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Abstract

We have investigated the relationship between the reducibility of the support and the catalytic activity of supported Pt on a series ¢
catalysts supported on ceria—zirconia mixed oxides. The supports were prepared by co-precipitation with varying Ce/Zr ratios. X-ra
diffraction analysis indicated that, depending on the Ce/Zr ratio, solid solutions of cupfr{CeO, can be formed. The reducibility of
the supports was determined by X-ray photoelectron spectroscopy (XPS). After reduction at 773 K in hydrogen the fraction of reduce
cerium (i.e. C&") was found to vary with the Ce content, exhibiting a maximum at a compositiggZ2gs05.

A good correlation was found between the reducibility and the catalytic activity. It was found that the conversion of methane and
CO, obtained on the different catalysts after 22 h on stream went through a maximum as a function of Ce content in the support and th
maximum occurred at the composition that exhibited the maximum reducibility. Z#&Hproduct ratio was also a function of the support
composition, also presenting a maximum for the P§/§Zey 5O, catalyst.

The amount and nature of carbonaceous deposits were investigated by combining temperature-programmed oxidation (TPO) stud
with (XPS). The TPO profiles of all the spent samples revealed two oxidation peaks, one in the low-temperature region, 623-723K, an
the other in the high-temperature region, 873—-973 K. The peak in the high-temperature region is dominant in the unpromoted catalyst
while the peak at low temperature is more prominent in the REZ€e, O, catalysts. XPS exhibits three types of carbon with different
binding energies on the spent catalysts, two of them are two forms of coke, and the third one is due to carbonates. However, all of tt
peaks decreased after an oxidation at intermediate temperatures (i.e. 723 K). Therefore, it appears that the different peaks observed in T
are not due to different forms of carbon, but rather to different locations on the catalyst surface. The amount of carbonates on the spe
catalysts increased with the Ce content, but the correlation between carbonate concentration and activity was not as good as that betw
reducibility of the support and activity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction mary difficulty associated with the applicability of the €O
reforming process is finding a suitable catalyst that will
During the last few years, the GQeforming of CH, not deactivate under the deactivating conditions needed

has been intensively investigated for the production of for this reaction. Since the reforming reaction is highly
synthesis gas [1-10] as a complementary process of theendothermic, high operating temperaturesl(73K) are
well-established steam reforming. The possibility of utiliz- required to obtain significant conversions. At such high
ing CHs and CQ when they are simultaneously present in temperatures and in the presence of high concentrations of
natural gas reservoirs [11] as well as the/€O product carbon-containing compounds, the catalyst is susceptible to
ratio, which is lower than that of steam reforming, make deactivation, primarily by carbon deposition.
this process attractive for some applications [12]. The pri-  The deposition of carbon in this reaction strongly depends
on the type of metal being used. Although, in many reac-
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in the range 873-1173 K without carbon deposition [5]. Al- demonstrated that the oxygen vacancies in the zirconia sup-
though, the type of support used has been shown to have arport could be replenished by oxygen from the dissociation
effect on the methane reforming activity of metals like Ru of CO..

or Rh, which are efficient for dissociating GQhose effects Cerium oxide is known to have a very high oxygen ex-
are much less crucial than in the case of Pt and Pd [14]. change capacity [23,24]. This capacity is related to the abil-
This difference is due to the different abilities of the metals ity of cerium to reversibly change oxidation states between
for CO, dissociation. A metal able to dissociate £© very Cée*t and Cé+ by taking or giving up oxygen [25]. It has
efficient in eliminating the carbon produced by the methane been shown [26,27] that the reduction of Ce is not due to a
decomposition. By contrast, Pt or Pd require the assistancedirect release of @to the gas phase, but through a surface re-
of the support to keep their surface free of carbon. Seshanaction with a reductant such as CO, hydrogen, or a hydrocar-

and co-workers [15,16] first reported that 2r@8 a support
that promotes stability of Pt, even under severe conditions.
Our own investigations, with isotopically labeled molecules,
showed that the Zr@support has a strong effect on the ac-
tivity and stability of the catalyst [17]. In those studies, we
found that when the Pt/Zr{catalyst was exposed to pulses
of 13CH_, formation of'3CO, together with small amounts
of 13C0O,, was observed. X-ray absorption studies demon-
strated that the metal particles were in the metallic state.
Therefore, the only possible source of oxygen in this exper-

bon. This reaction is believed to occur at the metal-support
interfacial perimeter. Accordingly, the reductant adsorbed
on the metal particle would get oxidized at the interface by
oxygen from the support [28,29]. Therefore, it is not surpris-
ing that the addition of cerium improves the activity of £0
reforming catalysts. A second important effect of promoters
is the inhibition of Pt particle growth. This effect is not only
beneficial for increasing the active metal surface exposed
for reaction, but also for maintaining a high metal—-support
interfacial area, which is crucial for efficient cleaning of the

iment was the support. It was then suggested that some ofmetal particle.

the carbon produced from the decompositiortdH, par-
tially reduced the oxide support near the perimeter of the

The aim of the present contribution was to evaluate the ac-
tivity and stability of a series of catalysts: Pt/Zr@t/CeQ,

particle. This was a rather unexpected result, since, zirconiaand Pt/CegZr,_,O» (with x = 0.25, 0.50, and 0.75) for the

is generally considered an unreducible support. However, CO, reforming reaction and to determine what character-
in agreement with our results other authors have previously istics of these catalysts affect the activity and stability. We
reported that a partial reduction of zirconia is possible at have found that the promotion of the support with cerium

high temperatures [18]. The remainifC produced from
the decomposition of¥CH; was deposited on the Pt metal.
Subsequent pulses 8CO; resulted in the production of
both 2CO and3CO, which supported the idea that carbon
was removed from the metal particles under reaction condi-

depends on the Ce:Zr ratio and it is maximum when this
ratio is 1:1. X-ray diffraction (XRD) analysis, X-ray photo-
electron spectroscopy (XPS), and temperature-programmed
oxidation (TPO) were used to investigate structural proper-
ties of the catalysts, the oxidation states of the cerium, zir-

tions. The results also showed that Pt is needed to catalyzeconium, and platinum, and the coke formation during the

the dissociation of C®since, ZrQ alone was not able to
do it. Consequently, it was concluded that the dissociation

either takes place near the metal-support interface, or it oc-

reaction, respectively.

curs on oxygen vacancies generated during the previous re2. Experimental

duction of the support by the methane pulses, which in turn
is activated by the metal.

More recently, we have reported that the use of promot-
ers such as cerium oxide improves the activity and stabil-
ity of Pt/ZrO, catalysts under severely deactivating reaction
conditions [19-21]. We have interpreted the promoting ef-
fects of Ce in terms of a mechanism for the £f@form-
ing on Pt/ZrQ catalysts involving two independent paths
[16,17,19]. One of them is the decomposition of methane
that occurs on the metal, resulting in the formation of hy-

2.1. Catalyst preparation

The ZrQ support was prepared by calcination of zir-
conium hydroxide (Magnesium Electron Inc.—MEI) at
1073K for 4h in flowing air. The ceria support was pre-
pared by calcination at 1073K of CeQpbtained from
Johnson Matthey. The G&r;_, O supports were synthe-
sized following the method published by Hori et al. [30].
Cerium(IV) ammonium nitrate and zirconium nitrate were

drogen and carbon, and the other is the reaction of this car-dissolved in water, with the appropriate concentrations in

bon with oxygen to produce CO. This oxygen can either
come from the Zr@ support near the metal particle, or from
the decomposition of C® In this dual path mechanism,
the role of the support is very important. It participates in
the dissociative adsorption of Gear the metal particles,

order to have the specified Ce/Zr ratios. Then, the ceria and
zirconia hydroxides were co-precipitated by increasing the
pH through the controlled addition of ammonium hydrox-
ide. After the co-precipitation, the resulting solids were
washed with deionized water and calcined at 773K for 1 h

transferring oxygen to the coked metal and greatly acceler-in a muffle. The catalysts were then prepared by incipient
ating the removal of carbon from the metal. Similar results wetness impregnation of the supports with an aqueous so-
were obtained on Rh:ZrDby Efstathiou et al. [22], who  lution of HoPtCl-6H2,O. The samples were dried at 393K
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and calcined in a muffle furnace at 673K, for 2h. All the samples was performed in a packed bed micro-reactor with
catalysts, Pt/Zr@, Pt/CeQ and Pt/CgZr1_,O> (x = 0.25, an on/off valve on the top and bottom of the reactor. The
0.50, and 0.75) had the same Pt loading, 1.5wt.%. The reactor with the sample under He was transferred to a glove
BET surface areas of the supports were determined inbag; the sample (in powder form) was placed in a stainless
a Micromeritics ASAP 2010 adsorption apparatus. As steel holder and it was kept in a vacuum transfer vessel
an example of a catalyst on a non-reducible support, an(model 04-110A from Physical Electronics) to avoid any
alumina-supported catalyst was prepared using the same Péxposure to the atmosphere before the analysis. The XPS
loading. The metallic fraction exposed was calculated from data from the regions related to the C (1s), O (1s), Pt (4f),
pulse hydrogen chemisorption after reduction in hydrogen Zr (3d) and Ce (3d) core levels were recorded for each sam-
flow at 773K and heating in He at 1073 K. The saturation ple. The binding energies were corrected by reference to
adsorption capacity was obtained at room temperature bycarbon at 284.8eV. A non-linear Shirley-type background

sending 2Qul pulses of H. was used for the area analysis of each peak.
The reducibility of the CgZr;_,O2 supports was eval-
2.2. Catalytic activity uated by examination of the fraction of Ce in the and

4+ oxidation states were through the measurement of the
Reactions were performed in a quartz flow reactor with area under a peak at binding energy 916.5eV, which only
an inner diameter of 0.4 cm and an outer diameter of 0.6 cm. contains contribution from the €&, relative to the total
Prior to reaction, 10 mg of catalyst was reduced in situin H area under the Ce (3d) spectrum [31,32]. More details about
(30 cP/min) at 773K for 1 h and then heated to 1073K in these calculations are given below.
He (15 cn¥/min). The reactions were performed at 1073 K
with a CHy:CO; ratio of 2:1 and a flow rate of 150 citmin. 2.4. Temperature-programmed oxidation (TPO)
The conditions were chosen to ensure that the reaction was
operating far from equilibrium. A ratio of CHCO; higher TPO experiments were carried out in a micro-reactor cou-
than that at which one would normally operate in a com- pled to a quadrupole mass spectrometer (MKS, PPT 4.24).
mercial process (e.g. 1:1) was used in order to accelerate theThe TPO analyses of carbonaceous deposits were used to
deactivation of the catalyst and make a faster comparison. determine the amount of carbon that was deposited under
The Weisz—Prater criterion for internal diffusion was ap- reaction conditions. After reaction, the samples were cooled
plied and the results showed that mass transfer limitationsto room temperature in He. Then, the samples were heated
were not present in any of the experiments. The exit gasesat a rate of 10 K/min in a 5% £He mixture (30 cr¥min)
were analyzed using a gas chromatograph (Hewlett Packardup to 1073 K. After the system reached 1073 K, L0@f
HP5890) equipped with a thermal conductivity detector and CO, pulses were injected in order to calculate the amount
a Supelco Carboxen 1006 PLOT fused capillary column of coke formed on the catalysts.
(30m, 0.53mm i.d.), which allowed for separation of,H
CO, CHy and CQ. The carrier gas used was Ar. Calibration
of the GC using varying ratios of the reactants and products 3. Results and discussion
resulted in a mole:area ratio for each gas. Quantification of
H>O was not attempted. 3.1. Characterization of the calcined and reduced catalysts
before reaction
2.3. X-ray diffraction and X-ray photoelectron spectroscopy
Fig. 1 shows the X-ray diffraction patterns obtained on
X-ray diffraction experiments were carried out on a the Pt/ZrQ, Pt/CgZr1_,0O» catalysts. All the XRD spectra
Rigaku Automatic diffractometer (Model D-MAX A) witha  were recorded after calcination at 1073 K. It can be clearly
curved crystal monochromator and system setting of 40 KV seen that while the monoclinic phase of the zirconia pre-
and 30 mA. Data were collected in the angle range 5—70 dominated in the Pt/Zr@catalyst, very different patterns
with a step size of 0.05and a count time of 1.0s. The were obtained on the Ce-containing supports. We have ob-
samples were finely ground and then placed on the glassserved this difference before and indicated that the presence
slide using a smear mount technique. of Ce on the surface of zirconia retards the transformation
X-ray photoelectron spectroscopy data were recorded from tetragonal to monoclinic [33,34]. In fact, in the sam-
on a Physical Electronics PHI 5800 ESCA System with ples with high Ce content the observed XRD patterns are
monochromatic Al kK X-rays (1486.6eV) operated at consistent with the presence of a mixed oxidg Zg_, Os.
100W and 15V in a chamber pressure of approximately In these solids, the Zr is incorporated into the Gd@ax-
2.0 x 102 Torr. A 400um spot size and 58.7 eV pass en- tice and forms a solid solution with cubic symmetry [35].
ergy were typically used for the analysis. Sample charging It is seen that in the mixed oxides the peak shifts to lower
during the measurement was compensated by an electror?9 values from the position corresponding to the tetrago-
flood gun. The electron takeoff angle was’4&ith respect nal phase, in agreement with the results reported by Yao
to the sample surface. The reduction or the reaction of the et al. [24]. Similarly, Colén et al. [36] have reported that a
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Fig. 1. XRD patterns for the (a) Pt/ZgQ(b) Pt/Ce 25219 7502; (¢) Pt/Ce5Zro507; (d) Pt/Ce 75210 250:.

co-precipitation method similar to that used here, results in pulse studies mentioned above [17] demonstrated that, when
a Cg_,Zr, 07 solid-solution at most compositions with lit-  using ZrQ as a support in the absence of Ce, the presence
tle phase segregation. Although, XRD does not reveal the of the oxygen vacancies is a requisite for the dissociation of
presence of segregated phases, it is possible that some se@=0,. More recently, we have shown that when £gulses
regation undetected by XRD may in fact occur. To test this are sent over the Pt/ZgCcatalyst, no dissociation occurs,
possibility, we have compared the XPS Ce:Zr ratio for the but if it is sent after a series of GHpulses, which partially
three Ce_,Zr, O, supports. The results are summarized in reduce the support, CGs readily dissociated [21]. By addi-
Table 1. Instead of the linear increase that one could ex-tion of Ce, an enhancement of the oxygen exchange capac-
pect for a homogeneous oxide as the Ce:Zr ratio increasesijty occurs, improving the metal-cleaning ability. To find a
a very high Ce/Zr ratio was observed for thegGgZrp 2502 correlation between the catalyst activity and the oxygen ex-
indicating a surface segregation of Ce oxide on this sample.change capacity, it is important to determine the reducibility
Similarly, the C@25Zrp 7502 exhibited a higher Ce:Zr ratio  of the different Ce-promoted catalysts. To do this, we have
than the CgsZrps02. One could rationalize this difference  employed XPS.
proposing that in the latter the formation of the solid solu-  Fig. 2 shows XPS spectra in the binding energy region
tion occurred to a greater extent than in the former. corresponding to Ce (3d) for the catalysts series. Each sam-
In parallel with the changes observed in the crystalline ple was first calcined, then reduced in Bt 773K for 1h,
phases by the addition of Ce, significant differences in spe- heated to 1073K in He, and cooled to room temperature
cific surface area were observed for the Ce-promoted cata-under He. Special precautions were taken to avoid any con-

lysts in comparison with the unpromoted ZJ-or exam- tact with air before introduction in the XPS analysis cham-
ple, while the BET area of ZrPwas only 35m/g, that of ber (see section 2). It can be observed that each spectrum
the C@5Zro50, was 90 mi/g. is composed by several components (eight as determined

The reducibility of the support is a very important issue by least-squares fitting). The complexity of the photoelec-
in connection with its ability to generate oxygen vacancies tron spectra observed in this region has been previously re-
and to transfer the oxygen onto the metal particle [21]. The ported and has been rationalized in terms of a hybridization

Table 1

Surface atomic ratios as determined by XPS on the fresh catalysts reduced at 773K and after 2 h reaction at 1073 K, 2Z2Ghaalid of 2:pb

Sample Cel/Zr ratio CelZr ratio Pt/(CetZr) ratio Pt/(CetZr) ratio Metal fraction
fresh samples spent samples fresh samples spent samples exposed (H:Pt)

Pt/Zro, - - 0.096 0.020 -

Pt/Ce 252107502 4.2 45 0.019 0.016 0.47

Pt/Ce&5Zro502 1.5 1.4 0.024 0.018 0.34

Pt/Ce 75Zr0.2502 12.0 115 0.016 0.015 0.29

Pt/CeQ - - 0.044 0.030 -

aMetal fraction exposed for the fresh catalysts reduced at 773K calculated from hydrogen chemisorption.

b The XPS lines used to calculate the atomic ratios were Pt (4f), Zr (3d), and Ce (3d). Atomic sensitivity factors for these lines were those reportec

by Physical Electronics as empirically determined for the PHI 5800 XPS spectrometer.
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Fig. 2. Ce (3d) XPS spectra for Ce@nd Pt/CeZr1_,)O> catalysts.

between the partially occupied 4f levels in the Ce and the 2p area under this’(i peak relative to the total area under the
states of oxygen [32,37]. Following the labeling first used Ce 3d spectra has been used in the past to calculate the frac-
by Burroughs et al. [38], the peaks labeled v correspond to tion of Ce in the 4 state [31,32,39]. The fractional areas
Ce 3d,2 contributions and those labeled u represent the Ce of the U” peak in the total Ce (3d) region for the different
3ds/> contributions. The bands v;’vand v’(and those for catalysts investigated in this contribution are shown in Table

u) are attributed to e, while v and u are due to C&". 2. Reference values of compounds containing cerium only
In line with this description, Fig. 2 shows that the peaks in the Cé+ (Ce(OH)) and the C&" (CeAlOsz on Al,Os)
labeled U and V are more intense for the Pt/C&1_,0O; oxidation states are included for comparison. The percent of
catalysts in comparison with those for Pt/Geé&hd CeQ. Ce*t in the samples estimated from the XPS data are also
In fact, in these last two samples, the peaksnd vare shown in Table 2. It is seen that the reducibility of the sup-

practically absent. It is seen that the increase’ inccurred port is enhanced when the mixed solid is formed, and the
at the expense of a decrease it Clearly, among the  percent of C& goes through a maximum when the com-
Pt/Ce.Zr1_, O, series the one that exhibits the greatev' position is C@5Zrp505.

and U:u” ratios is the one with composition g&Zrg50;. Interestingly, Fornasiero et al. [40,35] in an investiga-
To make a more quantitative comparison of the degree of Cetion of Rh-loaded CgZr(;—,)O with varying Ce/Zr ratios
reduction, the {f peak is the most convenient feature since (x = 0.1-09) found that the reducibility of this series,

it does not overlap with the others. The measurement of theas measured by the temperature required to reduce the
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in the support (TOS= 22h, Tryn = 1073K and CH:CO, ratic=2:1).
Atomic Ce+ percent in CeZr;_, O, (full circles) vs. fraction of Ce in
the support (XPS data recorded on the reduced sample).

oxide, strongly depended on the Ce/Zr ratio and it exhibited
a maximum of reducibility (i.e. minimum temperature) for
the composition CgsZrg 502, in perfect agreement with the
results reported in this work. They attributed the observed
reducibility enhancement to an increased oxygen mobility
in the bulk of the mixed oxide induced by the incorporation

Table 2
Percent area of the XPS"upeak, calculated with respect to the total
area of the Ce (3d) regién

Sample U in Ce(3d) Atomic Cet Reference
(area %) (%)
PUCQ)_25ZI’0_7502 11.05 10.89 This work
Pt/Ce 5Zrp 502 8.81 28.95 This work
PI/CQ)_75ZI’0_2502 9.97 19.6 This work
Pt/CeQ 111 10.48 This work
Ce(OH), 12.4 0 [31]
CeAlO3:Al,03 0 100 [31]

aThis peak corresponds to the atomic percent otQa the sample.
The atomic percent of G& is obtained from the difference between total
Ce and C&", taken the Ce(OH)from [31] as a reference for 100% e
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of Zr into the CeQ lattice. Similarly, Hori et al. [41] have
recently observed that the rate of oxygen release in the
presence of CO is twice as fast on Pt—ceria—zirconia than
on Pt-pure ceria catalysts.

In accordance with our previous X-ray absorption obser-
vations [17] the XPS analysis of the Pt 4f peaks obtained
on all reduced and spent samples of this series showed that
Pt was in the metallic state. However, XAS is a bulk tech-
nigue and at that time we could not rule out that a very thin
oxidized layer covered the Pt particle and was not detected
by the technique. However, XPS is a surface-sensitive tech-
nigue and a surface oxide layer should be easily detected.
Therefore, this result definitely demonstrates that partial ox-
idation of Pt does not occur during reaction.

3.2. Catalytic activity measurements

Several Pt/CgZr1_, O, catalysts were examined with dif-
ferent percentages of the Ce promoter. Of the three catalysts
prepared by the co-precipitation method (Ce fraction: 0.25,
0.50 and 0.75) the Pt/@GgZro 50, catalyst proved to have
significantly higher catalytic activity than either of the other
two co-precipitated catalysts or the Pt/Zrénd Pt/CeQ@. As
shown in Fig. 3, the conversions of @Gldnd CQ after 22 h

0.6 -

H,:CO Ratio

0.4

0.2 T T T T 1
0.2 0.4 0.6 0.8 1

X in Ceer(1_x,02

Fig. 4. H:CO ratio vs. fraction of Ce in the support for Pt/Ze;_,O>
catalysts (TOS= 22 h, Trxn = 1073K and CH:CO; ratio=2:1).
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Fig. 5. Catalytic activity vs. time-on-stream for Ptp&lz, Pt/ZrQ,, Pt/CeQ, and Pt/CgsZrp 50, catalysts. Reaction conditions: T@S22 h,Tryn = 1073 K
and CH;:CO; ratio=2:1. (a) CH, fractional conversion. (b) COfractional conversion.

of reaction when plotted as a function of Ce% in the support action is highest for the Pt/@gZro 502 catalyst, but in all

go through a maximum at 50% Ce for the Pi§G&rps02 cases, it is lower than 1, due to a contribution of the reverse
catalyst. It is important to compare this activity trend with water gas shift reaction which converts Bind CQ to CO

the reducibility of the support as measured by XPS. When and water.

the fraction of reduced Ce (i.e. fraction of €@ in the After the demonstration of the effect of the support
support is plotted together with the activity pattern a strik- reducibility on activity it is interesting to compare the sta-
ing relationship between activity and reducibility is clearly bility displayed by catalysts with a reducible support such
demonstrated. As illustrated in Fig. 4, the/BO ratio ob- as Ce-ZrQ with one in which the support is non-reducible.
tained from the reaction data follows the same trend as the Alumina is a good candidate for this comparison. Alumina
activity shown in Fig. 3. The HCO ratio after 22h of re-  has been extensively used for many industrial applications,
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exhibiting a good thermal and chemical stability, in this Table 3
case it may not be an appropriate support. For this Compari_Amount of carbon deposited on the different catalysts, as determined by
son, a Pt/AO3 catalyst (1.5wt.% Pt loading) was prepared TPO, using 5% @He and a heating rate of 10 K/min, after 22 h reaction
' MU at 1073K and a CHCO; ratio of 2:1
and tested. As shown in Fig. 5a and b, the Bl cat-

alyst had a low initial activity and deactivated much more Catalyst Percent of carbon (wt.%)
rapidly than the Pt/GgsZrps02 catalyst. The activity data  pvzro, 5.8
for unpromoted Pt/Zr@ and Pt/CeQ catalysts have been  PtCez2sZro7s02 5.31
also included in this figure. It can be observed that even the PYC®s5Zr0502 3.96
unpromoted Pt/Zr@had much higher activity and stability Egg%szrozsoz é'gi
than the one supported on alumina. The Pt/gCe@talyst PY/AL,O3 328

had an initial conversion comparable to that supported on
alumina, however its stability was significantly better. The
rapid deactivation of the Pt/AD3 catalyst can be attributed
to coke deposition on the catalyst surface. The inability
of the support to provide a high oxygen transfer and,CO
dissociation makes the cleaning mechanism inoperative.

It is clear that the catalysts with ZpO Ce®, and
Ce-promoted supports have better stability than theDAl
supported catalyst. However, the catalyst supported on
unpromoted Zr@ also deactivates after some time. By
comparison of the catalytic activity of the Pt/Zr@atalyst
and the Ce-promoted catalyst in Fig. 5, the importance of
the promoter is evident as indicated by the improvement in
activity. Even though the CeQOsupported catalyst is rela-
tively stable, the activity remains relatively low throughout
the reaction. The relatively low activity of the CeQ@at-
alyst can be attributed to a much lower surface area than
zirconia.

Table 3 summarizes the amount of carbon deposited on
all the samples tested after 22 h of reaction at 1073 K and
a CHy:CO; ratio of 2:1. It is observed that the quantity
of carbon deposited on the catalyst decreases as the ceria
content increases. However, it appears that the amount of
carbon deposited is not the most important parameter that
relates to stability. In our previous paper [21] we found
that although the unpromoted Pt/ZrQatalyst and the
18 wt.% Ce-promoted catalyst formed in 22h about the
same amount of coke, the Ce-promoted catalyst was more
active and stable. It is therefore, the ability of the catalyst
to clean the active site what makes the catalyst active. It

3.3. Characterization of the spent catalysts and the carbon o
deposits after reaction Pt/zirconia

The fraction of metal exposed was determined by hy-
drogen chemisorption for the Pt catalysts supported on the
double oxide supports. As summarized in Table 1, the frac-
tion exposed after a reduction at 773K is similar for the
three samples. A more qualitative description of the frac-
tion of metal exposed on the different catalysts before and
after reaction can be obtained with XPS, by comparing
the Pt/(Ce+ Zr) atomic surface ratios. An increase in the
Pt/(Ce+ Zr) ratio indicates a higher fraction of the metal on
the surface. Accordingly, the data in Table 1 indicates that
the addition of Ce results in a decrease in the fraction of
metal exposed for the catalysts reduced at 773 K. This de-
crease can be due to a larger metal particle size, or as has .
been observed before [42] to a partial coverage of the metal Pticeria
by CeQ:. species, occurring during the high-temperature re-
duction. The interesting point is that after reaction, the metal . Vo
fraction exposed is almost the same for all catalysts. There- Ptalumina X E,/
fore, although particle size could have an important effect
on the catalytic performance, they cannot play an impor- ‘ ' ‘
tant role in this catalyst series. Table 1 also shows the Ce/Zr 300 500 700 900 1100
ratios for the reduced and spent catalysts in the Ce—Zr se- Temperature (K)
ries. An interesting trend_appears. The _catalyst contai_ning Fig. 6. Temperature programmed oxidation (5% heating rate
Cen.25Zr0.7502 shows a higher Ce/Zr ratio than that with  10k/min) for PyALOs, and PtCezr_,)O, catalysts after exposure to
composition CgsZrgs0,. a CH;:CO,=2:1 mixture at 1073K for 22 h.

Pt/ceria-zirconia
x=0.25

Normalized CO, Signal (a.u.)
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Table 4
Contributions to the C (1s) XPS spectra, determined by a least-squares
fitting, expressed as atomic carbon pergent

Binding Atomic carbon percent in Pt/C&r;_,)O»

Pt/zirconia energy (eV)

Xx=0 x=025 x=05 x=075 x=1

284-285 95 7.0 3.8 9.4 7.2
Pceria-zirconia 285-287 111 24 0.6 2.1 4.2
%=0.25 289-290 13 31 1.9 6.7 8.0

aXPS data obtained on the in Pt/ O, catalyst series after
2h of reaction at 1073K and a GHCO, ratio of 2:1.

x=0.5
/’/\/\,\ the C (1s) region for the five samples in the catalysts series
after 2 h of reaction at 1073K and a @i@0O; ratio of 2:1.
. To have an independent measurement of the carbon bind-
x=0.75

ing energies, they were aligned based on the ZjAline
(182.4eV) from the Zr@ support. After the short reaction
time used for this particular set of samples, small amounts of
carbon were present on the surface. Therefore, the different
carbon species are more easily identifiable.

Three contributions can be identified in the spectra by
Pt/ceria least-squares fitting, one in the region 284-285eV, a sec-
ond one that appears as a shoulder of the first one around
285-287 eV, and a third contribution at around 288-290 eV.
The first two regions are associated with coke deposits while
the high-binding-energy region is due to carbonate species
Binding Energy (eV) on the surface. Table 4 summarizes the contribution of each

region to the total carbon content in the samples, as deter-

Fig. 7. C (1s) XPS spectra for Pt/C#r;_,,O, catalysts after exposure ~ mined by the fitting. It is clear that the contribution of the
to a CHy:CO,=2:1 mixture at 1073K for 2h. high-binding-energy peak to the total carbon area increases

with the amount of Ce in the sample, indicating that car-

bonate formation is favored in the presence of Ce. Bitter
is possible that on the promoted catalyst, some carbon iset al. [43] have noted that in general the oxides that are able
deposited away from the metal-support interface, playing ato form carbonates (e.g. Z&p promote the CQ reform-
minimal role in the deactivation. ing reaction more effectively than those that do not form

To illustrate the ability of the promoted catalysts to elim- carbonates (e.g. S The formation of carbonates on the
inate coke more easily, Fig. 6 shows the TPO profiles for ceria-promoted catalysts qualitatively agrees with that obser-
the six samples: Pt/Zrf) Pt/CeQ, Pt/CegZri_,07, and vation. However, while the surface carbonate concentration
Pt/Al,O3 catalysts after 22 h of reaction at 1073K and a continuously increases with Ce content, the activity goes
CH4:CO, feed ratio of 2:1. All the profiles showed two through a maximum at an intermediate Ce concentration.
peaks, one in the low-temperature region, 623-723 K, and Therefore, the reducibility, or rather the oxygen storage ca-
the other in the high-temperature region, 873-973K. In pacity, is the parameter that best correlates with activity (see
agreement with results reported in our recent contribution Fig. 3).

[21] we observe that the peak in the high-temperature region The carbonaceous deposits on the P§Zeys0, cat-
is dominant in the unpromoted catalysts, while the peak at alyst after 22 h on stream at 1073 K and a ED, ratio
low temperature is more prominent in the Pt/Zg_, 0> of 2:1 were also analyzed by XPS. Table 5 summarizes the
catalysts. atomic surface concentrations of carbon (as measured by

These two different oxidation regions can either be due to XPS) on each of the binding energy regions. It is observed
the presence of two different types of carbons or to a differ- that after 22 h, both the contribution at 284-285 eV and that
ent location of the carbon on the surface of the catalyst. In at 285-287 eV become of the same order. Moreover, a par-
the first case, the carbon that can be oxidized at lower tem-tial TPO was conducted stopping the heating at 723K and
peratures would be more carbidic in nature or would contain then cooling down in He. This partial TPO was an attempt
a higher H:C ratio than the one oxidized at high tempera- to see if the fraction of carbon that gets oxidized in the low
tures, which should be more graphitic. If that were the case, temperature region of the TPO (see Fig. 6) was chemically
one should observe differences in the binding energy of car-distinguishable from that oxidized at high temperatures.
bon as measured by XPS. Fig. 7 shows the XPS spectra inHowever, the decrease in carbon concentration after this

278 280 282 284 286 288 290 292 294
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Table 5
Contributions to the C (1s) XPS spectra determined by least-squares fitting and expressed as atomic carbdn percent
Binding energy (eV) Surface atomic carbon percent in Rt{Zey 502
TOS=2h TOS=22h TOS=22h TPO up to 723K TOS=22h TPO up to 1073K
284-285 0.85 9.58 4.63 0.15
285-287 3.53 10.70 4.34 4.30
289-290 1.95 4.0 1.99 0.98

aXPS data taken on the Pt/ggZros0, catalyst after reaction at 1073K and a £60;, ratio of 2:1. Time-on-stream (TOS} 2 and 22 h. Also
included are data obtained after TPO up to 723 and 1073 K, respectively.

partial TPO was about 50% for all three types of carbon. carbon deposition occurs as a result of the initially rapid
Therefore, it appears that the different peaks that we ob- methane decomposition. This carbon deposition slows down
serve in TPO are not due to different forms of carbon, but the rate of methane decomposition until a balance is reached
rather to different locations on the catalyst surface. with the rate of oxygen transfer. This is the situation that
It is well known that the oxidation of carbon, occurring takes place on the zirconia-supported catalyst. Finally, when
in TPO, is catalyzed by the metal on the sample. Therefore, the oxygen transfer is much slower, the carbon deposition
those carbon deposits left near the metallic particle will be cannot be controlled and the catalyst rapidly deactivates, as
more easily oxidized. At the same time, it is interesting to it is observed for the alumina- or silica-supported catalysts.
note that on the promoted Pt/C#,_, O, catalysts, most of
the carbon was oxidized at the low-temperature region. This
could certainly be ascribed to the higher oxygen exchange
capacity of Ce, which can have an important effect in cat-  1hg main conclusions of the present study can be sum-
alyzing the oxidation during the TPO by transferring OXY~ marized as follows:
gen atoms across the surface onto the carbon deposits. The
low-temperature peaks observed in TPOs of coked Al 1. The catalytic activity of PUZr@is greatly enhanced
catalysts have been typically ascribed to carbon near the by the addition of Ce to the support. The activity goes
metal particles, while those at high temperatures have been through a maximum at a composition Pt§g&ro502.
ascribed to carbon on the support [44]. However, in the case2. The reducibility, and, therefore, the oxygen exchange ca-
of Pt/Ce-ZrQ catalysts we ascribe this low-temperature  pacity, of the support also has a maximum at the compo-
TPO peak to carbon that is not immediately near the metal ~ sition Ce 5Zro502.
particle, since as indicated by the lack of catalyst deactiva- 3. The excellent correlation between support reducibility
tion, this carbon is continuously eliminated during reaction. ~ and catalytic activity gives further support to the two-path
Therefore, we can conclude that on the Ce-promoted cat- mechanism for the Cfreforming of methane proposed
alysts the immediate proximity of the metal-support inter-  before. Accordingly, methane decomposes on the metal
face is kept free of coke all the time, as the absence of any ~ surface, producing hydrogen and carbon that then reacts
deactivation demonstrates. There is a region near the parti- With oxygen from the support, which is continuously re-
cles, but not exactly at the interface, which may accumulate ~ plenished by the dissociation of GONith the presence
small amounts of carbon. of an oxide such as ceria, which greatly enhances the rate
The clear activity enhancement caused by the addition of ~ of oxygen transfer, this step is accelerated.
Ce to zirconia is certainly related to the ability of Ce to
accelerate the oxygen exchange capacity. As we me”tione%cknowledgements
above, a higher rate of oxygen transfer helps to keep the
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