of surface Ce(Ill) and its
electronic interaction with noble metals contribute to ac-
tivate CO moieties (5, 13, 33), the role of the formation of
bulk Ce(IID) in the observed catalytic properties would be
that of providing additional oxygen vacancies to the sur-
face through a migration process. Besides, the presence
of oxygen vacancies distributed through all the sample
{or more probably a gradient of vacancy concentration
from the surface to the bulk) could create the additional
driving force for activation of the CO moiety.

The role of oxygen migration in CO oxidation over Rh/
CeO, has recently been emphasized. Zafris and Gorte
(38) have found compelling evidence which indicates the
important role of oxygen migration from CeO; to Rh in
the enhancement of catalytic activity of Rh/CeO, catalyst
in CO oxidation. Thus, in a strong reduction environment
(as during a high temperature reduction) the bulk of the
oxide behaves as an oxygen reservoir, supplying oxygen
to the surface through a migration process for the reduc-
tion process, and under less reductive environment, as
during CO, methanation, the opposite process is likely to
occur: the lattice oxygen is replenished by oxygen from
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CO, dissociation by a diffusion mechanism, thus filling up
the vacancies formed during reduction. Since bulk oxy-
gen vacancies are limited, and during CO; methanation
the reduction conditions are milder (temp. <500 K, low
H; content, presence of CO; and H,0), it is not possible
to regenerate bulk vacancies; as a consequence the anni-
hilation of bulk vacancies under reaction conditions is
permanent and the catalytic activity shows a transient
behaviour. To regenerate those vacancies and the related
catalytic activity another high temperature reduction cy-
cle is needed. By integrating the CH, vs time curve re-
ported in Fig. 7 for the Rh/Ce0,(28.4%)/Si0, sample af-
ter HTR, a quantitative estimate of total CH, formed can
be made (which is identical to CO; reacted). This corre-
sponds to 23.9 umol CH,/g., formed after 35 min of
reaction. By keeping in mind the stoichiometry found for
CeO, after LTR and HTR in the Rh/Ce0,(28.4%)/Si0,
sample, and by assuming (from Fig. 4) that all the differ-
ence is concentrated in the bulk, we have a total of 82.3
pmol of bulk Ce(11I)/gCeO, which are formed after HTR.
The oxidation of this amount requires 20.5 umol of CO,,
a value which is very close to the 23.9 umol found.

If bulk vacancies cannot be formed, as in the more
disperse samples, there is no observable enhancement in
the catalytic activity after a HTR. Moreover, the higher
CeO, dispersion obtained for the less concentrated sam-
ples can provide more surface Ce(lIll), thus accounting
for the higher steady-state activity of these catalysts in
comparison to undoped Rh/SiO, and Rh/CeOy(>5.8%)/
Si0;. A similar enhancement in CO oxidation was also
observed in prereduced Pt/CeO,/Al,O; catalyst in com-
parison to Pt/ALO; (39). In this case the presence of
vacant sites at the interface between Pt and reduced CeO,
was proposed to account for the activity enhancement.

It has also been reported that H; treatment at high
temperature of CeO- gives rise to formation of cerium
hydride (20) or bronzelike species of the type CeO,H,
(40), thus increasing the amount of H, chemisorbed at
high temperatures. The presence of such hydrides had no
observable effect on the transient behaviour of Rh/CeO»
and CeO; after a high temperature reduction, as we have
previously reported (13). However, a possible role of
such species in changing the surface H,/COQO; ratio cannot
be excluded.

The important relevant implication emerging from
these results is that the bulk of the oxide is directly in-
volved in the surface reaction. The role of bulk properties
of materials in heterogeneous catalysis has already been
investigated by several authors in different reactions. For
example, in polyoxoanion chemistry several examples of
bulk-type catalysis have been observed, in which, al-
though the main reaction proceeds on the surface, due to
rapid diffusion of redox carriers, the whole bulk partici-
pates in the reaction (41). Moreover, very interesting
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studies investigating the role of defect chemistry and bulk
transportation process on surface catalytic chemistry
have recently appeared (42). The multivalent character of
cerium, which is expected to promote surface and bulk
O, mobility, is generally recognized as an important fea-
ture in several cerium-promoted oxidation reactions
{from the CO/NO reaction to propylene ammoxidation)
(43). However, we have also seen that under a more re-
ductive environment, such as during CO; hydrogenation,
a similar mechanism may be operative, although only in
transient conditions.

Another relevant implication that can be drawn from
these results is the possibility of creating and stabilizing
bulk oxygen vacancies under milder reaction conditions.
This can be done for example by doping CeO,with other
oxides (like ZrO- (44)) or by using anion-deficient fluorite
solid solutions [CeO,-Y»04] in which anion vacancies
can be present as structural defects on the "‘as-synthe-
sized”’ materials (45). In this way, it could be possible to
stabilize bulk Ce(IlI) under reaction conditions, increas-
ing the catalytic activity also in steady-state conditions,
and lowering the temperatures for reduction treatments.

CONCLUSIONS

(i) Under TPR conditions Ce(I1V) to Ce(1lI) reduction
in pure CeO; is not complete; a formal stoichiometry of
CeO, 75 has been obtained heating in H, at temperature up
to 1400 K.

(ii) By supporting CeO, on amorphous SiO,, owing to
the formation of smaller CeO; crystallites and to the H,
promoted redispersion effect a complete Ce(l1V) to
Ce(1Il) reduction is observed at a temperature of 1000 K.

(iii) The presence of Rh accelerates the redispersion of
CeO, crystallites and enhances CeQO, surface reduction
through the well known spillover effect.

(iv) Samples promoted with CeO, (particularly at low
CeO, loading) show a high activity in CO- methanation
relative to that of unpromoted Rh/SiO,. This is probably
related to the presence of surface vacancies at the inter-
face between Rh and reduced CeO-.

(v) High temperature reduction of Rh/CeOs and of Rh/
Ce0,/Si0, (with CeO; crystallites larger than 80 A) has a
positive effect on catalytic activity in CO, methanation.
The presence of bulk vacancies, which are formed in
large CeQ, crystallites after reduction at 773 K (but not
after a low temperature reduction), is believed to be the
driving force leading to CO, activation.
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