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Reduction of NO by CO catalysed by Rh/CeO,—ZrO; solid so-
lutions is investigated with the aim to elucidate the role of the
CeO,-ZrO; supports in modifying the activity of supported Rh. Two
distinct kinetic regimes, characterised by different activation ener-
gies are observed below and above 500 K. It is proposed that below
500 K the reduction of NO occurs at the expenses of a concomitant
oxidation of Ce’" sites. In this model, the supported metal activates
the reducing agent favouring the efficiency of Ce**/Ce>* redox cou-
ple. The influence of a high temperature reduction (H;, 1073 K) is
also investigated. Such a treatment, which increases the reducibil-
ity at low temperatures of the CeO,—ZrO; solid solution, promotes
the efficiency of the catalysts at low temperatures, confirming the
important role of the Ce**/Ce3* redox couple in determining the
activity of the catalyst.  © 1998 Academic Press
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INTRODUCTION

NO reduction by CO is a key step in the catalytic con-
trol of automotive exhaust. This reaction is responsible for
the removal of NO from the exhaust and it contributes to
the elimination of CO as well. Rhodium is added to the
commercial three-way catalysts (TWCs) due to its ability
to specifically enhance the NO conversion (1, 2). The high
activity of rhodium for NO removal is associated with its
ability to efficiently dissociate NO (1, 3). Due to the high
cost of rhodium, an increase in efficiency or use of substi-
tutes is of strong interest. Among the other components of
the TWCs, CeO; deserves a particular attention since mul-
tiple promoting effects were ascribed to this component
(1, 3, 4): (i) oxygen storage/release capacity; (ii) stabilisa-
tion of noble metal dispersion; (iii) promotion of the water
gas shift reaction. In addition to these properties, laboratory
studies showed that ceria favourably alters the kinetics of
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the NO-CO reaction (5). Therefore, the investigation of the
metal-ceria interactions induced effects on the conversions
of the exhaust is receiving much interest in the literature.
Short lived, but highly productive, enhancement of the con-
version have been observed over ceria containing TWCs
after a reductive pretreatment (6). Typically, after such a
treatment, light-off temperatures, e.g. 50% conversion of
CO and hydrocarbons (HC), are lowered by 50-100 K (7).
Significantly, also the NOy conversion was enhanced by such
areductive pretreatment. Either formation of highly active
sites at the interface between the metal and the reduced
CeO, or generation of a new active phase formed by mi-
gration of the metal into the ceria lattice have been sug-
gested to be responsible for this phenomenon. Recently,
metal covering by ceria particles has also been invoked (6).

It is noteworthy that all the investigations underline the
essential role of the reduced ceria in the formation of
the active catalyst. Recently, we showed that incorpora-
tion of ZrO, into the CeO; lattice strongly promotes the
reducibility of metal-loaded mixed ceria—zirconia oxides
(8). Moreover, we observed that on the reduced support,
NO decomposition promptly occurs (9, 10). This observa-
tion makes the investigation of the catalytic properties of
the metal-loaded CeO,—ZrO; catalysts of strong interest.
It should be noted, however, that in the previous studies
(9, 10) only low surface area samples were investigated, but
for catalytic applications, high surface area of the support
is desirable. The investigation of the reduction/oxidation
behaviour of high surface area Ces5Zr(50; disclosed an
unusual promotion of the redox behaviour upon repetitive
reduction/oxidation of the solid solution (11, 12). In the
present paper the catalytic behaviour of high surface area
Rh-loaded CeO,—ZrO, is addressed. The kinetics of the
reaction of NO by CO is examined with the aim of eluci-
dating the role of the support in promoting the activity of
the supported Rh. Favourable effects of CeO, on the ki-
netics of this reaction and evidence for a support involving
mechanism have been reported. In view of the previous
observation of the effects of a high temperature reduction
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on the redox properties of the CeqsZr50,, the influence
of such treatment on the catalytic properties is also inves-
tigated.

EXPERIMENTAL

Solid CexZr;_xO, (x=0.4-0.6) solutions were synthe-
sised by a homogeneous gel route from Ce(acac)s; and
Zr(O-Bu)4 precursors (Aldrich), according to previous re-
ports (13, 14). The support was calcined at 773 K for 5 h and
then impregnated by the incipient wetness method with
a solution of RhCls-nH,0O to obtain a Rh nominal load-
ing of 0.5 wt%, afterwards the catalyst was dried at 393 K
overnight and calcined at 773 K for 5 h. Hereafter these
samples are designated as “fresh” ones. 0.5 wt% Rh/Al,03
and Rh/CeO; were from previous studies (14, 15).

H; chemisorption was carried out at 233 K on a Microm-
eritics ASAP 2000 instrument. The adsorptionisotherm was
measured in the pressure range 100-400 Torr of H, and the
amount of H; adsorbed was evaluated by extrapolation of
the linear part of the isotherm back to zero pressure.

Catalytic experiments were carried out in differential
conditions using a U-shaped quartz micro reactor (NO
(1%) and CO (1-3%) in He, total flow 30 ml min~!,
GHSV = 12500-50000 h~1). Typically 0.04-0.08 g of the
catalyst were loaded between two layers of granular quartz
which acted as a preheater. Reaction temperature was mon-
itored by means of a thermocouple located in the catalyst
bed. The absence of diffusional limitations was checked.
Before the activity measurements, the fresh catalysts were
reduced at 473 or 1073 K in H, (20 ml min~?) for 2 h; H,
was desorbed at the reduction temperature in He flow for
2 h. The effluents of the reactor (NO, N, N,O, CO, and
CO,) were analysed by an on-line Hewlett—Packard 5890
II gaschromatograph equipped with a thermal conductivity
detector. Presence of O, in the effluents can be detected
at ppm level. The separation of the gaseous mixture, in-
cluding O,, was achieved by employing Hayesep A and
Porapak Q columns. Research grade purity gas mixtures
(>99.997%) were employed without further purification.
GLC analysis showed the presence of traces of N,O and N,
in the feed mixture which have been taken into account in
the conversion measurements. Temperature-programmed
oxidation (TPO) and reduction (TPR (CO)) experiments
using NO and CO as oxidant and reductant, respectively,
were carried in flow of NO or CO (1% in He, 30 ml min~!)
at a heating rate of 1 K min~! using the same equipment
employed for the catalytic measurements.

X-ray absorption near edge spectroscopy (XANES)
measurements were carried out at the EXAFS-I station
on the DCI accumulation ring (energy 1.85 GeV, current
300 mV) at LURE (Orsay, France). The spectra were col-
lected in the transmission mode, in the range of energies
5670-5790 eV and at a resolution of 0.3 eV. A channel-cut
Si 331 monochromator was employed and the ionisation
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chambers were filled with air. Absence of any contribution
to the spectrum of photons due to the third harmonic was
accurately checked. Preedge background was linearly fit-
ted in the region 5680-5710 eV, and this contribution was
then subtracted from the experimental spectrum. All spec-
tra were normalised to 1 at energy of 5790 eV. A thin film
(5-7 mg cm™2) of the catalyst was deposited onto a graphite
holder from an acetone suspension, which was then inserted
in an in situ XANES cell.

In situ IR spectra were recorded on a Perkin Elmer FT
2000 spectrometer as reported previously (15).

RESULTS

Description of the Fresh Metal-Free and Rh-Loaded
CeyZri—xO; (x =0.4-0.6)

The CexZr;_xO; (x=0.4,0.5, and 0.6) samples employed
in the present work feature respectively surface areas of
76, 64, and 60 m? gfl. XRD and Raman characterisation
suggested the attribution of the samples to ¢” phase follow-
ing the classification proposed by Yashima et al. (16) even
if the presence of ¢’ phase in the case of the Cey4Zr60>
cannot be excluded due to the broadness of the XRD
peaks. The ¢” phase is characterised by a cation sublattice
of Fm3m cubic symmetry, while the oxygen anions are dis-
placed from their ideal fluorite sites. Upon impregnation
with RhCl; - nH,O and subsequent calcination, no signif-
icant structural modification of the support could be de-
tected while the surface area decreased to 53 m? g~! in the
case of the Rh/Ce5Zry50, (14).

H/Rh values of 0.27 and 0.20 were measured for the
Rh/Ce 571050, by H, chemisorption at 233 K respectively
after reduction at 473 and 1000 K. As shown by Bernal
et al. for a Rh/CeO; catalyst (17), by lowering the adsorp-
tion temperature the rate of Hj spillover over the support
becomes negligible and a reliable H/Rh value can be mea-
sured. Our recent measurements suggested the validity of
this methodology also for these Rh/CeO,~ZrO, mixed oxi-
des (14).

NO Reduction by CO: Catalytic Activity of Reduced
Fresh Catalysts and the Influence of Ageing
in the Presence of NO and CO

The activity of the Rh-loaded CeyZr;_yO, (x=0.4, 0.5,
0.6) in the reduction of NO using CO as reductant was in-
vestigated in a flow reactor as described in the experimental
section. The fresh catalysts were reduced in H; at 473 for
2 h before testing the catalytic activity. A typical reaction
profile as a function of temperature is reported for the re-
duced fresh Rh/CegZrp 40, in Fig. 1. Similar behaviour is
observed also for the other catalysts. At variance with the
typical light-off behaviour of supported Rh catalysts, the
conversion versus temperature curve of the reduced fresh
Rh/Ceg 7140, shows a noticeable increase of both NO
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FIG.1. NO conversion profile vs temperature for NO/CO reaction
after an initial period of 60 min at 300 K on Rh/Ce¢Zr(4O>: (W) Selec-
tivity in N>O formation and (A) CO conversion measured on a freshly
reduced catalyst; (®) NO conversion measured in (1) run-up experi-
ment on a freshly reduced catalyst, (2) run-down experiment on an aged
catalyst. Reaction conditions: weight of catalysts 50 mg, total flowrate
40 ml min~%; CO (3%), NO (1%) in He, heating/cooling rate 1 K min™".

and CO conversions at low temperatures peaking at about
470 K. Upon increasing further the temperature, the con-
version increases again, reaching 100% above 600 K. The
conversion of CO follows a different pattern; besides the
peak/shoulder at 470 K, an additional peak/shoulder is ob-
served at about 550 K which is associated with the change
of selectivity in the NO conversion from N,O formation to
give N, as main product. The peak at 470 K in the NO con-
version is no longer observed when the catalyst, aged in the
NO/CO mixture above 500 K, is immediately recycled in a
run-up or run-down experiment. In this case, a typical light-
off behaviour is observed as shown for the NO conversion
in Fig. 1, trace 2. Apparently, the low temperature “active”
state of the catalyst is destroyed upon increasing the tem-
perature in the reaction conditions above 500 K. However,
when the catalysts is re-reduced in H; at 473 K, the low
temperature “active” state is regenerated and the reaction
versus temperature profile equals that reported in Fig. 1.
This experiment indicates that new sites that are active at
low temperatures are generated in the catalyst upon reduc-
tion and that they undergo a reversible deactivation above
500 K. It is worth noting the conversion of NO occurring at
room temperature before the catalyst was heated up in the
flow of reactants. In these conditions no measurable CO
conversion is observed and no O is detected in the efflu-
ents of the reactor, which indicates that NO is decomposed
at the expense of a concurrent oxidation of the support. We
recall that before the experiment the catalyst was reduced
at473 K for 2 h.

The presence of Ce>' in the support after reduction at
473 K and its oxidation to give Ce** is confirmed by in situ
XANES spectra taken at the Ce Ljjy edge on the Rh/
Ce5Zr) 50, catalyst (Fig. 2). The calcined Rh/Ce(5Zr(50;
(Fig. 2, spectrum 1) shows a typical Ce Ly absorption edge
of a pure Ce(IV) compound with three distinct lines de-
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noted A, B,, and C, respectively. With the resolution here
employed, a structure B appears as a shoulder of the in-
tense B, line. Attribution of these lines have been discussed
in detail ((18) and Refs. therein). The Ce(I1I) state is char-
acterised by a white line denoted By which is observed re-
gardless of the nature of the Ce(III) compound. This line
is shifted to higher energy by 1.85 eV from the Bj line.
Upon reduction at 473 K of the calcined sample, substan-
tial amount of Ce®* is formed as shown by the appearance
of the By line in spectrum 2 of Fig. 2. A quantitative eval-
uation of the amount of the Ce** present, carried out by
deconvolution and fitting the Ce*"/Ce** XANES spectra
as described in Ref. (18), gives a value of 40%. This value
is in excellent agreement with the value of 39% evaluated
from the TPR of the Rh/Ce(5Zr(50,. A room temperature
treatment of the reduced sample in flow of NO and CO
causes a substantial oxidation of the sample as detected by
the decrease of intensity of the By line. After two hours of
reaction, a residual amount of about 10% of Ce3* is evalu-
ated (Fig. 2, spectrum 3). Upon heating up to 473 K in the
flow of NO and CO, support oxidation proceeds further to
obtain the spectrum 4 of Fig. 2 which is very similar to that of
the starting sample. Quantitative evaluation indicates that
no Ce>* is present after such treatment. It should be noted,
however, that due to the ovelapping of the Ce** white line
with the Ce** features, the reliability of this method for
amounts of Ce*" smaller than 5% is quite poor (18).

The reaction rates were measured in steady state condi-
tions after 6-8 h of reaction at 473 K over both fresh reduced
and aged (see below) catalyst. Typically, reduced fresh
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FIG. 2. [n situ XANES spectra of (1) fresh Rh/Ce(5Zr(50;, (2) Rh/
Ce5Zr950; reduced in H; at 473 K for 2 h, (3) Rh/Ce( 5Zr(50; from (2),
treated in NO—CO at 295 K for 2 h, (4) Rh/Ce(5Zr( 50, from (3), treated
in NO-CO at 473 K for 2 h.
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FIG. 3. The effects of thermal cycles up to 773 K and ageing at
473 K in NO-CO mixture on the (@) NO and (H) CO conversions on
Rh/Ce5Zr) 50, reduced at 1073 K. Reaction conditions: weight of cata-
lysts 50 mg, total flowrate 40 ml min~!; CO (1%), NO (1%) in He, heat-
ing/cooling rate 1 K min~!. Points corresponding to the activity of (1)
“fresh” and (2) partially deactivated catalyst (compare text).

catalysts show a high initial activity, which slowly (4-6 h)
decreases to a stationary value. An initial decrease of cata-
lytic activity is generally observed over supported Rh cata-
lysts (15, 19); however, compared to Rh/Al,O3, a strongly
enhanced NO conversion is initially observed over the re-
duced Rh/CesZr(50;: after 5 min on-stream at 473 K (re-
action conditions as reported in Fig. 3), NO conversions
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of 6 and 70% are observed respectively for Rh/Al,O3 and
Rh/Ceq 571 50;. Consistent with the experiment shown in
Fig. 1, the NO conversion initially exceeds that of CO due
to an initial NO conversion occurring partly at the expense
of a Ce** oxidation. No oxygen is detected in the outlet of
the reactor.

The steady state activity of the reduced fresh Rh/Cegs
71950, is more than threefold higher than that of either
Rh/Al,O3 or aged catalyst, confirming the presence of a
low temperature “active” state of the catalyst. The steady
state data obtained on a reduced fresh (473 K) Rh/CeO,,
Rh/Ceq ¢Z140;, and Rh/Ce( 4Zr1¢ 60O, catalysts are also in-
cluded in Table 1. The consistency of both the reaction rates
and activation energies measured on the Rh/CeO,—ZrO,
samples shows that, in the range of the compositions inves-
tigated, the modification of the catalytic activity compared
to Rh/Al,O3 should be associated with the presence of ceria
in the mixed CeO,—ZrO; oxide rather than to a particular
composition of this type of oxides. Accordingly, the high
surface area Rh/CeO (surface area 194 m? g~!) shows the
same kind of phenomena, e.g. initial oxidation of the prere-
duced support and the presence of a low temperature “ac-
tive state” which is reversibly deactivated under NO—-CO
mixture (Table 1).

The catalytic behaviour of the Rh/Ceq5Zr(50, and the
effects of ageing in NO and CO and of various treatments

TABLE 1

Reaction Rates and Apparent Activation Energies Observed over Rh/Al,03, Rh/CeO;, and Rh/CexZr;_4O; (x = 0.4-0.6) Catalysts

Activation energy®

. b (kJ mol~1)
Reaction rate’

Run’ Catalyst Pretreatment (x10%) Run up Run down
1 Rh/ALO3 H,,473K,2h 70 115 121
2 NO + CO, 473-773 K 32 134 131
3 Rh/CeO, H,,473K,2h 1120 — 96
4 NO + CO, 473-773 K 83 89 122
5 H,, 1073 K,2h 130 57 118
6 NO + CO, 473-773 K 97 81 118
7 Rh/Ce4Zrp 60, H,,473K,2h 331 67 93
8 NO + CO, 473-773 K 90 85 87
9 Rh/Ce6Zrp 40, H,,473K,2h 336 67 86

10 NO + CO, 473-773 K 46

11 Rh/CeO_SZr0_502 Hz, 473 K, 2h 224 66 87

12 NO + CO, 473-773 K 117 118 138

13 NO + CO, 473-773 K¢ 25 129 139

14 H,,473K,2h 27 120 146

15 0,,700 K, 0.5 h, 43 123 129
H,,473K,2h

16 0,,700 K, 0.5 h, 179 86 106
H,,1073K,2h

17 NO+ CO, 473-773 K 157 92 110

18 NO + CO, 473-773 K¢ 124 94 113

“ Reaction conditions as reported in Fig. 1 (runs 1-10) and Fig. 3 (runs 11-18).
b Moles of NO converted (g catalysts)™ s™!, measured in steady-state conditions at 473 K.
¢ Measured during the run-up/run-down cycles in the range of temperatures 473-530 K. Conversions <20%, Standard deviation +8 kJ mol ™.

4 Aged catalyst.
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were examined in detail (Table 1). Typically, after the ini-
tial pretreatment in Hj, the catalyst was aged at 473 K in a
NO/CO mixture for 8 h and then the steady state activity was
measured (here-in-after, this activity is indicated as that of
a “fresh” catalyst, Table 1, runs 1, 3,7, 9, 11). Afterwards,
the catalysts were subjected to a thermal cycle such as de-
picted in Fig. 3, in the presence of the reactants up to 773 K
(heating/cooling rate 1 K min~!). The apparent activation
energies for NO and CO were measured during both run-up
and run-down part of the thermal cycle. After the first ther-
mal cycle, the catalysts were allowed to react at 473 K for a
further 8 h before the activity of the “partially deactivated”
catalyst was measured (Table 1, runs 2, 4, 8,10, 12). The ac-
tivation energies were then measured as above-described.
To investigate the long-term activity, in some experiments
such thermal cycles were repeated several times. This sys-
tem is indicated as “aged” catalyst in Table 1. Generally
speaking, the active state of the catalyst generated by the
initial reduction at 473 K slowly decays upon thermal cycles
in the presence of NO and CO (Table 1, runs 11-13). Reac-
tion rates were measured on the aged catalyst at 473 K by
varying the pressure range 7-25 Torr both for the NO and
CO. The data were fitted to a power type law:

Rate (NO conversion) = knop(NO)™p(CO)".

The following values were obtained: kno =3.2 £ 0.5 10~8ml
g;altalyst s7!, m=-0.20£0.07, n =0.24 £ 0.02. For compari-
son, Pande and Bell reported for the same reaction values
of m varying between —0.37 and —0.15 and n varying be-
tween 0.04 and 0.08 for Rh supported on SiO,, Al,O3, MgO
(20).

Noticeably, the reduction at 473 K of the aged catalyst is
no longer effective to recover the initial high activity of the
fresh catalyst (Table 1, run 14). Formation of some carbon
deposits on the catalyst in the reaction conditions should
be discarded as a cause of the deactivation since oxidation
at 700 K and subsequent reduction at 473 K does not signif-
icantly modify the behaviour of the aged catalyst (Table 1,
run 15). On the contrary, after the reduction at 1073 K of
the aged Rh/Ce(s5Zr(50,, the initial high activity compara-
ble to that of the “fresh” catalyst is recovered (Table 1, run
16). The reduction at 1073 K strongly modifies the behavior
of the catalyst in the thermal cycles previously described.
Also, in this case a partial deactivation is induced by the
thermal cycles; however, upon decreasing the reaction tem-
perature to 473 K, a slow, partial reactivation of the catalyst
is observed as illustrated in Fig. 3. The activation energy
for NO conversion measured during the run-up is about
86-94 kJ mol~! in subsequent thermal cycles (Table 1, runs
16-18). Noticeably, the light-off temperatures for NO con-
version slowly increased by about 35 K, both for the run-up
and run-down experiments with the aging of the catalyst.
However, upon oxidation at 700 K and subsequent reduc-
tion at 1073 K, the light-off temperatures appeared fairly
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FIG. 4. The effects of thermal cycles up to 773 K and ageing at 473 K
in NO-CO mixture on light-off temperatures for NO conversion of
Rh/Ce5Zry50, reduced at 473 and 1073 K. Reaction conditions as re-
ported in Fig. 3.

constant with values similar to those observed over the fresh
catalyst (Fig. 4).

Summarising, reduction in H; at 473 K of the Rh sup-
ported on the CeO,—ZrO;, generates an “active” state of
the catalyst which slowly decays with time on stream in the
NO/CO mixture. However, this active state can be regen-
erated upon reduction at 1073 K. Moreover, this treatment
makes the active state more resistant towards the ageing
of the catalyst. In comparison, the NO conversion over
Rh/CeO; decreases by about one order of magnitude after
this treatment.

The values for the apparent activation energies reported
in Table 1 were averaged over the entire range of tempera-
ture (473-530 K) considered. It should be noted, however,
that in the run-up experiments which were carried out
after the catalysts was subjected to reaction conditions
for at least 6-8 h, two regions, characterised by distinct
activation energy, were observed in some experiments.
This is consistent with previous observation that on highly
dispersed Rh/Al,O3 catalysts two regions characterised
by distinct activation energies were observed (15). The
presence of two kinetic regimes was associated with a shift
of the rate-limiting step for the NO—CO reaction at high
temperatures (3) and references therein. Recent evidence
suggests that, in the case of Rh/Al,Os3, it is best attributed
to a variation of rhodium particle morphology due to the
occurrence of particle agglomeration/disruption processes
induced by CO (15).
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TABLE 2

Apparent Activation Energies Measured in Steady-State
Conditions over Rh/Ceg 5Zr( 50,

Activation energy

Range of (kJ mol ™)
temperature
Pretreatment (K) NO CO N, N,O
H,, 473 K 471-497 K 82 52 104 77
497-526 K 125 111 126 124
H,, 1073 K 476497 K 77 60 107 67
497-517K 138 125 129 142

“ Apparent activation energy for NO and CO conversions, N, and N,O
formation. Standard deviation 48 kJ mol ™',

There is a noticeable decrease of the activation ener-
gies measured over the freshly reduced Rh/CeyZr;_xO,
(x=0.4-0.6) catalysts, compared to the freshly reduced
Rh/Al,O3. Upon ageing of the Rh/Ce(s5Zr( 50, catalyst in
the reaction conditions, the activation energy increases to
120-130 kJ mol~!. This value is of the same order of that
observed over the Rh/AL,Os.

This increase of the apparent activation energy appears
related to the kinetics of the transformation of the catalyst
in the course of the run-up/run-down experiments. Table 2
reports the apparent activation energy measured in steady
state conditions over the aged Rh/Ceg sZr( 50, catalyst. Two
distinct kinetic regimes characterised by different activa-
tion energies are observed below and above approximately
500 K. It is worth noting the activation energy observed
for the NO conversion below 500 K, which is compara-
ble to that observed on both fresh and reduced (1073 K)
Rh/Cey57Z1950;. A perusal of reported data reveals that
the low activation energy observed below 500 K for NO
conversion is mainly associated with the reduction of NO
to give N,O, while the activation energy for N, formation
is somewhat higher.

To investigate whether CO-induced oxidative disrup-
tion/reductive agglomeration phenomena were present in
our system, the Rh/Ce(5Zr( 50, was treated in flowing CO
(2%)/Ar mixture in an in situ IR cell (21). The IR spectra
reported in Fig. 5 reveal only the presence of Rh(I) dicar-
bonyl, as detected by the bands at 2080 and 2008 cm™.
The occurrence of this species at both 473 and 523 K indi-
cated that the particle morphology does not change under
these conditions. Conversely, reductive agglomeration of
the Rh(I) dicarbonyl to give large Rh particles was observed
in an equivalent experiment using Al,O3 as support (15).

Temperature Programmed Oxidation and Reduction
Using NO and CO as Oxidant and Reductant

In order to get further insight on the nature of the active
sites formed by reduction we carried out some temperature-
programmed reduction and oxidation experiments using
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FIG. 5. Insitu IR spectra of fresh Rh/Ceg5Zrs0; in flow of CO (6%
in He, flowrate 20 ml min~") at (1) 473 K and (2) 523 K.

CO and NO as reductant and oxidant, respectively. These
experiments, in principle, allow one to investigate sepa-
rately the two steps of the NO-CO reaction. The results
are illustrated in Figs. 6 and 7. For comparison the TPR
experiments using H; as reductant are shown in Fig. 8. The
amount of oxygen exchanged in the TPO/TPR experiments
is reported in Table 3.

The TPO of reduced (Hy, 473 and 1073 K) fresh Rh/
Ceo5Z1050, shows a partial oxidation of the support at
room temperature, while most of the oxidation occurs in
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FIG. 6. Temperature programmed oxidation using NO as oxidant of
(1) fresh Rh/Ceq 5Zr( 50, reduced in H; at 473 K, (2) Rh/Ce(s5Zr( 50, re-
duced in H; at 1073 K, (3) sample from experiment (2) reduced in CO at
773 K.
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FIG.7. Temperature programmed reduction using CO as reductant
of Rh/Ce5Zr(50,: (1) fresh catalyst; (2) catalyst reduced in H, at 1073 K
and then oxidized in NO at 700 K; (3) sample from experiment (2) oxidized
in NO at 700 K.

a single broad feature peaking at 400-470 K. The amount
of exchanged oxygen depends on the temperature of re-
duction and it is about 1.5 fold higher after the reduc-
tion at 1073 K, compared to that at 473 K. It is worth
noting that N,O is formed almost exclusively in the TPO
experiments.

1

VA N
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500 700 900 1100 1300
Temperature (K)

300

FIG. 8. Temperature programmed reduction using H, as reductant
of Rh/Ce5Zrs0,: (1) fresh catalyst; (2) catalyst from experiment (1)
oxidised by pulses of O (0.092 ml in Ar) at 700 K.
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TABLE 3
Amount of O, Exchanged in the TPR/TPO Experiments

O, exchanged

Run Experiment” Pretreatment (ml g}

1 TPO (1) H,, 473K 12

2 TPR (1) NO, 773 K 17

3 TPO (2) H,, 1073 K 16

4 TPR (2) NO, 773 K 18

5 TPO (3) CO,773K 17

6 TPR (3) NO, 773 K 18

7 TPO NO +CO, 523 K 0.9

8 TPO NO +CO, 473 K Traces

“ Sample recycled from a preceeding run, except for run 1.
b (1), (2), (3) values obtained in the experiments described in the cor-
responding curves of Fig. 6 (TPO) and Fig. 7 (TPR).

After a CO reduction, the room temperature feature of
the TPO spectrum is no longer present, while the oxidation
at 400470 K appears unaffected. The TPR (CO) of the
Rh/Ce( 571y 50,, reduced in H; at 473 K and then oxidized
in NO, shows two peaks at 480 and 570 K. A further, less in-
tense, reduction feature appears also at 740 K. Consistently
with the TPR (Hy) results, the reduction in H; at 1073 K
modifies the reduction behaviour of the Rh/Ceys5Zry505;
instead of the peaks at 480 and 570 K, a single strong re-
duction feature centred at 500 K is observed in the sintered
sample and the peak at 570 K now appears as a shoulder of
the peak at 500 K.

The comparison of the NO conversion profiles with the
NO conversion during the NO—CO reaction is of interest.
Afterareductionin CO upto 773 K, the NO conversion ver-
sus temperature curves of the TPO (Fig. 6, trace 3) and the
NO-CO reaction show qualitatively similar patterns from
room temperature up to 500-550 K. An apparent activa-
tion energy for NO conversion of 75 kJ mol~! is measured
at conversions <20% for both the experiments which sug-
gests that the same mechanism is operating in the two cases.

As shown by XANES, in the presence of NO and CO, ox-
idation of the Ce>™ sites occurs, however, residual amounts
of Ce** would have escaped this technique. The presence of
oxidisable species in the reaction conditions was therefore
analysed by the TPO technique (Fig. 9). A sample reduced
in Hy at 1073 K and then oxidised in a TPO experiment was
treated in the flow of CO and NO at 473 K until the steady
state conditions were attained. After desorbing of the re-
actants in He flow at the reaction temperature, the sample
was cooled to room temperature and subjected to a TPO
run to determine the amount of the oxidisable species. The
same experiment was then repeated by increasing the reac-
tion temperature to 523 K, e.g. at a temperature where the
“active” state is destroyed. Almost negligible N,O forma-
tion is observed on the catalyst which has been treated in
NO-CO at 473 K while appreciable N,O formation occurs
over the sample treated at 523 K, indicating the presence
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FIG.9. Temperature programmed oxidation using NO as oxidant of Rh/Ces5Zr(s0; subjected to NO—CO reaction at (1) 523 K and (2) 473 K.

of oxidisable species in the latter case. No reaction occurs
at room temperature, suggesting that either bulk oxygen
vacancies or the rhodium particles are oxidised in the TPO.
As shown above, surface Ce’* sites would be oxidised at
room temperature.

DISCUSSION

The present data clearly are evidence of animportantrole
of the CeO,—ZrO, in modifying the catalytic activity of sup-
ported rhodium. Comparison with the Rh/Al,O3 discloses
a strong increase of activity over the reduced fresh catalyst
which is associated with the ability of the Rh/CeO,~ZrO,
to undergo reduction of the support at low temperatures.
The reduction affects the activity mainly in three ways:

1. A strong, transient increase of NO conversion which
is observed already at room temperature.

2. An “active” state of the catalyst which exists below
500 K in the reaction conditions and which is reversibly
deactivated above this temperature.

3. Reductionin H; at 1073 K improves the durability and
the reversibility of the formation of the “active” state.

As far as the first aspect is concerned, the transient in-
crease of activity in the NO conversion is associated with
a very rapid interaction of NO with oxygen vacancies gen-
erated by the reduction with the consequent oxidation of
Ce’* sites. As shown by previous work, reduced ceria con-
taining moieties are easily oxidised by weak oxidants such
as CO,, HyO, and NO (22,23). The Ce**/Ce>* redox couple
interacts with NO, giving mainly N,O, even if some forma-
tion of N; is observed at the initial stage of reaction (Fig. 1).
In agreement with previous observations, the driving force
for this initial rapid process appears to be the presence of

oxygen vacancies in the bulk (10). Upon interaction with
NO, the surface is rapidly oxidized and a gradient of oxygen
vacancies from the bulk to the surface is generated. Under
the effects of the gradient, oxygen vacancies are forced to
migrate out from the bulk of the solid solution, creating
new sites on the surface for further NO reduction. This is
supported by the XANES measurements, even if we cannot
fully discriminate on its basis whether the oxidation occurs
at room temperature on the surface only or also in the bulk.
Generally speaking, XANES is a bulk-sensitive technique;
however, in the presence of a relatively large surface area,
also, the contribution of the surface cannot be disregarded.
Oxidation in the bulk of a reduced Rh/Ce ¢Zr 40> of low
surface area solid solution occurred at 490 K (10). In con-
trast, a complete oxidation of a high surface CeO, occurred
at room temperature (22). It appears that in the high sur-
face area Rh/Ce5Zr(50,, the presence of defects favours
a partial oxidation in the bulk, even at room temperature.

The presence of defective structure in the high surface
area sample is substantiated by the density measurements.
Using a He pychnometer a density of 6.40 g ml~! was
measured which is lower than the value 6.80 g ml~! calcu-
lated from the XRD data. When the sample is sintered, the
oxidation in the bulk is hindered and it occurs at higher
temperatures. Temperature-programmed oxidation using
NO as oxidant supports this idea since we observed for a
Rh/Ceq ¢Z1(40; sample sintered to obtain a surface area of
about 10 m? g ! that the oxidation was split in two processes
occurring at room temperature and 490 K.

As shown by the XANES spectra, most of the oxygen va-
cancies have been annihilated after interaction with NO at
room temperature, leading to Ce*" oxidation. A fully oxi-
dised sample is obtained at 473 K in the presence of CO and
NO. This strongly suggests that the oxygen vacancy gradient
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is not responsible for the “active” state of the catalyst (point
2). However, it should be noted that the support definitely
plays an active role in the generation of this active state
as is evidenced by the above-reported comparison of the
observed reaction orders.

While the dependence of the reaction rate on the NO is
comparable to those observed for the conventional sup-
ports, the CO dependence shows a significantly higher
value. Similar deviation of the pressure dependence were
also observed over Rh/TiO, and attributed to an active
role of the support in the NO-CO reaction. A possible di-
rect participation of the support in the reaction network
is substantiated by the TPR/TPO experiments. Both the
TPR and TPO experiments clearly show that oxygen ex-
change around 400-500 K is strongly favoured on these
supports. Notably, the oxidation of the reduced support
occurs at lower temperatures, compared to the reduction
with CO, since, with exception of the reduced fresh (473 K)
Rh/Ceq 57150, the former process is almost complete by
500 K. On the contrary, the reduction using CO as reduc-
tant is peaking at about 530-550 K. This observation ap-
pears consistent with the observed pressure dependence of
the reaction rate. If it is assumed that the interaction of NO
with the reduced support is responsible for N,O formation,
then one could expect a positive reaction order in CO pres-
sure, keeping in mind that the reduction of the support is
less favoured, compared to the oxidation. Increasing the
CO pressure, reduction of the support is favoured which
allows an easy conversion of NO on the support.

The features observed in the TPR/TPO experiments
deserve some further comments. The shift of the peak due
to bulk oxidation with the temperature of reduction may
be attributed to a different degree of reduction. Upon
reduction of Ce**, the lattice parameter increases due to
the higher ionic radius of Ce** (0.110 nm vs 0.097 nm). This
more open structure will result in higher oxygen mobility in
the bulk, accounting for the lower peak temperature after
the reduction at 1073 K. It can be argued, however, that,
one should expect in the subsequent TPO, e.g. that after a
reduction by CO of the sintered catalyst, the same shift of
the oxidation towards lower temperature compared to the
H,, 473 K-treated catalyst, since the degree of reduction is
approximately the same after both the H,, 1073-K and the
subsequent CO reduction. It should be noted, however,
that, even though the degree of reduction is quite similar in
the two cases, there is another important difference in the
TPO when H, and CO are used as reductant; there is no ox-
idation of the support occurring at room temperature when
CO is used as reductant. Formation of surface carbonates
during the CO reduction could easily account for the lack
of surface oxidation and, perhaps, they can also account for
the shift of the oxidation in the bulk towards higher temper-
ature. Oxidation in the bulk can be viewed as a migration of
bulk oxygen vacancies towards the surface of the support.
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The driving force for the migration of the oxygen vacancies
will be then the gradient of the oxygen vacancies from the
bulk to the surface. The presence of surface carbonates
modifies the surface, compared to a reduction in H,, when
surface carbonates are eliminated. Oxidation of the surface
is indeed hindered and consequently oxidation in the bulk
would be also less easy. Heating of CeO; at 673 K in the
presence of CO led to the formation of surface carbonates
(24).

Surface carbonates could also play an important role in
the progressive deactivation of the fresh catalyst. If the sup-
port is responsible for the NO conversion, then accumula-
tion of surface carbonates may well hinder the ability of the
reduced support to efficiently reduce NO.

An important observation of the present work is the
enhanced catalytic activity after the reduction at 1073 K.
In this regard it should be recalled that reduction at high
temperatures strongly modifies the redox properties of
the present Rh/Ce5Zr( 50, catalyst (11) as exemplified in
Fig. 8. We refer the reader to previous work (11) for a full
discussion of this unusual reduction behaviour; however,
with respect to the present results, it is worth noting that
the initial TPR experiment (e.g., reduction up to 1273 K)
strongly improves the reducibility of the support at low tem-
peratures (Fig. 8, trace 2). It is also worth noting that no
appreciable decrease of the oxygen uptake/release ability
was detected upon repeated TPR/oxidation experiments
(11). This observation is also confirmed by the present
results which show a reasonable agreement between the
amounts of oxygen released and accumulated respectively
in the TPR and TPO experiments (Table 3). The value of
12 ml g~! observed after the reduction in H, at 473 K is
associated with an incomplete reduction of the support
(compare Fig. 8). Improvement of the redox properties
of the support after the reduction at 1073 K could there-
fore be responsible for the better performances of the
Rh/Ce 571050, catalyst at low temperatures.

In fact, attributing the formation of the active state upon
reduction at 1073 K to a strong metal support interaction
type of effect should be disregarded on the basis of the fol-
lowing observations: reduction at 1000 K decreased the H,
chemisorption on the Rh/Ce 57150, by about 35%; how-
ever, the observed H/Rh =0.20 appears to be sufficiently
high to exclude that the catalyst has entered into a deep
SMSI state. Moreover, it was shown that the SMSI state is
reversed in the presence of oxidants such as H;O and CO,
formed in the CO or CO, hydrogenation (25).

Also the catalytic behaviour of the Rh/CeO; confirms
this interpretation.

Reduction of Rh/CeO; at 1073 K induces a strong sinter-
ing of the support, leading to a loss of redox abilities at low
temperatures (14). At the same time a strong deactivation
of the Rh/CeO; occurs (Table 1), confirming the crucial role
of ZrO; in improving the catalytic performances.
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There is another open question which needs an answer:
Why the low temperature “active” state of the catalyst is
reversibly deactivated above 500 K? At present we do not
have a fully satisfying response to this important question;
however, some suggestions can be advanced. As written
above, the change of the activation energy with tempera-
ture was previously attributed to a variation of Rh particle
morphology in the reaction conditions induced by CO (11).
COin this case has a dual role: above 500 K it favours aggre-
gation of the Rh particles supported on Al,O3, while below
500 K it induces an oxidative disruption of Rh particles as
detected by formation of the >Rh!(CO), species (15). The
latter process is further favoured in the presence of NO.
The in situ IR spectra of Rh/CesZrysO, show only the
presence of the rhodium dicarbonylic species in the pres-
ence of CO at both 473 and 523 K (Fig. 5). This observation
rules out that Rh particle agglomeration/disruption should
be responsible for the observed variation of the activation
energy.

The observation of the presence of the geminal dicar-
bonyl at 523 K clearly suggests that the Ce( sZr( 50, support
effectively stabilises the rhodium dispersion in the reaction
conditions.

The TPO experiments carried out after the catalysts has
been subjected to the CO/NO mixture at473 and 523 K may
give some insight. As matter of fact, traces of oxidisable
species were found after the treatment at 473 K while a
significant amount was found in the other case (Fig. 9). The
relatively small amount of the oxidisable species found in
the latter case suggests that they can be related to surface or
subsurface region of the catalyst. A facile NO conversion is
observed only on the carbonate-free surface which accounts
for the peak temperatures observed in Fig. 9.

The improved NO conversion below 500 K can be ratio-
nalised according to a catalytic cycle depicted in the scheme
which suggests a new role both for the supported metal and
support itself.

Rh Rh --- CO
%2 '>—<
3+ 4+
Ce Ce--0
NO 1/2 N2
2 NO N O

In this scheme, the NO conversion occurs at the expense
of the Ce**/Ce*" redox couple, while the supported metal
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favours creation of the oxygen vacancies by activation of
the reducing agent. Immediately after the reduction, bulk
oxygen vacancies appear to be involved in the transient
high conversion of NO. The presence of the oxygen va-
cancy gradient and the carbonates free surface provide the
additional driving force which allows a fast and complete
oxidation of the support. Once the oxygen vacancies are
filled, the durable (vide infra) “active” state of the catalyst
is observed at 473 K. In these conditions, the surface or sub-
surface regions appear to be involved in the catalytic cycle.
As a matter of fact, the positive pressure dependence on
the CO pressure cannot be easily rationalised on the basis
of a catalytic cycle based on Rh alone. Increase of the CO
pressure should favour an increase of coverage by CO of
the metal surface which would reasonably interfere both
with the NO dissociation and/or N-pairing which were sug-
gested as rate determining steps in the NO conversion on
Rh (3).

As indicated by the TPO experiments, NO efficiently ox-
idises the reduced support below 500 K, and consistently,
traces of oxidisable species were detected after the NO-CO
reaction at 473 K. On the contrary these species were de-
tected after the reaction at 523 K, suggesting a reduced state
of the Ce 5Zr( 50, surface in NO/CO at 523 K. According to
this observation, the “active” state of the catalysts is present
as long as the reduced surface is able to interact with the
NO and reduce it to N;O, e.g. below 500 K. Above 500 K,
reduction of NO which refills surface oxygen vacancies is
no longer effective due to the high lability of the surface
oxygens. According to this model the driving force for NO
reduction is related to the stability of the surface oxygen
vacancies according to the equilibrium:

2Ce*™ 4+ V. 41/20, = 2Ce** + O,

where V' and Oy indicate respectively surface oxygen va-
cancy and surface oxygen.

Below 500 K, the equilibrium would be shifted to the
right which provides the driving force for the reduction of
NO. Above 500 K, the equilibrium is shifted to the left
and the catalytic cycle mediated by CeO,—ZrO; is deacti-
vated. On the basis of the present results, it cannot be dis-
cerned if only the surface is involved in the “active” state
of the catalysts or whether near-surface sites participate as
well. The high activity of the catalyst after the reduction
at 1073 K suggests that the subsurface region may be in-
volved. Upon a reduction at 1000 K of the Rh/Ce 5Z1¢ 50,
the surface area decreased from 53 m? g ! to 18 m? g~! which
reasonably should induce a partial deactivation of the cata-
lyst. In agreement, long-range effects have been recently
invoked to explain the participation of the lattice oxygens
in the oxidation of CO over a Rh/CeQ); catalyst (26).

In conclusion, the present work discloses twofold ef-
fects of a reduction in H; on the catalytic activity of
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Rh/CeO,~ZrO; catalysts in the reduction of NO by CO:
(i) highly productive transient NO conversion which is asso-
ciated with an oxidation in the bulk of the reduced support;
(ii) an “active” low-temperature state of the catalysts which
is associated with the ability of the support to promote NO
reduction.

Furthermore, the stability of the Rh/Ce( 5Zr( 50, against
deactivation upon sintering is evidenced which makes these
systems very attractive for any catalytic redox process de-
manding high thermal stability.
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