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The influences of low-temperature redox cycling and of the
presence of chloride on the redox and chemisorptive properties
of Rh/Ceg§Zrp 40, were investigated by means of volumetric hy-
drogen chemisorption, temperature-programmed reduction, and
temperature-programmed desorption. This was achieved by con-
ducting experiments on two samples of the material prepared
from nitrate and chloride precursors. For the purposes of com-
parison, some parallel investigations were also conducted on the
pure support. The results demonstrate that the interaction of Rh/
Cep6Zr0.40, with hydrogen is critically dependent not only on the
presence of chloride but also on the specific treatments applied to
the sample. The most important effect of chloride is that it inhibits
the extent of vacancy creation at common operating temperatures
of working three-way catalysts, thereby highlighting the unsuitabil-
ity of chloride-based preparations for such materials. While some
chloride can be removed under the low-temperature cycling con-
ditions employed, the extent of this removal is small, and a lower
degree of reduction was attained by the chloride sample throughout
the series of experiments.  © 2000 Academic Press

Key Words: rhodium; ceria—zirconia; CeO,-ZrO, solid solutions;
chloride; redox properties; spillover; three-way catalyst; oxygen
storage.

1. INTRODUCTION

Primarily due to their application in automotive three-
way catalysis there has been a growth in interest in ceria—
zirconia mixed oxide solid solutions in recent years, as ev-
idenced by their frequent appearance in both the scientific
and the patent literature (1). These materials are being in-
cluded in recent three-way catalyst formulations as oxygen
storage components. The ability of a three-way catalyst to
store oxygen under net oxidising conditions and release it
under net reducing conditions—also known as its oxygen
storage capacity (OSC)—has been regarded as being cru-
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univ.trieste.it. Fax: +39 040 6763903.

326

0021-9517/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

cial to efficient three-way operation since the inclusion of
ceria in formulations to achieve this purpose in the 1980s
(2). In this function ceria-zirconia mixed oxides are con-
sidered to be superior to ceria and are therefore viewed as
a more promising alternative. The importance of efficient
oxygen storage behaviour has attained added significance
in light of the proposal within EURO phase 1V legislation
to make it part of test procedures.

The advantages of ceria-zirconia materials over ceria
stem largely from their enhanced reducibility and ther-
mal stability. Although the exact behaviour depends on
many factors, such as composition, texture, and pretreat-
ment regimes, in general, it is true to say that in com-
parison to ceria these materials exhibit equal or enhanced
reduction, which is the more difficult step of the redox pro-
cess (3-6). Furthermore, they are able to maintain or even
improve their reduction behaviour after high-temperature
treatment, a step that effectively deactivates corresponding
ceria materials.

A great deal of research effort has been directed toward
understanding the reduction process over these oxides and
their supported noble metal (NM) analogues. Of consider-
able importance in this regard is their interaction with H,
which is the first step in the reduction mechanism. Inter-
action between the metal and the support has been shown
to promote activation of hydrogen on the support surface,
which is generally perceived to occur through spillover of
hydrogen from the metal to the support. This results in
lower reduction temperatures relative to those of metal-
free materials. Accordingly, the hydrogen handling ability
of the material at low and high temperatures is an important
variable for these processes.

A further consideration in this regard is the ability of
ceria-based materials to retain chloride from preparation
procedures involving the use of a chloride precursor. The
influence of support-retained chloride on the chemisorp-
tion and catalytic behaviour of supported metal samples
has been well documented (7,8). To our knowledge no
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consideration has been given to the influence of this vari-
able on ceria—zirconia supported samples.

The effects of NM loading on the redox behaviour of
Ceos5Zro50;, have been recently addressed (9). This in-
vestigation concluded that the presence of supported Rh,
Pt, or Pd strongly favours the reduction of the support
compared with metal-free Ceys5Zro50,. However, the mi-
crostructure of the support remained a crucial factor in de-
termining the redox behaviour within this framework. The
present work focuses on the influence of low-temperature
redox cycling and the presence of chloride on the hydrogen
chemisorption, redox, and catalytic properties of 0.5 wt%
Rh/Ceq6Zrqg40,. The results have been divided into two
parts. Those in part 1 pertain to the influence of low-
temperature redox cycling and the presence of chloride on
chemisorption and redox properties. In the second part,
the effects of chloride on the chemisorption, redox, textu-
ral, and catalytic properties after high-temperature redox
cycling are addressed.

2. EXPERIMENTAL

2.1. Catalyst Preparation

In order to minimise the possible consequences of vari-
ations in preparation procedures, a common support—a
Cep6Zro.40> solid solution—was synthesised from nitrate
precursors by complexation of the cations with citrate as de-
scribed previously (10). Water was used as a solvent. XRD
and Raman investigation have confirmed that the prepa-
ration leads to the formation of a single phase. Two 0.5%
Rh/Ceq6Zr 40, catalysts were prepared with this material
using RhCl3 - 3H,0 and Rh(NO3)3; as metal precursors, em-
ploying the incipient wetness impregnation method. The
samples were dried in an oven at 383 K for 12 h and then
calcined at 773 K for 5 h. The sample prepared from the
chloride salt is designated below as Rh/CeZr (Cl), while
that prepared from the nitrate precursor is designed as Rh/
CeZr (N).

2.2. Standard Cleaning Procedure

Aninsitu cleaning procedure was applied to each sample
before any new experiment or series of experiments was
performed. The procedure consisted of heating the sample
in 5% O,/Ar (25 ml min~!) from room temperature to 900 K
at a heating rate of 10 K min~?, holding at that temperature
for 0.5 h, and then cooling slowly, first in O,/Ar to 373 K
and finally to room temperature in He (11).

2.3. Analysis of Chloride Content

The chloride content of the samples was determined by
potentiometric titration with AgNOj3 after the sample was
dissolved in nitric acid (12). Details of this procedure will
be reported elsewhere. An error of 5% was estimated.
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The analysis is specific to surface-retained chloride and
does not return values for total chloride content. Aliquots
of fresh and redox-cycled Rh/CeZr (CI), aged according
to the schedule described below, were analysed in this
manner.

2.4. Volumetric Adsorption Experiments

H, chemisorption and BET surface area measurements
were conducted using a Micromeritics ASAP 2000 anal-
yser. In situ BET surface area measurements were carried
out on the fresh samples (before and after cleaning) and af-
ter H, chemisorption measurements in order to follow any
variation in this variable through the various procedures
and therefore to facilitate comparison between the vari-
ous runs. H, chemisorption experiments were conducted
at 308 and 195 K. Consistent with previous work (9), the
samples (ca. 1.0 g) were pre-reduced in a flow of H, (50 ml
min~!) at a heating rate of 10 K min~! up to the selected
reduction temperature (423 K). After 2 h at this temper-
ature, the samples were evacuated at 673 K for 5 h and
cooled under vacuum to the adsorption temperature (195
or 308 K). Typically, an equilibration time of 10 min was em-
ployed. In certain cases a treatment procedure in N, (900 K,
5 h, 50 ml min~1) was applied to samples prior to the com-
mencement of chemisorption measurements. The samples
were brought to the selected temperature in this flow of N,
at a ramping rate of 10 K min~%. Adsorbed volumes were
determined by extrapolation to zero pressure of the lin-
ear part of the adsorption isotherm (100-400 Torr), and no
corrections to eliminate the so-called reversible hydrogen
adsorption were employed. A chemisorption stoichiometry
H:Rh=1:1 was assumed.

2.5. Temperature-Programmed Experiments

In all of the experiments described below high-purity
gases were employed, which were further purified with wa-
ter and oxygen traps.

2.5.1. Temperature-programmed reduction/reoxidation.
Experiments consisting of temperature-programmed re-
duction (TPR-TCD)/reoxidation cycles were carried out
in a conventional system equipped with a thermal conduc-
tivity detector. This system has been previously described
(13). Characterisation was performed on 0.05 g of catalyst
loaded onto a quartz bed in a U-shaped quartz microre-
actor. An additional layer of quartz was added on top to
ensure thermal homogeneity of the gas passing over the
sample. Analysis was performed under 5% Hy/Ar, with a
flow rate of 25 mI min~! and up to 600 K (heating rate 10 K
min~1), at which temperature the samples were reduced
isothermally for 15 min. After TPR, the samples were out-
gased under an Ar flow at 600 K for 60 min and ramped
to 700 K (heating rate 10 K min~!), before oxidation was
carried out by a pulse technique to ensure a full oxidation
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in the bulk of the solid solution (13). Pulses of O, (0.1 ml)
were injected into the flow of Ar passing over the sample
until complete recovery of O, was observed. This allowed
estimation of the degree of reduction. In order to inves-
tigate the effects of this low-temperature cycling on the
redox properties of the samples, the TPR/oxidation cycle
described above was typically repeated up to eight times.

2.5.2. Temperature-programmed reduction/desorption.
Temperature-programmed mass spectrometry (TPR-MS,
TPD-MS) experiments were conducted using a VG Sen-
sorlab quadropole mass spectrometer with POSTSOFT
analysis software. Typically 0.2 g of sample was employed,
in a U-shaped quartz reactor and encased in quartz as
described above. The outlet of the reactor was connected
via a heated capillary tube to the analyser head of the
mass spectrometer. To investigate hydrogen uptake upon
exposure at various temperatures, samples were cyclically
subjected to the following procedure after the standard
cleaning procedure:

(1) Reduction. Heated under flowing H, (5% in He,
30 mI min~1) from room temperature to 423 K (10 K min™?)
and then reduced at that temperature for 75 min.

(2) TPD (Intermediate). Purged with He for 45 min at
423 K (60 ml min~t) and subsequently heated to 873 K
under the same He flow, maintained at this temperature for
30 min, and cooled to room temperature. TPD to 873 K was
necessary to fully observe the eluted peaks.

(3) Adsorption. Exposed to H, (5% in He, 30 ml min—1)
at room temperature before the temperature was increased
to the selected adsorption temperature (10 K min~1), where
exposure was continued for another 30 min. This was fol-
lowed by cooling to room temperature under flow of the
same gas. The temperatures of adsorption chosen were 308,
328, 348, and 373 K.
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(4) TPD. Purged in He (60 ml min~?) for 30 min to re-
move H; from the tubing and subsequently heated to 873 K
under He flow (30 ml min~1) with a heating rate of 10 K
min~1. The sample was maintained at the final temperature
for 30 min.

(5) Reoxidation. After completion of the TPD experi-
ment, the samples were cooled to 700 K, exposed to O,
(5% in He, 30 ml min~1), cooled to 423 K in this flow, and
then cooled to room temperature in a flow of He (60 ml
min~1). After this the whole cycle could be repeated using
a different adsorption temperature.

Samples obtained from these treatments are hereafter in-
dicated as low-temperature (LT) cycled. A schematic repre-
sentation of this procedure isgivenin Fig. 1. Unless specified
above, an equilibration period of 30 min was employed each
time a gas was passed over the sample before any ramping
procedure was initiated.

Steps (1) and (2) were used respectively to ensure reduc-
tion of the sample and removal of any adsorbed hydrogen
(in a similar manner to the chemisorption experiments).
Steps (3) and (4) were the adsorption and desorption steps,
respectively. As adsorption and desorption processes can be
expected to occur at room temperature, the ramping proce-
dure could only measure the amount of remaining adsorbed
hydrogen, rather than simply being associated with adsorp-
tion at the specified temperature. Step (5) was designed
to reoxidise the sample for the next cycle. This procedure
was applied to both the support only and the Rh-loaded
samples. In the former case, because of the dramatic dif-
ferences in the redox behaviour induced by the presence
of the metal, much higher reduction temperatures were re-
quired in step 1—623 and 873 K (step (2) consisted of either
TPD to 873 K or switching to a flow of He at 873 K)—
and a higher adsorption temperature in step 3—573 K (due

H, (5%)/He He H, (5%)/He He O, (5%)/He He
900 ;
heating rate
800 | 10 K/ min TPD
Q \
~ 700 A :
o :
5 (1) @)
© 600 :
) :
‘El Oxidation :
o 500 - :
— selected H
| temperature 2
400 adsorption
300 " 5. . T e T . - .
0 2 4 6 8 10 12
Time (h)
FIG. 1. Five-step low-temperature cycling procedure used to obtain experimental data.
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to the activated nature of hydrogen adsorption on ceria—
zirconia).

The information obtained during this overall procedure
was three-fold. TPD-MS profiles were obtained during step
(4). Exposure to H; during step (1) was monitored in or-
der to address the issue of water formation during TPR
(TPR-MS). Finally, the He treatment during step (2) was
monitored to obtain information on hydrogen adsorption
during the isothermal reduction at 423 K.

3. RESULTS

3.1. Standard Cleaning Procedure

The in situ cleaning procedure was deemed necessary in
view of literature reports of the effect of easily removed im-
purities such as carbonates and nitrates on the behaviour
of similar samples (14,15). Such impurities can, for exam-
ple, lead to spurious TPR features, a method extensively
employed in the present work. Temperature-programmed
oxidation (MS) (not shown) demonstrated that no further
CO; or NO evolution or oxygen uptake could be detected
after this treatment, while the results of BET surface area
analysis indicate that both of the fresh Rh/Ceg gZry 4O, sam-
ples had BET surface areas of 38 m? g~* before and after
cleaning. Therefore, it can be concluded that the procedure
cleans the sample, leaves it in a fully oxidised state, and does
not affect its surface area.

3.2. Analysis of Chloride Content

The results of chemical analysis indicate a surface chlo-
ride content of 42 umol g~* on fresh Rh/CeZr (CI) and of
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34 umol g~* on an LT cycled sample. It should be noted
that attempts to detect chloride removal under oxidising
and reducing conditions by mass spectrometry failed, even
on an analogously prepared 5% Rh-loaded sample.

3.3. Hydrogen Chemisorption

The results of hydrogen chemisorption experiments con-
ducted on the two Rh/CegeZr40, samples are detailed in
Table 1. The undoped support showed negligible hydrogen
chemisorption under the same experimental conditions.

3.3.1. Rh/CeZr (N). Inthe case of the fresh sample, sig-
nificant spillover occurs at 308 K, leading to an apparent
H/Rhratio of 5.48. At 195 K this value decreases to 0.40. Af-
ter LT cycling the uptake measured at 308 K (H/Rh = 5.40)
iscomparable to that obtained for fresh Rh/CeZr (N) at the
same temperature, but the low-temperature value is higher
than before, at 0.64. In an attempt to further address these
observations, chemisorption experiments were conducted
after both the fresh and cycled samples were subjected to
a treatment in flowing N, at 900 K. Such a treatment has
been demonstrated to significantly dehydroxylate similar
samples and depress hydrogen spillover (9). The procedure
results in decreased hydrogen uptake at 308 K for both
fresh and LT cycled samples. However, the extents of hy-
drogen uptake are now considerably different (H/Rh = 1.99
vs 3.60). Furthermore, the procedure appears to have a
minimal effect on the chemisorption values measured at
195 K.

The influence of hydrogen equilibration time was investi-
gated in the case of the LT redox cycled sample after it had
been subjected to the N, treatment. Doubling the equili-
bration time results in an increase in the hydrogen uptake

TABLE 1

Volumetric Hydrogen Adsorption on Rh/Ceg6Zrp402 Samples Pre-reduced at 423 K

H, uptake®
H/RhP
Pretreatment:? at 308 K at 195 K
Catalyst Run gas, temperature (K), time (h)  (umolg™) (umolg™) at308K at195K
Rh/Ce6Zry402 (N) 1 O, (5%)/He, 900, 0.5 1334 9.8 5.48 0.40
2 N2, 900, 5 48.2 9.8 1.99 0.40
1 LT redox cycled 130.7 15.6 5.40 0.64
2 N2, 900, 5 87.9 15.2 3.60 0.62
3 d 142.8 16.1 5.88 0.66
Rh/Ce6Zr.40; (Cl) 1 O, (5%)/He, 900, 0.5 245 9.4 1.01 0.38
2 N3, 900, 5 16.1 9.4 0.66 0.38
1 LT redox cycled® 23.2 11.6 0.96 0.48
2 N2, 900, 5 15.2 11.6 0.63 0.48
3 d 69.2 12.9 2.84 0.53

@ Pretreatment applied before reduction at 423 K for 2 h. After reduction, samples were degassed in vacuum at

673 K for 2 h before chemisorption experiments.

b Hydrogen chemisorption measured at the indicated temperatures.
¢ Low-temperature redox cycled sample from TPR-MS experiments.
4 Equilibration time was 20 min instead of the normal 10 min.
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at 308 K (H/Rh = 3.6 vs 5.88). Because the value is higher
than either of the previous results at 308 K, the possibil-
ity that spillover is incomplete in all of the measurements
performed at 308 K cannot be excluded. Doubling the equi-
libration has no significant effect on the hydrogen uptake
at 195 K.

3.3.2. Rh/Cezr (Cl). For fresh Rh/CeZr (Cl), at 308 K
significantly lower chemisorption is evident than in the case
of fresh Rh/CeZr (N) (H/Rh =1.01vs5.48). At 195 K, how-
ever, the uptake recorded is similar to that observed for
Rh/CeZr (N) (H/Rh =0.40 vs 0.38). The qualitative trends
of the data obtained for the LT cycled samples are the same
as those observed for Rh/CeZr (N) in that uptake is unaf-
fected at 308 K but very slightly (in the present case) larger
at 195 K (H/Rh =0.48). The effect of an N, treatment at
900 K was also investigated. At variance with Rh/CeZr (N),
no difference between the extent of response of the fresh
and LT cycled samples was found, as the results obtained at
308 K are marginally but similarly decreased. As before, the
results obtained at 195 K remain unaffected. The influence
of doubling the equilibration time on hydrogen chemisorp-
tion was also studied using the recycled Rh/CeZr (Cl) sam-
ple. This resulted in higher adsorption at both temperatures
of investigation (H/Rh =2.84 and 0.53 at 308 and 195 K, re-
spectively).

3.4. Temperature-Programmed Reduction

The results of a series of consecutive low-temperature
TPR-TCD profiles of Rh/CeZr (N) and Rh/CeZr (CI) are
presented in Figs. 2a and 2b. In comparison with the TPR
profile of the support, hydrogen uptake occurs at much
lower temperatures (16). Previous reports have established
that TPR of these materials to such temperatures results
in bulk reduction of the support (17). The single hydro-
gen uptake peak for all profiles obtained from Rh/CeZr
(N) (Fig. 2a) may be attributed to concomitant reduction
of metal and support. In the case of Rh/CeZr (CI) (Fig. 2b)
two peaks are observed in the TPR of the fresh sample at
363 and 440 K. The first peak may be attributed to reduction
of the supported metal oxide and the second to support sur-
face/bulk reduction. An interesting feature of these profiles
is that both samples exhibit lower temperature hydrogen
uptake as aresult of the first redox cycle. This resultsin a loss
of resolution of the two peaks in the case of Rh/CeZr (CI)
(Fig. 2b). The peak maximum decreases from 385t0 355K in
the case of Rh/CeZr (N) sample and from 440to 370 K in the
case of Rh/CeZr (CI). In subsequent profiles the positions
of these maxima change very little for Rh/CeZr (N). How-
ever, an additional feature in the case of the Rh/CeZr (CI)
sample is the sharpness of the hydrogen uptake peak, a facet
that appears only after the second TPR. The position of this
sharp feature coincides with the position of the rhodium re-
duction peak in the initial TPR and may, in fact, be viewed
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FIG.2. Low-temperature TPR-TCD profiles of (a) Rh/CeysZr 40,
(N), (1) fresh and (2)—(4) obtained on subsequent cycles, and (b) Rh/
Ce6Zr0402 (Cl), (1) fresh and (2)-(6) obtained on subsequent cycles.
The vertical lines indicate the position of bulk Rh,O3 reduction.
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TABLE 2

Oxygen Uptake at 700 K on Rh/Ce6Zrp40, (N) and Rh/
Cep6Zr0.40; (Cl) after Temperature-Programmed Reduction

Reduction
treatment® No.of O,uptake® Ce®* Ce3*¢
Catalyst (K) runs  (umolg™) (%) (%)
Rh/Ce6Zrp40; (N) 600 1-8 455 43 39
Rh/Ce 621040, (CI) 600 1-8 361 34 30
600¢ 1 392 37 33

2The samples were repeatedly subjected to a classical TPR from room
temperature up to the reported temperature and further reduced at that
temperature for 15 min before the gas phase was desorbed in Ar for 60 min
at 600 K and the temperature increased to 700 K for pulsed reoxidation.

bThe reported data are average values. Standard deviation = +9 mol
-1

g
¢ Corrected assuming that the metal is fully reoxidised.
9 Reduced at 600 K for 2 h.

as being superimposed on the main H; uptake peak. This
feature decreases slightly before disappearing on the sixth
profile.

Table 2 shows the results of oxygen uptake measure-
ments conducted after the TPRs discussed above. It should
be noted that the results of TPD-MS experiments to be
presented indicate that, due to adsorbed hydrogen, further
reduction of the samples may occur upon increasing the
temperature to 700 K after isothermal reduction. There-
fore, the extent of reduction being reported is reduction
at 600 K plus any additional reduction that occurs during
the ramping procedure. Comparison of the oxygen uptake
values reveals that there is a significantly smaller oxygen
uptake for the Rh/CeZr (Cl) sample. This is despite the
fact that 600 K, the upper-limit temperature of reduction, is
well above the main hydrogen uptake exhibited during the
TPR profile. Additional investigation, in which the reduc-
tion time at 600 K was increased from 15 min to 2 h, resulted
in a higher degree of reduction of the Rh/CeZr (Cl) sample
(Table 2). Nevertheless, even in this experiment the O, up-
take is lower than that of Rh/CeZr (N).

Figure 3 shows a series of TPR-MS profiles obtained for
the Rh/CeZr (N) sample (step (1), Fig. 1). For the first such
TPR, effectively a fresh sample, hydrogen uptake starts sig-
nificantly in advance of water production, indicating the
occurrence of hydrogen storage effects. The maximum of
hydrogen uptake occurs well before that of water produc-
tion. In fact, the position of the hydrogen peak coincides
quite well with that of the TPR-TCD (380 (MS) vs 385 K
(TCD)). For the second TPR the position of the maxi-
mum of H, uptake shifts to lower temperature, reproducing
the behaviour observed in the TPR-TCD. Water evolution
starts much earlier, which is mainly responsible for a closer
correlation between H; uptake and H,O formation across
the temperature range. However, in terms of both the ini-
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FIG. 3. Hydrogen uptake (traces a) and water evolution (traces b) in
low-temperature TPR-MS profiles of Rh/CesZry40; (N), obtained dur-
ing of step (1) of the five-step low-temperature cycling procedure (see
Fig. 1). (1) Fresh and (2)—(4) obtained during subsequent cycles. The ver-
tical line indicates a change in the x-axis from temperature ramping to
isothermal reduction.

tial and maximum peak positions, a lag still exists between
the two profiles, indicating that these variables are not di-
rectly linked. Further low-temperature redox cycling has
little effect on the behaviour observed. Relative to the first
low-temperature TPR, the H, uptake peak appears much
smaller.

The results of an analogous series of TPR-MS experi-
ments for the Rh/CeZr (CI) sample are shown in Fig. 4.
The general observations made with regard to the TPR of
the fresh Rh/CeZr (N) sample and the changes that occur
between this first and the second may also be made in this
case. However, the fresh profiles do exhibit some signif-
icant differences in that for Rh/CeZr (CI) the maximum
of hydrogen uptake appears later. Furthermore, H; uptake
is more gradual, although it begins at approximately the
same temperature in both cases (ca. 323 K). As in the case
of the fresh Rh/CeZr (N) profile, the initial hydrogen up-
take does not correspond to sample reduction. However, it
should be noted that water production at low levels may be
difficult to detect, as indicated by the absence of a discrete
peak due to Rh,O3 reduction. A final point to note with
respect to comparison of the initial TPRs is that there is
no significant difference in the temperature of vacancy cre-
ation. In subsequent profiles it can be seen that the sharp
low-temperature uptake feature discussed in the case of the
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Partial Pressure / arb. units

Time / min

Temperature / K

FIG. 4. Hydrogen uptake (traces a) and water evolution (traces b) in
low-temperature TPR-MS profiles of Rh/Ceq¢Zr, 40, (Cl), obtained dur-
ing step (1) of the five-step low-temperature cycling procedure (see Fig. 1).
(1) Fresh and (2)-(6) obtained during subsequent cycles. The vertical line
indicates a change in the x-axis from temperature ramping to isothermal
reduction.

TPR-TCD profiles also appears in these experiments and
exhibits the same behaviour. This low-temperature uptake
does not result in any concomitant H,O evolution.

As H; uptake at room temperature could not be ad-
dressed under the experimental conditions employed, semi-
quantitative analysis of the profilesis reported only for H,O
produced. This analysis indicates that the total amounts of
H,O desorbed across the full ranges of the profiles in Figs. 3
and 4 are similar (~250 umol of H,O g™1), except for the
fresh samples (~165 pmol of H,O g~1) due to nonattain-
ment of the baseline in these experiments. Up to 423 K,
there is an increase in the amount of water produced after
the first cycle: from ~46 to ~90 xmol of H,O g~ in the case
of Rh/CeZr (N), and from ~28 to ~80 umol of H,O gt in
the case of Rh/CeZr (CI).

3.5. Temperature-Programmed Desorption

3.5.1. Support. Efforts to establish the desorption be-
haviour from the support were directed by the different
redox behaviour of unloaded and Rh-loaded samples. The
TPR profiles of the latter indicate that at 423 K both metal
and supportwould have undergone considerable reduction.
Much higher temperatures are required to achieve support
reduction in the absence of the metal. For this reason two
temperatures of pretreatment of the support were chosen,
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viz., 623 and 873 K. According to our TPR results (16), the
former temperature corresponds to the beginning of the
reduction range, while the latter is close the maximum of
vacancy creation. These results are summarised in Fig. 5.
After reduction at 623 K, TPD up to 873 K shows only
H,O desorption (Fig. 5, traces 1a and 1b), indicating that
only irreversible H, adsorption occurs on the sample at this
temperature. As there was minimal H,O desorption during
reduction at 623 K, the sample can therefore be considered
to be only partially reduced. H; adsorption at 573 K on the
sample thus treated is almost exclusively irreversible, as
evidenced by the appearance of H,O only during the TPD
(Fig. 5, traces 2a and 2b). It is of interest to note that H,O
appears below 573 K, at which temperature the sample was
exposed. After H; treatment at 873 K the sample is con-
siderably reduced (confirmed by the prior TPR to 873 K),
and, upon adsorption at 573 K, it exhibits a large H, des-
orption peak, centered at 840 K (Fig. 5, trace 3a), as well
as a smaller water peak at 800 K (Fig. 5, trace 3b). Thus,
there appears to be a difference between the H; adsorption
on reduced and partially reduced surfaces (i.e., the initial

Hydrogen adsorption temperature

(3a)

Partial Pressure / arb. units
w
=

(22)

(1b)

..{13)

350 450 550 650 750 850
Temperature / K

250 950

FIG.5. Hydrogen uptake (traces a) and water evolution (traces b)
during TPD from CeZr 40, after various treatments: (1) TPD after
isothermal reduction at 623 K; (2) TPD after hydrogen adsorption at 573 K
on a sample reduced at 623 K; and (3) TPD after hydrogen adsorption at
573 K on a sample reduced at 873 K.
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stages of reduction). The former situation is comparable to
those of the Rh-loaded samples.

3.5.2. Rh/CeZr (N). TPD profiles obtained after expo-
sure of Rh/CeZr (N) to H, at various temperatures are
shown in Fig. 6. With respect to reversibly adsorbed hy-
drogen, two main desorption features are evident: a high-
temperature peak near 550 K which remains in a fairly
constant position after exposure at 308, 328, and 348 K,
but which decreases slightly for the TPD after exposure at
373 K, and a low-temperature peak which shifts in position
from 345 K after exposure at 308 K to 385 K after exposure
at 373 K.

Semiquantitative analysis of these desorption profiles in-
dicates that the total amounts of H, desorbed are 47, 80, 133,
and 147 umol of H, g~* at 308, 328, 348, and 373 K, respec-
tively, indicating that the adsorption is an activated process.
The baseline behaviour indicates that desorption is already
taking place at the start of the profiles. In addition, the rela-

Partial Pressure / arb. units

450 550 650 750 850
Temperature / K

FIG. 6. Hydrogen evolution (traces a) and water evolution (traces b)
during TPD from Rh/CeysZro4O, (N) after hydrogen adsorption at
various temperatures, obtained during step (4) of the five-step low-
temperature cycling procedure (see Fig. 1). Also included is a typical TPD
after isothermal reduction at 423 K (step (2)). Temperature of H; expo-
sure: (1) 308, (2) 328, (3) 348, (4) 373, and (5) 423 K (step (2)).
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tive intensities of the two H; desorption peaks are affected
by the exposure temperature, the low-temperature peak
being favoured at higher adsorption temperatures. On the
other hand, the amounts of H,O evolved remain roughly
constant (between 31 and 47 umol of H,O g™?1). Thus, a
difference exists between behaviour of the amounts of re-
versibly and irreversibly adsorbed H,. This could be due to
the fact that the latter quantity is determined by the prior
degree of reduction of the sample, which was reduced at
423 K before all TPD experiments.

TPD profiles of the He treatment after isothermal re-
duction at 423 K (step (2), Fig. 1) were also recorded for
both metal-loaded samples. These correspond to the ad-
sorption behaviour at that temperature. Very similar be-
haviour was observed in all cases, and a typical profile is
included in Fig. 6 (traces 5a and 5b). A single H, desorp-
tion peak is observable near 500 K. Thus, the decrease in
position observed in the high-temperature peak after ex-
posure at 373 K is continued upon exposure at the higher
temperature. Due to the high initial temperature, the des-
orption behaviour at lower temperature is not apparent, so
it is therefore not possible to tell whether increasing the re-
duction temperature is progressively resulting in a conver-
gence of the peaks into a single peak and thus perhaps nor-
malising the surface. These data also indicate that at 423 K
both reversible and irreversible reduction occur on the sam-
ple and that further reduction occurs after the isothermal
procedure.

3.5.3. Rh/CeZr (Cl). The results of an analogous series
of Ho—TPD profiles from Rh/CeZr (CI) are shown in Fig. 7.
There are a number of qualitative similarities between the
two sets of data: desorption occurs in two regions, and
the amount of reversibly adsorbed hydrogen grows with
increasing adsorption temperature. However, a significant
difference relates to the position of the high-temperature
peak. This is present at 640 K after exposure at 308 K and
shifts to 550 K during successive runs. The final position
is comparable to the position of this peak for all of the
Rh/CeZr (N) experiments. H,O desorption also follows a
general downward trend. The lower temperature peak be-
haves in the same way as for Rh/CeZr (N). It should also
be noted that the first peak is broader than in the case of
Rh/CeZr (N).

Semiquantitative analysis reveals that there is a lower
amount of H; desorbed from Rh/CeZr (CI) at equivalent
temperatures in comparison with Rh/CeZr (N) (17,41,98,
and 114 umol of H, g1 at 308, 328, 348, and 373 K, respec-
tively), while the H,O produced is 31 and 45 pwmol of H,O
g%, respectively, for fresh and cycled sample.

4. DISCUSSION

A four-step mechanism for the reduction of ceria,
which can be extended to ceria-zirconia systems, has been
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FIG. 7. Hydrogen evolution (traces a) and water evolution (traces b)

during TPD from Rh/CeyZro4O, (Cl) after hydrogen adsorption at
various temperatures, obtained during step (4) of the five-step low-
temperature cycling procedure (see Fig. 1). Temperature of H, exposure:
(1) 308, (2) 328, (3) 348, and (4) 373 K. In order to illustrate the profiles
more clearly, these traces are plotted on a scale different from to that in
FIG. 6.

proposed (18-20). This consists of adsorption of hydro-
gen leading to reversible reduction of ceria; vacancy cre-
ation, resulting in irreversible reduction of ceria; water des-
orption; and, finally, surface/bulk rearrangement through
migration of vacancies to the bulk. However, within this
scheme there are a number of aspects that have received
little attention, most notably the mechanism by which water
desorbs from the support (21). Upon doping of the support
with ametal, greatly enhanced hydrogen uptake is observed
at lower temperatures. Hydrogen spillover from the metal
is generally held responsible for this observation. Spilled-
over hydrogen may be stored on the surface as hydroxyls
(7) or bronzes (22), create vacancies, or indeed be stored on
the surface as water. A number of authors have concluded
that the enhanced spillover in the presence of a NM results
in lower temperature vacancy creation (1). Some authors
cite the findings that the presence of rhodium facilitates
easier removal of oxygen through oxygen migration from
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the support to the metal (23,24). The effectiveness of en-
hanced spillover in creating vacancies has been questioned
by Bernal et al., who have demonstrated that fewer vacan-
cies are created in the case of Rh/CeO, than in the case of
ceria upon isothermal reduction at 623 K (25). They sug-
gest that in the former case the majority of H; is stored
reversibly on the surface.

The present work addresses two closely related funda-
mental aspects of the redox behaviour of Rh/CeO,-ZrO,
systems, i.e., H, adsorption and vacancy creation. The re-
sults outlined present a comparison of the behaviour of two
samples that differ in terms of the precursor used in their
respective preparations. For the sake of convenience the
following discussion will first deal with the response of the
material designated Rh/CeZr (N) to the various method-
ologies used, followed by a comparison with that of the
material designated Rh/CeZr (CI). Throughout the follow-
ing discussion it should be borne in mind that the surface
area analyses demonstrated that the procedures used did
not affect this variable.

4.1. Rh/CeZr (N)

4.1.1. Volumetricchemisorption. Before adiscussion of
the effects of the pretreatments on H/Rh, it should be noted
that the initial H/Rh of the two catalysts are identical when
measured at 195 K. The choice of this temperature was
based on previous investigation of Rh/CeO, which showed
that at this temperature spillover is effectively arrested and
such measurements should reflect the metal dispersion as,
in that case, hydrogen should be Rh-adsorbed only (7,26).
Since the presence of ZrO, in the support contributes to
depressing the effectiveness of hydrogen spillover (27), we
infer that H/Rh = 0.38-0.40 measured for the two fresh sam-
ples reflects the effective dispersion of the Rh particles.
A standard reduction temperature of 423 K was chosen
to ensure significant reduction of the rhodium present to
rhodium metal. However, literature reports have indicated
that complete reduction of the metal may not be achieved
at this temperature, especially for the Rh/CeZr (Cl) sam-
ple (22,28). In situ surface area measurements conducted
after each pretreatment procedure indicate that the low-
temperature procedures employed did not affect this pa-
rameter.

Comparison of the results reported in Table 1 obtained
from the fresh and LT cycled experiments reveals the fol-
lowing important findings: (i) At 308 K the H/Rh values are
always higher that those measured at 195 K and strongly
depend on the pretreatment, indicating contribution of hy-
drogen species spilt over the support. (ii) LT redox cycling
leads to a higher uptake at 195 K compared to the fresh
sample. (iii) After an identical dehydroxylation procedure
there is a higher uptake at 308 K for the LT cycled sam-
ple, while the uptakes at 195 K are close to those obtained
before the dehydroxylation procedure. (iv) When a longer
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equilibration time was used the uptake at 308 K slightly
increases for the LT cycled sample. (v) Qualitatively equal
features, even if to a different extent, are observed in both
Rh (N) and Rh(CI) samples. This last point will be discussed
later.

Let us first focus on the variation of H/Rh at 195 K
with pretreatments (point (ii)). The degree of hydroxyla-
tion of the surface is often cited as a controlling factor in the
spillover observed (29). Variations in spillover due to dif-
ferences in the degree of hydroxylation may be proposed to
partially explain this observation. Although some redisper-
sion of the metal due to the reoxidation procedure cannot
be excluded, this explanation is not entirely satisfactory as
the conditions of recycling used were rather mild and were
chosen specifically in order to minimise such effects. From
points (ii) and (iii) above it appears that some spillover
might occur after certain pretreatment procedures. How-
ever, such spillover seems to be minimal since both ther-
mal pretreatment (iii) and doubling of the equilibration
time (iv) only slightly affect the H/Rh at 195 K. Thus, the
uptakes measured seem to reflect the metal dispersion also
after redox cycling.

On the other hand, simply invoking the degree of hy-
droxylation cannot fully account for point (iii). The in situ
reduction at 423 K applied to both fresh and LT cycled sam-
ples prior to chemisorption measurements should in theory
result in similar degrees of hydroxylation, yet the signifi-
cantly different uptakes at 308 K after the dehydroxylation
procedure exist. A precise rationale of how this situation
results from the starting materials is difficult to formulate.
However, an idea that merits further investigation is that
the spillover behaviour depends not only on the degree
of hydroxylation but also on the type of hydroxyl groups
formed. This is beyond the scope of the present investiga-
tion. Nevertheless, irrespective of the specific mechanism,
these results clearly indicate that the interaction of these
samples with hydrogen critically depends on the specific
treatments administered to the sample.

4.1.2. Temperature-programmed reduction. The most
significant aspects of the TPR-MS behaviour exhibited by
Rh/CeZr (N) may be summarised in two observations:
(i) there is significant low-temperature vacancy creation
which is maintained through the LT cycling procedure, and
(ii) after application of the first low-temperature cycle H;
uptake shifts to lower temperatures while H,O formation
begins earlier but the position of the peak maximum re-
mains unaffected.

The first point is a well-established behaviour of metal-
loaded ceria-zirconia mixed oxide materials and may be
attributed to spillover of hydrogen from the metal to the
support. In relation to the second point we infer the pos-
sibility that the majority of the hydrogen uptake observed
during the first TPR which does not result in the subse-
quent TPRs has been shifted to room temperature, where
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it cannot be detected under the conditions of the experi-
ments conducted. Although the amount of room temper-
ature uptake for either sample could not be recorded, the
initial behaviour of H, uptake demonstrates differences in
hydrogen uptake capabilities after recycling. No uptake is
evident in the TPR-MS trace below 323 K in the case of
the fresh sample, whereas for the recycled samples uptake
begins immediately. It is not unreasonable to suggest that
some hydrogen uptake occurs before this initial temper-
ature. Note that such spillover seems to be supported by
the H, adsorption studies. The mechanism by which this
would result in a lower temperature of water formation is
notclear (vide infra), but clearly the initial vacancy creation
is affected.

It is generally accepted that the presence of surface hy-
droxyls facilitates transport of dissociated hydrogen across
the metal/support interface and across the surface away
from the metal (29). An important chemical difference be-
tween these experiments is that for the first cycle the sam-
ple had not previously been exposed to H,. During the first
low-temperature TPR, reduction of the metal followed by
spillover could significantly change the degree of hydroxy-
lation of the surface. This may also explain the above-noted
variations in vacancy creation: the earlier appearance of
H,0 is associated with surface hydroxyls, while the invari-
ant position of the peak maximum is due to unaffected bulk
reduction. A second possibility is that the reoxidation pro-
cedure does fully reoxidise the metal. Thus, before the first
cycle all of the Rh should be present as Rh,Oj3 (cf. standard
cleaning procedure) while after the first cycle the rhodium
may be present in mixed states of a layer of easily reducible
Rh,03 on Rh?, thereby leading to more facile spillover.

The reproducible behaviour after the first cycle indicates
that the changes in the surface chemistry are reversible, but
that the initial situation is not re-attained by the procedures
used.

4.1.3. Temperature-programmed desorption. Support.
On oxidised or partially reduced metal-free ceria—zirconia
H; is exclusively adsorbed irreversibly, as water is the only
desorption product. This is in agreement with the results of
Bernal et al. in the case of ceria (25). On the other hand, a
recent paper by Kondarides and Verykios in which TPDs
from ceria were conducted under similar conditions indi-
cated the occurrence of both H, and H,O formation (30).
As previously mentioned, the temperature at which water
appears is also of interest in that it is significantly lower
than the temperature of the isothermal treatment applied
to the sample in the reduction step. In addition, during the
TPD experiment to 873 K after this isothermal reduction,
further reduction was observed (which may be related to
the capacity of the material for storage at that tempera-
ture). Thus, it is possible to further reduce ceria-zirconia
at lower temperatures. Similar observations may be made
after reduction at 873 K, where water again appears during
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the TPD below the temperature at which the sample had
been previously isothermally treated. In this case, however,
reversible hydrogen adsorption accounts for the majority of
the desorption observed, probably due to extensive reduc-
tion of the support during pretreatment.

4.1.4. Rh/CeZr (N). The presence of Rh results in the
appearance of two new irreversibly adsorbed hydrogen
peaks after exposure of the reduced samples to hydrogen
at various temperatures. The degree of reduction of the
sample means that the behaviour is comparable with that
of ceria-zirconia reduced at 873 K. Two such regions of
H, desorption from supported rhodium samples have been
attributed to desorption from the bare support and metal-
promoted desorption (25). In the present case, however,
all of the observed desorption occurs at temperatures well
below that of hydrogen desorption from reduced ceria—
zirconia (Fig. 5), thereby indicating that the metal plays a
crucial promotional role in all of the desorption observed,
most likely through reverse spillover. This behaviour is in
contrast with the findings of Kondarides and Verykios for
0.5% Rh/CeOg; they found a high-temperature peak at-
tributable to desorption of hydrogen from bare ceria (30).
We therefore propose that the two peaks may be attributed
to desorption from the metal and in the immediate vicin-
ity of the metal and desorption from the support through
back spillover. The near-metal region could include new
sites created at the metal/support interface and support im-
mediately adjacent to the metal particles. It seems unlikely
that the first peak can originate solely from the metal in
view of the fact that both peaks grow significantly through-
out the series, which makes it impossible to distinguish the
contribution from the metal in isolation. Such peak growth
indicates an activated process. On the basis of the results
available, within this proposed assignment the possibility of
incorporation of hydrogen into the bulk and its subsequent
desorption cannot be ruled out. These results therefore in-
dicate an important difference between NM-loaded ceria
and ceria—zirconia in that there is a much higher interac-
tion between metal and support in the present case. The
much lower adsorption temperatures required in this in-
vestigation are also suggestive of this conclusion.

Unlike the H; peaks, the H,O behaviour does not vary
greatly with temperature as hydrogen adsorption tempera-
ture is increased. This again is in contrast with the findings
of Kondarides and Verykios for 0.5% Rh/CeQy; they found
no water evolution during a TPD after hydrogen exposure
at room temperature and the appearance of water at 673 K
after exposure at 373 K (30). This may be indicative of the
higher degree of reducibility of the ceria-zirconia support.
Deep reduction of these materials is achieved more easily
than that for comparable Rh/CeO, materials.

A notable difference between these results and those of
the support is that in the present case water does not evolve
until well above the temperature of isothermal reduction at
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423 K. Thismight indicate that the full extent of reduction at
423 Kisachieved, or at least the combination of this plus the
additional reduction up to 873 K. Such a conclusion would
represent an important difference between ceria-supported
Rh and ceria-zirconia-supported Rh because in the former
it has been shown that reversible adsorption predominates,
albeit at a higher reduction temperature (25).

4.2. Rh/CeZr (CI)

A number of important general points, which must be
remembered throughout the following discussion, should
first be made. In addition to the equality of the surface ar-
eas throughout the procedures employed, the chemisorp-
tion results from the fresh samples at 195 K (Table 1) indi-
cate equivalent dispersions. Furthermore chemical analysis
demonstrates the presence of chloride on the fresh sample
and its partial removal by the recycling procedure depicted
in Fig. 1. Retention of chloride species appears to be a gen-
eral property of the Rh/CeO,-based systems (31), which is
generally attributed to the formation of cerium oxychlo-
rine species (32). In fact, on Pt/CeO,-Al,O3 no apprecia-
ble amount of chloride was removed under calcination at
773 K (31). Interestingly, despite the relatively mild calci-
nation temperature of the present catalyst, only a fraction
of Cl remained at the surface, compared to the amount
employed for catalyst preparation (146 umol g~1). Never-
theless, the chemical behaviour appears to be significantly
affected.

4.2.1. Volumetric chemisorption. The main features of
the Rh/CeZr (CI) chemisorption results may be sum-
marised as follows: (i) All the variations in H/Rh with
pretreatment qualitatively reflect those of Rh/CeZr (N).
(ii) Relative to Rh/CeZr (N), hydrogen uptake is dramati-
cally inhibited at 308 K in all the cases. (iii) At 195 K, the
value obtained for LT cycled Rh/CeZr (CI) is somewhat
lower than that of LT cycled Rh/CeZr (N).

The generally accepted view of the function of chloride
in inhibiting spillover is that it is retained on the support (or
substitutes for OH groups), thereby disrupting transport of
hydrogen from the metal to the support (8) and transport
of spilt-over hydrogen away from the metal across the sup-
port. Suppressed spillover due to the presence of chloride
conveniently accounts for point (ii), although spillover has
not been completely suppressed at 308 K, as evidenced by
the higher H/Rh value (1.01) than that obtained at 195 K
(0.38) (Table 1). Unpublished EXAFS investigation of a
similarly prepared sample with a 5% Rh loading indicates
that very little chlorine is associated with the metal. This is
in accordance with the idea that transport of hydrogen from
the metal is mainly affected by the presence of chlorine. If
this idea is accepted, then the suggestion is that effects are
occurring upon pretreatments that are almost independent
of the presence of chloride (point (i)), except for the extent
of variation of H/Rh (point (ii)). In fact, point (iii) could
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suggest that some contribution of spillover can be respon-
sible of the increase of H/Rh upon LT cycling, since higher
H/Rh would be expected for Rh/CeZr (N) compared to
Rh/CeZr (CI) due to chloride species on the surface.

4.2.2. Temperature-programmed desorption. The pres-
ence of retained chloride has two main effects on the TPD
behaviour of reversibly adsorbed hydrogen: (i) the amounts
of desorbed H, are diminished after exposure at equivalent
exposure temperatures, and (ii) the position of the high-
temperature peak gradually decreases.

Point (i) is consistent with the idea that spillover is less
efficient for the chloride sample during adsorption and con-
stitutes evidence of the detrimental effect of the presence
of chloride on the magnitude of spillover. Two possible ex-
planations, not necessarily exclusive, may be put forward
to explain the higher desorption temperature of the sec-
ond peak in the fresh sample compared to that in Rh/CeZr
(N). If, as outlined above, this desorption feature occurs
through back-spillover then inhibition of this process by
the presence of chloride would be expected. The second
is that chloride retention creates an inhomogeneous oxide
surface, which is in keeping with the EXAFS results, and
that different energies are required to remove the adsorbed
hydrogen.

The variation in behaviour with successive redox cycles is
attributed to the observed partial removal of the chloride.
Redox cycling has been previously demonstrated to have
this effect on residual chloride (32).

4.2.3. Temperature-programmed  reduction. Further
evidence of the influence of retained chloride emerges from
TPR behaviour. For both series of TPR experiments, a
sharp peak superimposed on the main hydrogen uptake
peak becomes evident. This peak coincides with the
position of rhodium reduction and persists for several
redox cycles (Figs. 2 and 3). In the case of the TPR-MS
experiments, we can attribute this to a gradual decrease of
the chloride content, which in turn permits enhanced low-
temperature spillover to occur. As in the case of Rh/CeZr
(N) this may be explained if H, uptake is displaced to room
temperature, but gradually in the present case.

From the similar TPR behaviour it may also be concluded
that the slightly different cycling procedure used in the case
of the TPR-TCD experiments results in comparable levels
of chloride removal. In this context, an important differ-
ence between the two samples is the degree of reduction
attained after TPR to 423 K followed by TPD to 600 K, as
measured by O, uptake at 700 K. The uptake measured is
reproducibly 20% smaller in the case of Rh/CeZr (CI). This
corresponds to 187 umol g~* of oxygen anions. Comparison
of this value with the amount of chloride retained by the
sample (34 umol g~1) suggests that substitution of oxygen
by chloride is not the only significant factor in the decrease
of uptake.
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5. CONCLUSIONS

This paper has shown that the redox properties of Rh/
CepZr040; display an extreme sensitivity to the pretreat-
ment history of the sample and the presence of chloride. The
extent of H activation is significantly higher in Rh/CeZr (N)
compared to that in Rh/CeZr (CI). Low-temperature redox
cycling affects the spillover capabilities of both Rh/CeZr
(N) and Rh/CeZr (CI). This variable can also be altered by
application of other thermal procedures. In comparison to
Rh/CeQ,, Rh/CegsZr 40, exhibits a higher degree of inter-
action metal and support in terms of hydrogen spillover and
vacancy creation. The TPD-MS suggests both that back-
spillover is more facile and that vacancy creation is more
extensive for Rh/CeyZr 40, (N). The presence of chloride
affects the extent of vacancy creation in the sample. Redox
cycling partially removes the chloride retained from prepa-
ration procedures, but a significant amount remains. Thus,
chloride-based preparations, which are extensively used in
industrial synthesis, have a detrimental effect on the OSC
behaviour at normal operating temperatures of three-way
catalysts.
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