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Abstract

The interaction between silica and palladium following complete oxidation of methane or following reductipmviasHinvestigated on a
polycrystalline palladium foil and on supported Pd/gi€atalysts. During methane oxidation, oxidized silicon covered the palladium oxide
surface as observed by TEM on Pd/Si€atalysts and by XPS on palladium foil. On the Pd foil, the source of silica was a silicon impurity,
common on bulk metal samples. The migration of oxidized silicon onto PdO deactivated the catalysts by blocking the active sites for methane
oxidation. Silicon oxide overlayers were also observed covering the Pd surface after reduction of Bg/BjCat 923 K.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction The interaction between tleatalytic active metal and an
oxide has been growing in importance in catalysis. Virtually

. ) ) . all nanoparticle catalysts are dispersed on supports to mit-
nign process for power generation because of its potential toigate particle sintering. Metal—oxide interaction is inherent

generate Nnglssmns beloyv 1 ppm; .'t can also be. Ut'“z?d in these catalysf®] and may be a potential control variable.
to remove residual methane in the emission gases in vehicles : ; . Lo )
A new dimension was added to this possibility with the dis-

powered by natural gas. The catalyst in methane Combus-Covery of the strong metal—support interaction (SM3M]

tion must be resistant to deattion caused, for example, by manifested by the loss of chemisorption capacity when Pt on
interaction with the support and substrate materials and con-. = y . P pactty
titania was reduced in Hat about 800 K. It was later found

taminants by airborne duft]. Since palladium-based cata- that this effect bitani boxide d .
lysts are the most effective catalysts for methane oxidation "2t IS €fl€Ct was causeq kitanium suboxide decorating

and silica (SiQ) is a common support, a major component aqd thus bIocking the surfac.e of the Pt particles. More de-
of air dust and a common contaminant in catalyst supports, [&ilS aré contained in the review by Haller and Resgs¢o
it is of practical importance to understand the interaction A Substantial catalytic enhancement effect was found when a
between palladium and silica during catalytic methane ox- reducible oxide interacted with a group VIII metal, but only
idation. In addition, since silicon is a common impurity in  for certain reactions. Resolution of these initially surprising
bulk Pd and it is difficult to analyze without surface science results showed the importance of surface thermodynamics
techniques, results in the literature that use Pd as a foil orin determining wetting of the metal by the oxide and ways
wire must be interpreted carefully. that bonding at metal-oxide agler interfaces or perturba-
tions of the metal chemistry by proximity of the oxide phases

T omrespondi hor. © ds: School of Chemical Eni could affect catalysigs—9].
orresponding author. Current adds: School of Chemical Engineer- . I . . .
ing, Purdue University, 480 Stadium Mall Drive, West Lafayette, IN 47907- In this contribution, we will be concerned in pamCUIar

2100, USA. about the interactions between silica and Pd or PdO catalysts
E-mail address: fabio@purdue.edu (F.H. Ribeiro). supported on silica and its effect on catalytic behavior. Sim-

Catalytic methane combustion is an environmentally be-

0021-9517/$ — see front mattéi 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.03.033


http://www.elsevier.com/locate/jcat

G. Zhu et al. / Journal of Catalysis 225 (2004) 170-178 171

ilar effects on other metals and oxides have been reportedby Stoeber et al[25]. By varying the reactant concentra-
before[10-23] Reduction of Pd/Si@in Hy at a tempera-  tions, monodisperse silica spheres were produced with aver-
ture above 723 K could form palladium silicides, such as age diameters between 100 and 500 nm. The material was
P&Si [10], P&sSi [11,12,21] Pd4Si [12,21], with the type nonporous and had a simple spherical geometry. The pal-
of silicide formed depending on the reduction conditions. ladium was supported on the silica spheres by nonaqueous
The interaction between Pd @usilica was responsible for  impregnation from Pd acetylacetate (Aldrich) precursor

the selectivity enhancement dmetisomerization of neopen-  followed by drying in air at room temperature. Palladium
tane[11]. Another example is the low-temperature reduc- supported on zirconia was prepared by incipient wetness
tion of Pd/SiQ at 573 K by B, which created amorphous impregnation of zirconia (RC-100P, Daiichi Kigenso Ka-
silica overlayers on the surface of palladium particles, pre- gaku Co., 16.5 rhg~?, air treatment at 1123 K, 10 h) with
sumably by silica migratiofiL3]. Not only can H facilitate Pd(NH;)2(NO2)2/HNO3 solutions (Tanaka Kikinzoku Ko-

the interaction between silica and metal or metal oxide, but gyo Co.) and then dried in air at 373 K for 24 h.

also water. Silica migration was observed on an iron ox-  The number of exposed Pd atoms was measured us-
ide/silica model catalyst at 670 K on treatment istCO or ing Hx—O; titration after samples were reduced in (2—
H»O/H, gas mixture, but was not observed on treatment in 4 cn?® Hp gt s™1) at 373 K for 1 h and evacuated at 373 K
CO/CO or & [14]. After treating a silica-supported mag- for 1 h to remove chemisorbed hydrogen. The uptake of
netite catalyst in a water-containing environment at 650 K Oz during & chemisorption and of Hduring titration of

and near-atmospheric pressure, the apparent turnover ratehemisorbed oxygen by Hwas measured at 373 K and
for water—gas shift was reduced by approximately one or- 2.7-11 kPa K or O,. Monolayer values were obtained by
der of magnitude, although the capacity to chemisorb NO extrapolating isotherms to zero pressure. The number of
did not diminish significantly{15,16] Muto et al.[17,18] exposed Pd metal atoms was calculated using reported stoi-
tested Pd/Si@ Pd/ALO3, and Pd/Si@-Al,O3 catalysts chiometried26]:
for methane_ loxidation. Their results showed that when the Pd-+ %02 — PdO (O, chemisorption
amount of silica on the surface of the support was enough to 3 .

cover the entire surface of the catalyst, only deactivation was P40+ 2H2 = PdH+H20  (titration of adsorbed
observed during reaction; otherwise activation followed by oxygen by H).

deactivation was observed. Deactivation of silica-supported  Crystallite sizes were estimated from these dispersions by
cobalt catalysts was observed during Fischer—Tropsch syn-assuming hemispherical crystallites and a Pd surface density
thesis. It was caused by a loss of active sites and BET sur-of 1.27 x 10'° m~2 [27], which corresponds to the average
face are419]. The deactivation increased with water partial density on the (111), (100), and (110) planes.
pressure. Cobalt-silicate formation and support breakdown,  The surface morphology of the supported model catalysts
caused by the reaction product water, were proposed as thvas examined by a Jeol 2000-FX transmission electron mi-
reasons for deactivation. croscope. The reaction rate was measured in a tubular reactor
The objective of this contribution was to investigate the with a thin layer of catalystdld above acid-washed quartz
effect of silica on palladium catalysts during complete ox- wool. This design achieved low methane conversion in a sin-
idation of methane and reduction irpHThe investigations  gle pass, which made it possible to calculate the turnover rate
were carried out on model catalysts consisting of polycrys- (number of CQ molecules formed per Pd on the surface per
talline palladium foil and palladium supported on nonporous unit of time) by assuming diéfrential reactor behavior. The
silica. Palladium supported on ZsOa more inert support,  reaction was carried out at 553 K and atmospheric pressure
was also studied to allow for a better understanding of the with reactant composition of 2% GH20% &, and 78% He.
interaction between silica and palladium. The advantages
of these catalysts are that they can be easily examined by2.2. Foil catalyst
surface-sensitive techniques and by TIEM], respectively.
We conclude that silica poisons the catalyst by spreadingand The palladium foil catalyst was a 0.125-mme-thick poly-
covering the surface of PdO in the presence of water at reac-crystalline foil (Goodfellow, 99.99%) with a geometric
tion temperature or duringHeduction. area of~ 1.0 cn?. Methods to mount the catalyst were de-
scribed previously28].
Methane oxidation on palladium foil was performed in

2. Experimental methods a batch reactor, which was attached to an ultrahigh vacuum
(UHV) chamber equipped with surface analysis tools. With-
2.1. Supported model catalysts out exposure to the atmosphere, the foil could be transferred

between the reactor and the UHV chamber by a welded bel-

Two supported model catalysts, palladium supported lows transfer arm. The batch reactor had a volume of about
on zirconia (Pd/Zr@) and palladium supported on silica 0.84 L. A gas pump (Metal Bellows Model MB-21) was

(Pd/SiQ), were studied for methane combustion. The sil- used to mix the gases. To carry out the reaction, the foil was

ica support was prepared using the technique developedransferred to the reactor cell from the UHV chamber and
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then the reactants were intrazhd into the reactor individu- 3. Results

ally. The gas mixture was circulated in the reactor by the gas

pump at a nominal rate of 5000 émin~* for 25 min be- 3.1, Surface characterization before reaction
fore the reaction was starte@as-phase concentration was

monitored by an Agilent 6890 Series gas chromatograph 3.1.1. Supported model catalysts

equipped with a 15-ft Cgrpoxen 1000,/80-mesh column, Before reaction, each supported model catalyst was either
and a thermal conductivity detector (TCD). X-ray photo- reduced in H at 923 K for 2 h or oxidized in @at 923 K
eIectror! spectroscopy (XPS) chttemperaturg-prograrnmed for 2 h. The specific surface area of treated catalysts is listed
desorption (TPD) were employéadcharacterize the foil sur- in Table 1 Oxidized Pd/Zr@ has 1.5 times the specific Pd

face. In the- water treatmentqmerim.ent., water was added surface area of the reduced Pd/Zr©xidized Pd/Si@ has
by evaporation from the degassed liquid. Blank experiments 5 4o« the specific surfaaeea of the reduced Pd/SiCThe

on q gtalnless-steel foil revealed that the turnover rate ,Wasturnover rate and rate of reaction per gram of Pd after 24 h
negligible compared to the turnover rate on the palladium on stream are also shown Table 1 The turnover rate for

foil [28]. , the sample supported on zirconia after reduction and oxida-
, X_PS spectra were collectled using AL"KMSG'G ev) ra- tion is about the same, whereas the turnover rate for the Pd
diation at 300 W. Th,e atomic sgnsﬂmty factor (ASF) used catalyst supported on silica is 15 times lower after reduc-
for surfacg composition calculation from XPS spectra were tion than for the sample after oxidation. This result shows a
0.27.for Si 2.8’ 0.66 for O. 1s, anq _4'6 for Pd [8]. The significant difference in rate between the samples supported
relative atomic concentration for silicon was calculated by on silica and zirconia and for this reason they were further
investigated by TEM. Comparison with rates from the liter-

nominal atomic concentration of Si ature is also presented Tiable 1 [28,30,31]

Isj . .
AStars « 100% T'he Pq samples supported on zirconia show the gxpected
Isips | Ipasd  Jois particle size and features after reductiéiig( 1) and oxida-
ASksizs ' ASkpgad © ASFois

tion (Fig. 2). The same observation is true for the oxidized
where, for examplel pg3qis the signal intensity of Pd 3d. Pd/SIQ (Fig. 3). However, on the reduced Pd/SiGam-
The foil-cleaning procedure consisted of sputtering with ple amorphous overlayers covering the palladium particles
a 2 keV Ar ion beam, followed by annealing at 873 K for were observed by TEMHig. 4). The surface overlayers look
1 min under UHV conditions. For the clean foil, only metal amorphous, which is consistent with the migration of silica
palladium features were observed by XPS. Depth profiling over the Pd metal surface. It is not possible to estimate the
of the deactivated foil consisted of cycles of sputtering with surface coverage of silica since TEM provides a 2D image of
500 eV Ar and XPS analysis. a 3D sample; only the silica overlayer at the edge is visible.
Temperature-programmed desorption was carried out in Since these are randomly oriented particles, one would ex-
the UHV chamber by heatindné foil from room tempera-  pect the presence of silica on the top and bottom of the metal
ture to 873 K at 3 K. Species desorbed from the surface particle, which is not visible because the lattice image dom-
were examined by an UTI-100C quadrupole mass spectrom-inates the contrast. Based on the thickness of the layer, we

eter. can state that the coverage is less than one full monolayer.

Table 1

Surface area and corrected turnover rates for Pd catalysts

Catalyst P& DiameteP Rat&d TORde Reference
(umol g1 (nm) (umolg1s1) (102571

5% Pd/SiQ-reduced 11 45 B 0.7 This work

5% Pd/SiG-oxidized 33 15 72 11 This work

10% Pd/ZrQ-reduced 43 20 37 9 This work

10% Pd/ZrQ-oxidized 65 15 71 11 This work

10% Pd/ZrQ 32 30 Q7 3 [30]

1.0% Pd/ZrQ 24-21 46-39 005-2.1 05-11 [31]

Pd foil - - - 70 [28]

Pd black 99b - - 6 [28]

@ pd surface area measured by, titration at 373 K on fresh catalysts.

b calculated using/(nm) = 100/ (percentage of metal exposed).

¢ Reaction rate based on mass of Pd.

d Rate and turnover rate (TOR) calculated at 553 K, 16 Torg,Gtad 1 Torr HO by assuming reaction order of 1 for gH-1 for H,O, and 0 for @ and
COp.

€ Turnover rate was calculated based on the surface area measured on fresh catalysts.

f calculated based on BET surface area £gmt.
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10.00 nm

Fig. 1. TEM of Pd/ZrQ after reduction in H at 923 K for 2 h. Fig. 3. TEM of Pd/SiQ after oxidation in @ at 923 K for 2 h.

10 wt% PdiZro2

. overiayers |

PdO(101)

26 A
6.00 nm
Fig. 2. TEM of Pd/ZrG after oxidation in @ at 923 K for 2 h. Fig. 4. TEM of Pd/SiQ (reduced in H at 923 K for 2 h) after chemisorp-
tion. Note amorphous silica overlayers.
3.1.2. Pdfoil

Before reaction, the palladium foil was cleaned as de- or preoxidation treatmenf{g. 5). Activation and deactiva-
scribed above and then examined by XPS, showing only tion stages were also observed for reduced P@/3iGt only
palladium in the metallic state. Palladium metal was char- deactivation was observed for oxidized Pd/giFig. 6).
acterized by a Pd 3gh peak with binding energy (BE) After 24 h on stream, the reduced catalysts generally had
of 334.5 eV. XPS sensitivity toward Si was estimated to lower turnover rates than the oxidized ones. In particular, the
be 1%. The number of active sites during methane oxida- turnover rate for the reduced Pd/Si@as Y15 of the one

tion was calculated based on a Pd atom density.?7 & for oxidized Pd/SiQ. Oxidized Pd/Si@ was examined by

10 m—2[27]. TEM after reaction and its image showed that the palladium
particles were covered with an amorphous layeig( 7).

3.2. Surface coverage by silicon compounds during This amorphous layer was less distinct than the one observed

reaction after reduction at 923 KHig. 4).

3.2.1. Supported model catalysts 3.2.2. Foil catalyst

All Pd/ZrO, catalysts showed activation and deactiva- A batch reactor was used for measuring rates. Before
tion stages during reaction, independently of prereduction the results are presented, we will explain how to interpret
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Fig. 5. Turnover rates as function of time for 10% Pd/gr@alculated at
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Fig. 6. Turnover rates as function of time for 5% Pd/gi@alculated at

553 K, 16 Torr CH, 160 Torr @, and 1 Torr KO using reaction orders
1 for CHg, —1 for H,O and 0 for Q).

PdISiO2 after reaction

Fig. 7. TEM of oxidized Pd/Si@after methane oxidation reaction at 553 K
for 22 h with 2% CH, 20% O, and N> balance to 800 Torr.
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Fig. 8. (Number of turnover%)as function of reaction time for a deactivated
foil. Reaction at 598 K with 2% Cl} 20% O, and N balance to 800 Torr.

the data on this type of reactor when inhibition by one of
the products is present. For lean fuel methane combustion
at 598 K, the methane reaction rate can be expressed as
r = —k[CH4]*[02]°[H20]~1[CO,]°. At low conversion, the
methane concentration is almost constant and the rate ex-
pression can be simplified as= A/[H20], whereA is a
constant. Since the reaction rate was measured in a batch re-
actor, the water concentration can be related to the change of
methane concentration P@] = 2[CHa]ot, where [CH]o is

the initial methane concentration amds methane conver-
sion. The final expression can be writtenvas B/t, where

B is a constant. The reaction rate can also be expressed by
methane consumption rate a¥/[CHa]o dr/df, whereV is

the reactor volume andis reaction time. By combining the
two rate expressionsgzdd: = C/t, whereC is a constant.
After integration, a linear relation can be obtained between
the square of conversion and time? (= 2Ct). Since a re-
lation between methane conversion and number of methane
turnovers can be expressed as (number of turnover3y,
where D is a constant, a linear relation can be obtained
between (number of turnovefsind reaction time as (num-
ber of turnovers)= Et, where E equals D?C. Monteiro

et al. [28] reported a linear relationship between (number
of turnovers§ and reaction time for palladium foil. In this
study, the plot of (number of turnovefsio reaction time

was used to monitor catalyst performance.

Fig. 8shows the plot of (number of turnovetsjersus re-
action time for a typical deactivation process. Since a stable
foil produces a straight line, a change in slope indicates deac-
tivation. On the deactivated foil, palladium, oxygen, silicon
(Fig. 9), and carbon were observed on the surface. Carbon on
the surface was mainly deposited during transfer from the re-
actor to the UHV chamber. For this reason, carbon was not
considered during surface composition analysis. Palladium
3ds,2 binding energy shifted to 336.3 eV, characteristic of
PdO. The Si 2s peak is quite broad and centered at 152.5 eV.
According to literature data, the Si 2s peak position for sil-
icon is 150.5-150.7 eY32-34] Therefore, the 2 eV shift
toward higher BE points to oxidized silicon after reaction.
On the other hand, silica (Sis characterized by the Si 2s
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. . . ) Fig. 11.Isj/Ipq change as function of time-on-sputterinsi( XPS signal
Fig. 9. Si 2s core-level XPS spectra of deactivated foil. intensity of Si 2s7pg, XPS signal intensity of Pd 3d).

XPS on the oxidized foil. XPS after TPD showed metallic
Pd peaks, but did not show O Auger peaks and Si 2s peak
deactivated foil after TPD (Fig. 10.

Si 2s The water effect on Si was tested by treating the clean foll
with a gas mixture of 3 Torr b0 and N balance to 800 Torr

for 1 h at either room temperature or 598 K. Silicon was
detected by XPS on the foil treated at 598 K, but was not
detected on the one treated at room temperature.

The information depth of XPS is in the range of 5-10 nm;
therefore, additional experiments were performed to deter-
mine the depth profile of the Si distributiofig. 11). The
R deactivated catalyst was sputtered by a 0.5 kV Adeam
I e I e o with beam current of 0.24 pA. The surface composition was
1200 1000 800 600 400 200 O analyzed by XPS during sputtering. It can be seen that the

. signal intensity ratio of silicon to palladiumdj/Ipq) de-
Binding Energy / eV creased with sputtering time, pointing to a surface covered
by silicon, as discussed in more detail below.

O (KVV)

oxidized clean foil after TPD

Intensity / a.u.

Fig. 10. XPS survey spectra of (a) deactivated foil after TPD (b) oxidized
clean palladium foil after TPD.

] 4, Discussion
peak set at approximately 154.2—154.8[8%—-38] The fac-

tors which cause this smaller BE shift will be treated in the 4.1 Deactivation by coverage with silicon oxides
discussion section.

To understand how Si appeared on the surface, a series of  Sijlicon and carbon were two impurities found on the sur-
experiments were carried out on the clean foil to investigate face of the deactivated foil. Previous wd@8] showed that

the effect of HO and Q. The joint effectfromHO and @ carbon does not deactivate theatgst; thus silica is respon-
was tested by treating the clean foil at 598 K for 30 min with - sjble for deactivation of the foil. One possible source of silica
a gas mixture of 2 Torr b, 638 Torr p, and 160 Torr @. was the bulk of the foil. If conditions are favorable, silicon

XPS analysis on this foil showed features corresponding to compounds can migrate to the surface and then agglomer-
Pd, O, Si, and C. The rate of methane oxidation on the treatedate to form large particles. Our hypothesis is that these large
foil was tested at 598 K; no COwas detected at 40 min,  particles, with low concentration and small surface area to
indicating that the foil was eactivated. After the methane volume, generate a low intensity XPS signal that could not
oxidation experiment, the foil was transferred to the UHV pe detected on the clean foil. These particles are probably
chamber and annealed at 873 K for 1 min. XPS analysis of concentrated at grain boundaries. At reaction temperature
the sample revealed O and &ig. 10, also metallic Pd, on (598 K) and with help from water formed during reaction,
the surface. The nominal atéenconcentration assuming a  silicon from the large particles could oxidize, spread, and
uniformly distributed concentration over the probing volume cover the foil. The silica coverage in this case is high and
was 5.2% Si, 16.3% O, and 78.5% Pd. XPS could detect it. The cleargmprocess could only remove
The O effect on Si was tested by treating the clean foil thin layers of silica spreading on the surface, but could not
with 160 Torr @ at 598 K for 1 h. No Si was detected by eliminate the large particles that are the source of silica.
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Silicon and oxygen were observed on the surface of the increased with time-on-sputiag because Pd has a higher
deactivated foil after annealing at 873 Kig. 10. This oxy- sputtering yield. This hypothesis does not agree with the ex-
gen species is associatediwSi because PdO decomposes perimental results. The only reasonable element distribution
to Pd upon heating in UHV. No oxygen signal is observed to explain the data is that Si was surface segregated so that
by XPS following annealing of a foil that did not show deac- Isj/Ipq could drop from the beginning of sputtering even
tivation during reactionKig. 10. Bader et al[39] observed though Si has a lower sputtering yield than Pd.
that thermal decomposition of PdO to 1173 K could notde-  Assuming silica spreading on top of PdO, the Si 2s and
compose the coexisting Si-stabilized oxide. Thus, annealingPd 3d signal intensity could be expressed as a function of
at 873 K could leave Si-staliled oxide on the foil surface.  silica coverage using a mathematical model for photoelec-
Two kinds of oxidized silicon, including silica (SKp and tron attenuation during XPS analy$#/]. The coverage on
silicon monoxide (SiO), couldéthe species on the surface the deactivated foil was obtained by fitting the signal inten-
[40]. Solid SiO is a metastable state, thermodynamically sta- sities from the experiment to the mathematical model. The
ble only as a gas at high temperatures; it dissociates to Si andnelastic-mean-free path was obtained from the National In-
SiO, at 400-700C [40]. The binding energy of the Si 2s  stitute of Standards and Technolofg]. The thickness of
peak was 152.5 eV. This value is approximately 2 eV higher one monolayer of silica was estimated at 0.34 nm. It was
than the one for silicof32-34] On the other hand, this BE  calculated based on the parameters for quartz using the equa-
is lower by approximately 2 eV than the BE characteristic of tion 100Qua®N = A wherep is the quartz density (kg n¥),

SiO; (154.2-154.8 eV|35-38] The relatively small chem-  “a” is the monolayer thickness we are estimatingjs the

ical shift might be due to the “surface” nature of the silica. Avogadro number, andi is the atomic weight. The XPS
The silica layer covering the surface might consist of sil- data were recorded with a fixed emission angle of the photo-
icon atoms bound to various oxygen atoms. Bekkay et al. electron, which was between 0 and®4%ith respect to the
[41] reported nonstoichiometric oxide formation and the sil- sample normal. With these assumptions, the coverage was
icon atoms coordinated to one and four oxygen atoms werefound to be in the range of 0.8 to 1.0 monolayer.
characterized by the Si 2s peaks at 150.2 and 153.9 eV, re- Our experimental results showed that water and reaction
spectively. In our case the Si 2s peak is broad and the state otemperature were the two key factors promoting silica mi-
Si could not be unambiguously identified because the signalgration, which was in agreement with previous work. Lund
to noise level on the Si 2s peak was low. and Dumesid14] observed silica migration on Pt/SiGit

The other factor which might cause the relatively low BE 660 K and on FgO4/SiO, at 670 K when water vapor was
of the Si 2s peak observed in our experiments is the relax- present. Huber et gl19] attributed the loss of fichemisorp-
ation energy. The variation of the relaxation energy is the tion capacity and BET surface area of Co/gicatalyst dur-
final-state effect corresponding to a reorganization of the ing Fischer—Tropsch at 22@ (493 K) to silica migration
electrons of the neighboring atoms that provide the screen-and formation of cobalt-silicates.
ing of the photoelectron hole remaining after electron emis-  Lund and Dumesi¢16] explained the migration of sil-
sion. The effects of relaxation could cause a low BE shift ica on FgO4 by Si*+ substitution into the tetrahedral sites
whereas the effect of initial states for a positive ionic state of Fes04 and displacement of B& to adjacent octahedral
should result in a high BE shift. For example, a large extra- sites, which occurred over the entire surface af@®g rather
atomic relaxation energy contribution for CdO reduces the than being confined to the interface. The substitutegDire
BE [42]. Silver is another example of the exceptions which retained 80% capacity to adsorb NO but showed one or-
show a low BE shift in the oxide stafd2—-45] Therefore, der of magnitude lower turnover rate for water—gas shift
the relatively low BE shift of the Si 2s peak observed in reactions because there were still octahedrally coordinated
our experiments might be governed by the difference in the iron cations on the surface that could adsorb NO but this
relaxation energy. As a rule of thumb, larger relaxation en- compound was not active for catalytic reaction. A similar
ergies are expected for a bulk material as compared to a thinexplanation may be applicable to the Pd system. Another
layer or small particles in the 10 nm size range. However, be- possibility for silica migration is that silica interacted with
cause we have a nonhomogeneous distribution of thin SiO water to form a mobile compound that migrated to the palla-
film supported on PdO, the palladium oxide might contribute dium particle surface.
to the relaxation energy and the resulting value of the thin  Silica migration was also observed by TEM on the sup-
SiO. film might be higher than the corresponding value for ported Pd/SiQ samples after reduction and after reaction.
bulk SiG,. Thus, we believe the silicon compound on the Similar migration of titania on rhodium during reduction
surface was silica. has been seen after high-temperature redudd®j, and

XPS depth profiling indicates that silica was on the top is believed to be the explanation for the phenomenon of
layer of the foil surface. By using Ar with 500 eV ion strong metal-support interaction. If the surface overlayers
energy, the sputtering yields for single-element solids are were caused by Pd oxide, they would not be amorphous
0.5 Si atom per Ar and 2 Pd atoms per Ar[46]. If Pd since PdO is generally crystallin€igs. 2, 3, and Y Hy-
were surface segregated comgrzhito Si or the distribution  drogen reduction of silica-supported palladium catalysts can
of Pd and Si was homogeneous, thiyy Ipq should have also lead to strong chemical interaction between metal and
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support and the growth of palladium silicidgs0-12] If could be available during reaction of methane oxidation.
we use the rate per gram of Pd as an indication of the sur-This overcounting translates into a lower turnover rate than
face area of Pd available during reactidalfle J), it can be the correct one and would explain why the turnover rate of
concluded that silica coverage must be higher on the sam-reduced Pd/Si@was 1/15 of that for oxidized Pd/Si@after

ple reduced in K than on the sample oxidized in,Qince 24 h on stream.

the rate is 45 times lower on the former sample. The TEM  The rates of reaction for the foil and supported sample
results confirm the higher concentration of silica on the re- \yere in good agreement with the rates reported in the lit-
duced sample; the amorphous layer is clearly visible on the grature Table 1. The general behavior of activation and
reduced sample but is diffuse on the oxidized sample after jeactivation are also the same as reported in the literature.
reaction. Juszczyk and Karpinskil] proposed that over-  por example, the zero rate of reaction at time zero for the
layers of oxidized silicon species on palladium were formed prereduced samples observedFigs. 5 and éhas been ob-

only when the catalyst was first reduced at high tempera- go 6 peforgs2,53] In this study, activation followed by
ture and then oxidized. During Fed“C“O”' pallgd|um silicides deactivation was observed on Pd/2r€amples. Literature
(Pd"S'y) yverhe f°f|'.“ed by palladlurr]n atoms tak(;ng OXYgENVa- results suggest, for example, that during the activation stage
tC:r:CIeersa;Erte esiﬁlclc():r?iiugg?rsve\:\é oex? d?;:;;ﬁ d Eﬁfzrﬁg\l q new surface morphologies that are more active in oxidizing
P ' Ty . : methane are formed and that palladium oxide particles sinter
to the top of the surface; at the same time palladium atomsOlurin the deactivation stagé7,18,31,54-57]There was
agglomerate_d_ and formed pallaium particles, which were only 3eactivation observed on c;xid’ize'd Pd/,‘_E;iWhich was
covered by silica. different from the other three catalysts tested and can proba-
bly be explained by silica migration. For oxidized Pd/giO
silica started to spread once water was formed at the start of

The effects of oxidation and reduction on the surface area eaction. The initial activation caused possibly by a surface
and reactivity of palladium catalysts has been stu&]. morphology change of PdO particle overlapped with deac-
In our work (Table ), the higher surface area for the ox- tivation by silica migration. The magnitude of deactivation
idized catalysts was caused probably by palladium surfacewas larger than the magnitudeadtivation, so deactivation,
roughening during @ oxidation, although the TEM pic-  not activation, was observed at the first stage. Experimental
tures presented here do not suggest a substantial differencéesults from Muto et al[17,18]showed that in Pd/Si©and
in surface roughening between reduced and oxidized sam-Pd/SiG—Al,O3 samples with enough silica loading to cover
ples. Ruckenstein and Ch¢hl] suggested that a particle the surface, only the deactivation stage was observed, which
breakup, not observed by TEM in our experiments either, is in agreement with our results.
could be the explanation for higher surface area. DE2¥é
suggested based on TEM results that the surface of Rh cat-
alysts was roughened when the sample was oxidizecin O .
and then reduced in Hat a mild temperature. The rough- 2 Conclusion
ening is caused by an expansion of the metal structure upon
oxidation, a situation similar to the one we have here. Re-
sults from our group on a Pd fdi28] show that the surface
area of PdO increases by a factor of two after the combus-

tion reaction. The increase in surface area by a factor of 1.5 S . . . .
S : . methane oxidation. Migration during reaction was caused by
for Pd/Zr& after oxidation observed in our work is thus . ) : ) .
water formed in the reaction, and migration duringrieduc-

reasonable. Note also that for the samples supported on zir-. . :
conia, the surface increase corresponded to a proportiona@Ion of silica-supported catalyst was possibly caused by the

increase in the rate per gram so that the turnover rate Wasormatlon of palladium silicides, subsequently oxidized by

constant. For the samples supported on silica, the decline inO2 The migration of silica deactivated the catalyst by cover-

the chemisorption uptake by a factor of three after reduction N9 active sites. We conclude that silica is not a good support
seems to be affected by the coverage of Pd by silica. Thefor Pd catalysts when they are used in reactions where wa-
decrease in chemisorptive properties (factor of 3) is much ter is present and also that they should not be reduced in
smaller than the decrease observed in the rate per gram (factz2 at temperatures close to 900 K. These results explain the
tor of 45) (Table ). One explanation for this difference is deactivation observed in this work on foils during methane
that the overlayers of oxidized silicon formed during H  OXidation. It points to possible problems when Pd massive
reduction might have moved during the surface area mea-catalysts (foil and wires) are used in reaction media contain-
surement by the B0y, titration procedure, causing a higher ing water and H. When bulk Pd is used, surface science
coverage. This is a feasible mechanism as the titration in-techniques need to be available to measure the state of the
volves oxidation and reduction steps at 373 K. In this case, surface. When Pd is supported on zirconia, no deleterious
more active sites could be counted by-D; titration than effects caused by #or H,O are observed.

4.2. Pd surface area and rates of reaction

Silica from the support could migrate on to palladium par-
ticles during H reduction or methane oxidation and also
spread from silicon impurities present on the foil during
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