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Study of the reducibility of Pt or Pd on ceria—zirconia catalysts
by XANES measured at the Ceq)Ledge and
magnetic susceptibility measurements
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The reduction behaviour of G&r,_, O, and Pt or Pd supported on &1, Op was investigated by means of XANES measured at
the Ce Ly edge and magnetic susceptibility measurements. Both techniques agree quite closely for the materials studied. The presence of a
noble metal greatly improves the reduction of the g _, O, support at low temperatures. The reoxidation that occurred after evacuation
of the reduced solids and heating to B3@suggests that it is linked to a reversible surface reduction process of the sample.
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1. Introduction 2. Experimental

The wide use of ceria as a promoter in three-way ag-'l' Materials

tomotive catalysis for emission control is due to its abil- All materials were provided by Rhodia (CEZIRENCAT
ity to store and release oxygen, as required, during t@ﬁmples). They were of a high surface area (HS
catalytic degradation of pollutants [1-3]. The most sigrgg n? g-1). In addition to ceria, two mixed oxides with the
nificant problem encountered when using ceria is the d@c‘;mposition Ce 682103502 and Ce seZro. 5002 were stud-
crease in the oxygen storage capacity (OSC) under norm&{ ' Noble metals were impregnated onto the oxide using
driving conditions [4] which is further aggravated by thfPt(NI—|3)4(OH)2 or Pd(NH;)4(NOs), as chlorine free precur-
use of close-coupled catalysts in order to overcome calgys. The metal content was).5 wt%. Samples are desig-
start-up problems [5]. The incorporation of Zrnto the nated a code NM CZ X/100-X, where NM is Pt or Pd and X
CeQ lattice benefits the material two-fold by both stajs the cerium molar composition in the oxide (in %). If no
bilising the surface area of the mixed oxide system amiM is mentioned, the sample is the mixed oxide only.

by allowing a greater reduction of the ceria due to oxy-

gen vacancy migration into the bulk of the material re2.2. XANES (X-ray absorption near-edge spectroscopy)
sulting in better OSC properties [4,5]. This resulted in

a new generation of automotive exhaust three-way cat- XAFS data were measured at the ESRF in Grenoble
alysts using ceria—zirconia mixed oxides, ,@g_,0,, (France) at the BMO1. The beamline was equipped with
instead of pure ceria as a support for the catalyticalfy channel cut (111) monochromator. Harmonic rejection,
active noble metals (NM). The reduction/oxidation bePy decreasing the intensity to 50%, was performed by us-
haviour, which is believed to be closely related to th#9 & curved Cr mirror. All measurements were performed
oxygen storage capacity of these materials is now wéﬂ liquid nitrogen temperature after the sample was given an

documented [4,6-11]. However, the oxides impregnaté'?jSitU treatment as required. The detectors were ionisation

with NM certainly require more study, particularly Con_chambers filled with He/Ar mixtures. The resolution of the

cerning their redox and chemisorptive behaviour. Th%xr_’riri?iﬁl?smd b.e es:itmhatgd to aotl)outO.SbeV. dt |
work reports on the reducibility and the redox behaviour N region of the Cel, edge can be used to cal-

of these noble-metals-containing materials using XANE%JIate the reduction percentage of ceria as different features

: .. exist for each of the two different oxidation states. This dif-
measured at the Cel edge and magnetic susceDthII_ference is illustrated by the spectra of Ce(®$and CeQ
ity measurements. Both techniques give information on th y P

. . oo Which are shown in figure 1. Only one peak (peaj B ob-
:Jnuell:]t;eductlon of the materials and allaw situ measure- served for C&, whereas CE shows two features (peaks

B1 and C). The features observed in the Gg kdge have
* To whom correspondence should be addressed. been assigned previously [12—-14]. These differences were
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Figure 1. Reference XANES spectra: Cg ledge of Ce® (Ce*t) and

Ce(NQ)3 (Ce3t).
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and the positive increase of the Beak (i.e., the difference

in intensity between the both peaks) as shown in the differ-
ence curves (see figure 5). The calibration of the extent of
reduction was made using the same procedure on COENO
and CeQ, chosen as references of a fully reduced sample
(100% of Cé*) and a fully oxidised sample (100% 9.

The precision of the procedure was estimated using physical
mixtures of C&" and Cé* with a known C&*/Ce** ratio.
When performing the analysis procedure as described above,
we obtained ratios which were accurate within 10%.

2.3. Magnetic balance (MB)

Magnetic susceptibility measurements were carried out
on a Faraday microbalance. The experimental set-up and
procedure for calculation of the magnetic susceptibilities
have been described elsewhere [17,18]. The method allows
the determination of the paramagnetic3€econtent. All
samples were submitted to a series of reduction treatments
at various temperatures under 5%/He, as detailed be-
low. Magnetic susceptibility measurements were performed
at 25°C before and after all temperature treatments and at-
mospheric changes.

2.4. Protocol

A standard protocol for testing and analysing CEZIREN-
CAT samples was established within that project. All sam-
ples were subjected to a cleaning pre-treatment in order
to have an equivalent starting point for the two techniques
used [19]. This consisted of a heating step in 5%H2 at
atmospheric pressure, to 530 for 1 h (all heating and cool-

ing rates were 10C/min). After cooling, the system was

evacuated and the system reheated to°&08nd left at that

temperature for 1 h. This procedure generally gave results

of ~1-2% of C&™.

The next step consisted of the introduction of 5%He

to the sample at RT for chemisorptive studies. The proto-

Figure 2. Pd CZ 50/50 sample: normalisation of the spectra at 50 eV abayg| allowed for times of up to 24 h of equilibration in the
the edge. MB, in order to attain a steady state. This extended time was

. . 0 to determine the RT activity of the material. After all heat
used to extract the degree of cerium reduction (% o*'Ge yoatments and changes of atmosphere 15 min of equilibra-

using different approaches [12,15]. The analysis procedyfg, \as allowed to obtain a pseudo equilibrium state. All
described by Overbury [15] has been adopted here. further treatments consisted of the introduction of flowing

_ The pre-edge of the obtained data was subtracted by 88 14,/4e and heating to the reduction temperature for 1 h.
ing a mod_n‘led Victoreen function. The bgckground_of thjﬁfter cooling, the quantity of C¥ was measured, then the
thus obtained spectra was subtracted using a cubic Splilgtem was evacuated and heated to the same temperature
function. All data handling was performed using the XDARS, 1 h. A measurement of the &ewas performed again
program [16]. Next the spectra were normalised at 50 €}ier cooling, and then if the reduction temperature was less
above the edge. Figure _2 shows, as an example, the spegitd, 500°C the system was heated to S@for 1 h prior

for Pd CZ 50/50 after this processing. The spectrum of thg another measurement. In this way we were able to obtain

cleaned sample was assumed to be representative for thahgée distinct characteristics of reduction at each tempera-
a sample in which the Ce is fully oxidised and was used gge:

a reference. This fully oxidised spectrum is then subtracted, . - _
from the spectra obtained after reduction at 200 ancPgpo () the “total reduction” corresponding to the Beextent

and from the untreated sample thus obtaining a difference OPtained after reduction undepH

spectrum for each temperature. The extent of reduction is i) the “irreversible reduction” obtained after evacuation at
rectly related to the negative increase of the height of peak C RT and subsequent heating to the reduction temperature

5680 5720 5760 5800
Photon Energy (eV)
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and 500C (if the reduction temperature is less thain table 1 also confirm those obtained previously on ceria—
500°C); zirconia mixed oxides [7-10].

(iii) the “redox reversibility” which is the difference be-

nween total and irreversible reduction. 3.2. Influence of platinum and palladium on the reduction

of Cey 682r0.3202
The protocol for the XANES studies was similar but a .
little simplified. It consisted of this bichemisorption for  Figure 3 shows the MB results obtained for CZ 68/32

one hour at 25, 200, 350 and 500, whereas the MB also HS. both in the presence and absence of a NM. Results are
used intermediate temperatures with reduction at 100, 2p%tted as mmol C¥ present per g catalyst versus reduc-
and 425C, and the higher temperatures of 600 and D0 tion temperature. It can be clearly seen from this figure that
Due to these inherent differences in protocol for both tecf1€ noble metal enhances the low temperature reduction of

niques some variations are to be expected on the reductfofr [N the case of Pd a reduction is already observed at RT
extents. whereas for Pt the reduction of Ce starts between 100 and

200°C. Note that in the absence of a NM the reduction starts
only at 300°C. Figure 3 also shows that Pd and Pt give sim-

3. Results and discussion ilar extents of reduction at high temperature. The reduction
extent at 700C reaches approximately 3.0 mmol<Cay-
3.1. Reduction of GgssZro 3202 and Ce 50Zro.5002: cat L. This equates to about 75% of the ceria being reduced,
comparison between both techniques a value not too far from that obtained with the CZ 68/32 ox-

ide alone (65%). These results confirm those reported on
In order to test the comparability of both techniques thRh/Ce. Zr;_, O, [15].

reduction degree of the ceria—zirconia mixed oxide supports, On the basis of previous observations and conclusions
reduced at 200 and 50Q in flowing 5% H/He was in- made on the reduction by hydrogen of noble metals sup-
vestigated by both the magnetic balance and XANES. Tperted on ceria [20—22] and on ceria—zirconia [23,24], we
ble 1 gives the extent of reduction defined as the rat@an consider that reduction of the redox support takes place
cet/(Ce*t + Ce*h). It can be clearly seen that both techvia two competing mechanisms: (i) at low temperatures,
nigues give extremely comparable results for these samplés is dissociated in the presence of a NM according to
and can therefore be used to study the reducibility and the &> — 2H'. Spillover occurs and this results in the for-
versible reduction of the NM-loaded CZ materials. Resulteation of OH species, which causes the Ce to exist as the
trivalent cation. This has been shown to be a surface asso-

Table 1 . . o ) o -
Comparison of the total reduction of ceria—zirconia mixed oxides usirgfated reaction exhibiting a high degree of reversibility via a
XANES and magnetic susceptibility measurements. back spillover mechanism [25] (ii) at high temperatures, the
Sample Temperature Atmosphere  XANES Magnetic balandgreation of oxygen vacancies is favoured. Th|§ is cau;ed by
©C) (%) (%) the loss of water from the surface of the material leaving an
oxygen vacancy associated with®ecations. Bulk oxygen
CZ68/32 HS 200 o 400 a7 then migrates to the surface to replace the lost oxygen, ef-
CZ 50/50 HS 200 W <5 27 g P ygen,

500 Hy 56.7 562 fectively causing the oxygen vacancy to migrate to the bulk.
This corresponds to an irreversible process.
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Figure 3. C&+ concentration versus reduction temperature for CZ 68/32 HS, Pd CZ 68/32 HS and Pt CZ 68/32 HS. Measurements performed under 5%

Hy/He. The C&* values are given in mmol g-cat.
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It is important to note here that the reduction at low ternreur. The MB also used intermediate reduction temperatures
peratures of NM/CZ 68/32 HS reduces more Ce ions th@not shown in table 2) to obtain more complete data on the
present on the surface (about 0.7 mmoty This shows process, and these additional steps further elevated thie Ce
that in the presence of a metal, the bulk oxygen ions ebncentrations. These effects appear to be additive leading
the ceria—zirconia are affected by low temperature redue-a difference, after reduction at 500, of about 10% for
tion. The fact that the reduction of Ce in the Pt-containingd CZ 68/32 HS and Pt CZ 68/32 HS. Despite these differ-
sample starts at a higher temperature compared to the Paces both techniques show that the addition of a NM to the
containing sample can be explained by the presence qof Pt@xides increases the efficiency of the reduction process (see
on the surface of the Pt particles, thus inhibiting the spillovéable 1 for comparison).
as long as reduction in metallic platinum has not occured. - . .

Large quantities of oxidised Pt have been detected on the &3- Influence of the composition of the mixed oxide on the
idised and reduced’( < 100°C) samples, but this amount ~ reduction of NM—-CgZr; O,
0,
decreases to less than 10% for temperatures of8Ind .y cinility of the mixed oxides, with and without
higher [26]. : L g
: . . Pd, is seen in figure 4. As in figure 3, results are plotted

At high temperatures, the second reaction (which essen- T . :
. . . . ) s mmol-Cé+ g~ to allow the direct comparison of mate-
tially is a bulk reaction) becomes predominant, which Ieaéis

) . ials of different composition. When the r ion behav-
to the supports (Ce—Zr mixed metal oxides) and the N fals of different compositio en the reduction beha

. : . iour of the pure Ce@sample is compared to those where Zr
impregnated supports (NM Ce—Zr mixed metal oxides) b @ b P

. 7 . . . ﬁ resent it is clear that in the Zr-containing samples more
give similar values. The slightly higher reduction extent D 9 P

) . ) - MCe is present. Thus Zr assists in the reduction of the lattice
the NM CZ oxides can be attributed to a higher stabilisatiofl. .\, hole in agreement with previous works [7—10]

of hydroxyl groups when a NM is present. XPS has shown \yen palladium is deposited on the oxides, again there
some evidence for the existence of hydroxyls after redug— an improvement of the reducibility at low temperature,

tioné_ eva302ation and heating [26]. This pointis discussed {nfirming the occurrence of hydrogen spillover, but with a
section 3.4.

Table 2 summarises some of the MB and XANES re- _ Table 2 _ o
lts at common reduction temperatures for both techni uComparlson of the degree of reduction of NM impregnated ceria—zirconia,
su p ) q Sﬁder H at 200 and 500C, using XANES and magnetic susceptibility
Contrary to the case of the supports alone, it shows a few measurements.
dlﬁerenlces in the data for the NM-[mpregnated m_atenaléample Temperature Atmosphere XANES Magnetic balance
Reduction percentages recorded using the magnetic balance ©C) (%) (%)
are generally higher than those obtained by XANES. This
! . . . Pd CZ 68/32 HS 25 b 7.2 27.6 (13 h)
can be ascribed to differences in the experimental proto- 200 Hp 433 46.0
col that is in part determined by the individual techniques. 200 vacuum 13 305
The first difference occurs in the RT chemisorption exper- 500 Vacuum 25 25.2
iments performed on Pd CZ 68/32 HS using the MB. For 500 y H 527 2}1-5
the MB experiments the sample was exposed to the reduez o . 5280 ac;”m 4’2% 44'(5)
ing atmosphere for far longer period (13 h) than for XANES 500 Hy 517 616
(1 h). This immediately caused higher &evalues to oc-
3.5
——LL Pd CZ 50/50 HS
—o—LL Pd CZ 68/32 HS
w2 31  ——LLPdCZ100/0 HS
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Figure 4. C&" concentration versus reduction temperature for Pd CZ 100/0 HS, Pd CZ 68/32 HS and Pd CZ 50/50 HS compared to the support alone.
Ce3t values given in mmol g-cat.
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Table 3

500°C Reduction  ~—p, / " 200°C Reduction Reversibility data for the Pd CZ 68/32 HS catalyst (deduced from table 2).
‘‘‘‘‘ / ‘\‘ —~.~.500°C under vacuum -
500°C undor vacuum iN / alter 200°C reduction Sample Temperature XANES Magnetic balance
after 500°C reduction ™~ (°C) (%) (%)
"""""""" i Pd CZ 68/32 HS 200 21.8 20.8
500 19.6 17.0

Intensity (a.u.)

under B and which are stabilised by the presence of the
NM. It must be noted that the bare supports do not show sig-
5690 5760 57‘10 57‘20 5730 57;0 57’:50 5760 5770 5780 5790 niﬁcant reverSible redUCtion at 200 [29] and Only 3_4%
Photon Energy (eV) after evacuation at 700 [30]. This shows the determining
effect of the metal on the formation and the stabilisation of

Figure 5. Reversibility of the reduction evidenced by XANES on the Pd COH species on the redox support surface.
68/32 HS catalyst. The difference spectra are obtained by subtraction of the
spectrum of the fully oxidised sample (100%4¢@ from the spectra of the

reduced spectra.

4. Summary/conclusions
distinct difference between ceria and the two ceria—zirconia
oxides. As shown in figure 4, the extent of reduction for This work has primarily focussed on the reduction of
Pd CZ 100/0 HS remains close to that of the surface reduseria—zirconia mixed metal oxides that have been impreg-
tion only, i.e.,~1 mmol-Cé* g-cat'! [27]. For the NM— nated with a NM (NM= Pd, Pt). The similar results for the
Ce Zr1_,O,, the C&* concentration at low temperature isreduction of the mixed metal oxides without a NM obtained
at least twice that of the pure ceria material, giving evidenggth the MB and XANES showed that both techniques can
that the bulk reduction effectively occurs in this low tempeibe used to reliably study the reduction processes on the CZ
ature range. XANES measurements performed on the Pd €gmples. However, for the NM-impregnated materials there
50/50 HS sample confirm these results, with however a difrere differences found between the results from each tech-
ference of over 15% observed with the MB which again cafique. These variances have been explained by the differ-
be explained by a much higher Eevalue obtained in the ences in the experimental protocol that were necessary for

MB after 9.5 h under hydrogen at 26. each of the techniques. Longer periods under a reducing at-
o _ _ mosphere and intermediate reduction steps augmented the
3.4. Reversibility of the reduction of the materials reduction of the materials studied by magnetic susceptibility

Reversible reduction has been defined as the diﬁerenrggasurements. Nevertheless, both techniques showed the

between the reduction levels after treatment in & the same trends.

reduction temperature and after subsequent heating of theThe addition of a NM to the oxides increases the effi-

material in vacuum at 500C. This difference is thought ciency of the reduction process of the Ce in the support. The

to be the reduction that corresponds to the presence of GfiECt is far more obvious at lower temperatures. Reduction
species adsorbed on cerium ions, very likely hydroxy grouﬂgcurs at room temperature for the Pd-impregnated materi-
coordinated to two cations in the proximity of an oxyge'S: The Pt samples, however, do not become reduced un-
vacancy [28]. For ceria and ceria—zirconia oxides, it has & {emperature of 208C is reached, i.e., after that RO
been shown by IR spectroscopy that upon heating in vat@S been reduced. At higher temperatures, above G0
uum, these species are eliminated in the range 5002@00the results of the supports and the NM-impregnated mate-
through hydrogen evolution [29]. At the same time, magqals become closer. In fact the irreversible reduction, for
netic susceptibility measurements have shown a slight d8@¢ NM-impregnated samples, is almost identical to the pure
crease of the G& content [29]. This reversible Hadsorp- SUpport. This suggests that at these temperatures formation
tion/desorption is also evidenced in the present study aftioxygen vacancies at the surface is not influenced by the
seems favoured by the presence of the noble metal. This g§fisence of noble metals. The only difference that is seen
be observed in the XANES as shown in figure 5 for the F@ exist under hydrogen between the bare support and the
CZ 68/32 HS sample. Clearly the reoxidation of€aipon NM-impregnated material is thought to be approximately
evacuation at 508C can be observed from the increase dg#ne layer of hydroxyls at the surface, that is maintained by
the By peak and negative increase of the C peak. the presence of the NM. This is confirmed by the degree of

Table 3 shows the values of reversibility for Pd CZ 68/3geduction after heating under vacuum to high temperatures
HS after reduction at 200 and 500. The results are ap- (>500°C) being close to that of the pure support. It can thus
proximately the same for each technique, with a reversible said that the NM aids the reduction of the ceria zirconia
ity value close to~20%. Since the extent of this reversiblematerials at low temperatures, but at high temperatures the
reduction is close to the surface reduction percentage, itigly difference is due to the NM stabilised hydroxyl groups
suggested that about one layer of hydroxyls can be formpresent.
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