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Abstract

The interaction between silica and palladium following complete oxidation of methane or following reduction in H2 was investigated on
polycrystalline palladium foil and on supported Pd/SiO2 catalysts. During methane oxidation, oxidized silicon covered the palladium o
surface as observed by TEM on Pd/SiO2 catalysts and by XPS on palladium foil. On the Pd foil, the source of silica was a silicon imp
common on bulk metal samples. The migration of oxidized silicon onto PdO deactivated the catalysts by blocking the active sites fo
oxidation. Silicon oxide overlayers were also observed covering the Pd surface after reduction of Pd/SiO2 by H2 at 923 K.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic methane combustion is an environmentally
nign process for power generation because of its potent
generate NOx emissions below 1 ppm; it can also be utiliz
to remove residual methane in the emission gases in veh
powered by natural gas. The catalyst in methane com
tion must be resistant to deactivation caused, for example, b
interaction with the support and substrate materials and
taminants by airborne dust[1]. Since palladium-based cat
lysts are the most effective catalysts for methane oxida
and silica (SiO2) is a common support, a major compon
of air dust and a common contaminant in catalyst supp
it is of practical importance to understand the interac
between palladium and silica during catalytic methane
idation. In addition, since silicon is a common impurity
bulk Pd and it is difficult to analyze without surface scien
techniques, results in the literature that use Pd as a fo
wire must be interpreted carefully.
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The interaction between thecatalytic active metal and a
oxide has been growing in importance in catalysis. Virtua
all nanoparticle catalysts are dispersed on supports to
igate particle sintering. Metal–oxide interaction is inher
in these catalysts[2] and may be a potential control variab
A new dimension was added to this possibility with the d
covery of the strong metal–support interaction (SMSI)[3,4]
manifested by the loss of chemisorption capacity when P
titania was reduced in H2 at about 800 K. It was later foun
that this effect was caused by titanium suboxide decoratin
and thus blocking the surface of the Pt particles. More
tails are contained in the review by Haller and Resasco[5].
A substantial catalytic enhancement effect was found wh
reducible oxide interacted with a group VIII metal, but on
for certain reactions. Resolution of these initially surpris
results showed the importance of surface thermodyna
in determining wetting of the metal by the oxide and wa
that bonding at metal–oxide adlayer interfaces or perturba
tions of the metal chemistry by proximity of the oxide pha
could affect catalysis[5–9].

In this contribution, we will be concerned in particu
about the interactions between silica and Pd or PdO cata
supported on silica and its effect on catalytic behavior. S

http://www.elsevier.com/locate/jcat
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ilar effects on other metals and oxides have been repo
before[10–23]. Reduction of Pd/SiO2 in H2 at a tempera
ture above 723 K could form palladium silicides, such
Pd2Si [10], Pd3Si [11,12,21], Pd4Si [12,21], with the type
of silicide formed depending on the reduction conditio
The interaction between Pd and silica was responsible fo
the selectivity enhancement on the isomerization of neopen
tane[11]. Another example is the low-temperature red
tion of Pd/SiO2 at 573 K by H2, which created amorphou
silica overlayers on the surface of palladium particles, p
sumably by silica migration[13]. Not only can H2 facilitate
the interaction between silica and metal or metal oxide,
also water. Silica migration was observed on an iron
ide/silica model catalyst at 670 K on treatment in H2O/CO or
H2O/H2 gas mixture, but was not observed on treatmen
CO2/CO or O2 [14]. After treating a silica-supported ma
netite catalyst in a water-containing environment at 65
and near-atmospheric pressure, the apparent turnove
for water–gas shift was reduced by approximately one
der of magnitude, although the capacity to chemisorb
did not diminish significantly[15,16]. Muto et al. [17,18]
tested Pd/SiO2, Pd/Al2O3, and Pd/SiO2–Al2O3 catalysts
for methane oxidation. Their results showed that when
amount of silica on the surface of the support was enoug
cover the entire surface of the catalyst, only deactivation
observed during reaction; otherwise activation followed
deactivation was observed. Deactivation of silica-suppo
cobalt catalysts was observed during Fischer–Tropsch
thesis. It was caused by a loss of active sites and BET
face area[19]. The deactivation increased with water part
pressure. Cobalt–silicate formation and support breakdo
caused by the reaction product water, were proposed a
reasons for deactivation.

The objective of this contribution was to investigate
effect of silica on palladium catalysts during complete
idation of methane and reduction in H2. The investigations
were carried out on model catalysts consisting of polyc
talline palladium foil and palladium supported on nonporo
silica. Palladium supported on ZrO2, a more inert support
was also studied to allow for a better understanding of
interaction between silica and palladium. The advanta
of these catalysts are that they can be easily examine
surface-sensitive techniques and by TEM[24], respectively.
We conclude that silica poisons the catalyst by spreading
covering the surface of PdO in the presence of water at r
tion temperature or during H2 reduction.

2. Experimental methods

2.1. Supported model catalysts

Two supported model catalysts, palladium suppor
on zirconia (Pd/ZrO2) and palladium supported on silic
(Pd/SiO2), were studied for methane combustion. The
ica support was prepared using the technique develo
e

e

-

by Stoeber et al.[25]. By varying the reactant concentr
tions, monodisperse silica spheres were produced with a
age diameters between 100 and 500 nm. The material
nonporous and had a simple spherical geometry. The
ladium was supported on the silica spheres by nonaqu
impregnation from Pd acetylacetonate (Aldrich) precurso
followed by drying in air at room temperature. Palladiu
supported on zirconia was prepared by incipient wetn
impregnation of zirconia (RC-100P, Daiichi Kigenso K
gaku Co., 16.5 m2 g−1, air treatment at 1123 K, 10 h) wit
Pd(NH3)2(NO2)2/HNO3 solutions (Tanaka Kikinzoku Ko
gyo Co.) and then dried in air at 373 K for 24 h.

The number of exposed Pd atoms was measured
ing H2–O2 titration after samples were reduced in H2 (2–
4 cm3 H2 g−1 s−1) at 373 K for 1 h and evacuated at 373
for 1 h to remove chemisorbed hydrogen. The uptake
O2 during O2 chemisorption and of H2 during titration of
chemisorbed oxygen by H2 was measured at 373 K an
2.7–11 kPa H2 or O2. Monolayer values were obtained b
extrapolating isotherms to zero pressure. The numbe
exposed Pd metal atoms was calculated using reported
chiometries[26]:

Pd+ 1
2O2 → PdO (O2 chemisorption),

PdO+ 3
2H2 → PdH+ H2O (titration of adsorbed

oxygen by H2).

Crystallite sizes were estimated from these dispersion
assuming hemispherical crystallites and a Pd surface de
of 1.27× 1019 m−2 [27], which corresponds to the avera
density on the (111), (100), and (110) planes.

The surface morphology of the supported model catal
was examined by a Jeol 2000-FX transmission electron
croscope. The reaction rate was measured in a tubular re
with a thin layer of catalyst held above acid-washed quar
wool. This design achieved low methane conversion in a
gle pass, which made it possible to calculate the turnover
(number of CO2 molecules formed per Pd on the surface
unit of time) by assuming differential reactor behavior. Th
reaction was carried out at 553 K and atmospheric pres
with reactant composition of 2% CH4, 20% O2, and 78% He.

2.2. Foil catalyst

The palladium foil catalyst was a 0.125-mm-thick po
crystalline foil (Goodfellow, 99.99+%) with a geometric
area of∼ 1.0 cm2. Methods to mount the catalyst were d
scribed previously[28].

Methane oxidation on palladium foil was performed
a batch reactor, which was attached to an ultrahigh vac
(UHV) chamber equipped with surface analysis tools. W
out exposure to the atmosphere, the foil could be transfe
between the reactor and the UHV chamber by a welded
lows transfer arm. The batch reactor had a volume of ab
0.84 L. A gas pump (Metal Bellows Model MB-21) wa
used to mix the gases. To carry out the reaction, the foil
transferred to the reactor cell from the UHV chamber a
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then the reactants were introduced into the reactor individu
ally. The gas mixture was circulated in the reactor by the
pump at a nominal rate of 5000 cm3 min−1 for 25 min be-
fore the reaction was started.Gas-phase concentration w
monitored by an Agilent 6890 Series gas chromatogr
equipped with a 15-ft Carboxen 1000, 60/80-mesh column
and a thermal conductivity detector (TCD). X-ray pho
electron spectroscopy (XPS) and temperature-programme
desorption (TPD) were employedto characterize the foil sur
face. In the water treatment experiment, water was adde
by evaporation from the degassed liquid. Blank experim
on a stainless-steel foil revealed that the turnover rate
negligible compared to the turnover rate on the pallad
foil [28].

XPS spectra were collected using Al-Kα (1486.6 eV) ra-
diation at 300 W. The atomic sensitivity factor (ASF) us
for surface composition calculation from XPS spectra w
0.27 for Si 2s, 0.66 for O 1s, and 4.6 for Pd 3d[29]. The
relative atomic concentration for silicon was calculated b

nominal atomic concentration of Si=
ISi2s

ASFSi2s
ISi2s

ASFSi2s
+ IPd3d

ASFPd3d
+ IO1s

ASFO1s

× 100%,

where, for example,IPd3dis the signal intensity of Pd 3d.
The foil-cleaning procedure consisted of sputtering w

a 2 keV Ar ion beam, followed by annealing at 873 K
1 min under UHV conditions. For the clean foil, only me
palladium features were observed by XPS. Depth profi
of the deactivated foil consisted of cycles of sputtering w
500 eV Ar and XPS analysis.

Temperature-programmed desorption was carried o
the UHV chamber by heating the foil from room tempera
ture to 873 K at 3 K s−1. Species desorbed from the surfa
were examined by an UTI-100C quadrupole mass spect
eter.
-

3. Results

3.1. Surface characterization before reaction

3.1.1. Supported model catalysts
Before reaction, each supported model catalyst was e

reduced in H2 at 923 K for 2 h or oxidized in O2 at 923 K
for 2 h. The specific surface area of treated catalysts is li
in Table 1. Oxidized Pd/ZrO2 has 1.5 times the specific P
surface area of the reduced Pd/ZrO2; oxidized Pd/SiO2 has
3 times the specific surfacearea of the reduced Pd/SiO2. The
turnover rate and rate of reaction per gram of Pd after 2
on stream are also shown inTable 1. The turnover rate fo
the sample supported on zirconia after reduction and ox
tion is about the same, whereas the turnover rate for th
catalyst supported on silica is 15 times lower after red
tion than for the sample after oxidation. This result show
significant difference in rate between the samples suppo
on silica and zirconia and for this reason they were fur
investigated by TEM. Comparison with rates from the lit
ature is also presented inTable 1 [28,30,31].

The Pd samples supported on zirconia show the expe
particle size and features after reduction (Fig. 1) and oxida-
tion (Fig. 2). The same observation is true for the oxidiz
Pd/SiO2 (Fig. 3). However, on the reduced Pd/SiO2 sam-
ple amorphous overlayers covering the palladium parti
were observed by TEM (Fig. 4). The surface overlayers loo
amorphous, which is consistent with the migration of sil
over the Pd metal surface. It is not possible to estimate
surface coverage of silica since TEM provides a 2D imag
a 3D sample; only the silica overlayer at the edge is visi
Since these are randomly oriented particles, one would
pect the presence of silica on the top and bottom of the m
particle, which is not visible because the lattice image d
inates the contrast. Based on the thickness of the laye
can state that the coverage is less than one full monolay
k
k
k

Table 1
Surface area and corrected turnover rates for Pd catalysts

Catalyst Pdsa

(µmol g−1)
Diameterb

(nm)
Ratec,d

(µmol g−1 s−1)

TORd,e

(10−2 s−1)

Reference

5% Pd/SiO2-reduced 11 45 1.6 0.7 This work
5% Pd/SiO2-oxidized 33 15 72 11 This wor
10% Pd/ZrO2-reduced 43 20 37 9 This wor
10% Pd/ZrO2-oxidized 65 15 71 11 This wor
10% Pd/ZrO2 32 30 0.7 3 [30]
1.0% Pd/ZrO2 2.4−21 4.6−39 0.05−2.1 0.5−11 [31]
Pd foil – – – 70 [28]
Pd black 990f – – 6 [28]

a Pd surface area measured by H2–O2 titration at 373 K on fresh catalysts.
b Calculated usingd(nm)= 100/(percentage of metal exposed).
c Reaction rate based on mass of Pd.
d Rate and turnover rate (TOR) calculated at 553 K, 16 Torr CH4, and 1 Torr H2O by assuming reaction order of 1 for CH4, −1 for H2O, and 0 for O2 and

CO2.
e Turnover rate was calculated based on the surface area measured on fresh catalysts.
f Calculated based on BET surface area 47 m2 g−1.
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Fig. 1. TEM of Pd/ZrO2 after reduction in H2 at 923 K for 2 h.

Fig. 2. TEM of Pd/ZrO2 after oxidation in O2 at 923 K for 2 h.

3.1.2. Pd foil
Before reaction, the palladium foil was cleaned as

scribed above and then examined by XPS, showing o
palladium in the metallic state. Palladium metal was ch
acterized by a Pd 3d5/2 peak with binding energy (BE
of 334.5 eV. XPS sensitivity toward Si was estimated
be 1%. The number of active sites during methane ox
tion was calculated based on a Pd atom density of 1.27×
1019 m−2 [27].

3.2. Surface coverage by silicon compounds during
reaction

3.2.1. Supported model catalysts
All Pd/ZrO2 catalysts showed activation and deacti

tion stages during reaction, independently of prereduc
Fig. 3. TEM of Pd/SiO2 after oxidation in O2 at 923 K for 2 h.

Fig. 4. TEM of Pd/SiO2 (reduced in H2 at 923 K for 2 h) after chemisorp
tion. Note amorphous silica overlayers.

or preoxidation treatment (Fig. 5). Activation and deactiva
tion stages were also observed for reduced Pd/SiO2; but only
deactivation was observed for oxidized Pd/SiO2 (Fig. 6).
After 24 h on stream, the reduced catalysts generally
lower turnover rates than the oxidized ones. In particular,
turnover rate for the reduced Pd/SiO2 was 1/15 of the one
for oxidized Pd/SiO2. Oxidized Pd/SiO2 was examined by
TEM after reaction and its image showed that the pallad
particles were covered with an amorphous layer (Fig. 7).
This amorphous layer was less distinct than the one obse
after reduction at 923 K (Fig. 4).

3.2.2. Foil catalyst
A batch reactor was used for measuring rates. Be

the results are presented, we will explain how to interp
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Fig. 5. Turnover rates as function of time for 10% Pd/ZrO2 (calculated at
553 K, 16 Torr CH4, 160 Torr O2, and 1 Torr H2O using reaction orders
1 for CH4, −1 for H2O and 0 for O2).

Fig. 6. Turnover rates as function of time for 5% Pd/SiO2 (calculated at
553 K, 16 Torr CH4, 160 Torr O2, and 1 Torr H2O using reaction orders
1 for CH4, −1 for H2O and 0 for O2).

Fig. 7. TEM of oxidized Pd/SiO2 after methane oxidation reaction at 553 K
for 22 h with 2% CH4, 20% O2, and N2 balance to 800 Torr.

Fig. 8. (Number of turnovers)2 as function of reaction time for a deactivate
foil. Reaction at 598 K with 2% CH4, 20% O2, and N2 balance to 800 Torr

the data on this type of reactor when inhibition by one
the products is present. For lean fuel methane combu
at 598 K, the methane reaction rate can be expresse
r = −k[CH4]1[O2]0[H2O]−1[CO2]0. At low conversion, the
methane concentration is almost constant and the rate
pression can be simplified asr = A/[H2O], whereA is a
constant. Since the reaction rate was measured in a bat
actor, the water concentration can be related to the chan
methane concentration [H2O] = 2[CH4]0τ , where [CH4]0 is
the initial methane concentration andτ is methane conver
sion. The final expression can be written asr = B/τ , where
B is a constant. The reaction rate can also be expresse
methane consumption rate as−V [CH4]0 dτ/dt , whereV is
the reactor volume andt is reaction time. By combining th
two rate expressions, dτ/dt = C/τ , whereC is a constant
After integration, a linear relation can be obtained betw
the square of conversion and time (τ2 = 2Ct). Since a re-
lation between methane conversion and number of met
turnovers can be expressed as (number of turnovers)= Dτ ,
where D is a constant, a linear relation can be obtain
between (number of turnovers)2 and reaction time as (num
ber of turnovers)2 = Et, whereE equals 2D2C. Monteiro
et al. [28] reported a linear relationship between (num
of turnovers)2 and reaction time for palladium foil. In thi
study, the plot of (number of turnovers)2 to reaction time
was used to monitor catalyst performance.

Fig. 8shows the plot of (number of turnovers)2 versus re-
action time for a typical deactivation process. Since a st
foil produces a straight line, a change in slope indicates d
tivation. On the deactivated foil, palladium, oxygen, silic
(Fig. 9), and carbon were observed on the surface. Carbo
the surface was mainly deposited during transfer from the
actor to the UHV chamber. For this reason, carbon was
considered during surface composition analysis. Pallad
3d5/2 binding energy shifted to 336.3 eV, characteristic
PdO. The Si 2s peak is quite broad and centered at 152.
According to literature data, the Si 2s peak position for
icon is 150.5–150.7 eV[32–34]. Therefore, the 2 eV shif
toward higher BE points to oxidized silicon after reactio
On the other hand, silica (SiO2) is characterized by the Si 2
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Fig. 9. Si 2s core-level XPS spectra of deactivated foil.

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

peak set at approximately 154.2–154.8 eV[35–38]. The fac-
tors which cause this smaller BE shift will be treated in
discussion section.

To understand how Si appeared on the surface, a seri
experiments were carried out on the clean foil to investig
the effect of H2O and O2. The joint effect from H2O and O2
was tested by treating the clean foil at 598 K for 30 min w
a gas mixture of 2 Torr H2O, 638 Torr N2, and 160 Torr O2.
XPS analysis on this foil showed features correspondin
Pd, O, Si, and C. The rate of methane oxidation on the tre
foil was tested at 598 K; no CO2 was detected at 40 min
indicating that the foil was deactivated. After the methan
oxidation experiment, the foil was transferred to the UH
chamber and annealed at 873 K for 1 min. XPS analysi
the sample revealed O and Si (Fig. 10), also metallic Pd, on
the surface. The nominal atomic concentration assuming
uniformly distributed concentration over the probing volu
was 5.2% Si, 16.3% O, and 78.5% Pd.

The O2 effect on Si was tested by treating the clean
with 160 Torr O2 at 598 K for 1 h. No Si was detected b
f

Fig. 11.ISi/IPd change as function of time-on-sputtering (ISi, XPS signal
intensity of Si 2s;IPd, XPS signal intensity of Pd 3d).

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

The water effect on Si was tested by treating the clean
with a gas mixture of 3 Torr H2O and N2 balance to 800 Tor
for 1 h at either room temperature or 598 K. Silicon w
detected by XPS on the foil treated at 598 K, but was
detected on the one treated at room temperature.

The information depth of XPS is in the range of 5–10 n
therefore, additional experiments were performed to de
mine the depth profile of the Si distribution (Fig. 11). The
deactivated catalyst was sputtered by a 0.5 kV Ar+ beam
with beam current of 0.24 µA. The surface composition w
analyzed by XPS during sputtering. It can be seen that
signal intensity ratio of silicon to palladium (ISi/IPd) de-
creased with sputtering time, pointing to a surface cove
by silicon, as discussed in more detail below.

4. Discussion

4.1. Deactivation by coverage with silicon oxides

Silicon and carbon were two impurities found on the s
face of the deactivated foil. Previous work[28] showed that
carbon does not deactivate the catalyst; thus silica is respon
sible for deactivation of the foil. One possible source of sil
was the bulk of the foil. If conditions are favorable, silic
compounds can migrate to the surface and then agglo
ate to form large particles. Our hypothesis is that these l
particles, with low concentration and small surface are
volume, generate a low intensity XPS signal that could
be detected on the clean foil. These particles are prob
concentrated at grain boundaries. At reaction tempera
(598 K) and with help from water formed during reactio
silicon from the large particles could oxidize, spread, a
cover the foil. The silica coverage in this case is high a
XPS could detect it. The cleaning process could only remov
thin layers of silica spreading on the surface, but could
eliminate the large particles that are the source of silica.
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Silicon and oxygen were observed on the surface of
deactivated foil after annealing at 873 K (Fig. 10). This oxy-
gen species is associated with Si because PdO decompos
to Pd upon heating in UHV. No oxygen signal is obser
by XPS following annealing of a foil that did not show dea
tivation during reaction (Fig. 10). Bader et al.[39] observed
that thermal decomposition of PdO to 1173 K could not
compose the coexisting Si-stabilized oxide. Thus, annea
at 873 K could leave Si-stabilized oxide on the foil surface
Two kinds of oxidized silicon, including silica (SiO2) and
silicon monoxide (SiO), could be the species on the surfa
[40]. Solid SiO is a metastable state, thermodynamically
ble only as a gas at high temperatures; it dissociates to S
SiO2 at 400–700◦C [40]. The binding energy of the Si 2
peak was 152.5 eV. This value is approximately 2 eV hig
than the one for silicon[32–34]. On the other hand, this B
is lower by approximately 2 eV than the BE characteristic
SiO2 (154.2–154.8 eV)[35–38]. The relatively small chem
ical shift might be due to the “surface” nature of the sili
The silica layer covering the surface might consist of
icon atoms bound to various oxygen atoms. Bekkay e
[41] reported nonstoichiometric oxide formation and the
icon atoms coordinated to one and four oxygen atoms w
characterized by the Si 2s peaks at 150.2 and 153.9 eV
spectively. In our case the Si 2s peak is broad and the sta
Si could not be unambiguously identified because the si
to noise level on the Si 2s peak was low.

The other factor which might cause the relatively low
of the Si 2s peak observed in our experiments is the re
ation energy. The variation of the relaxation energy is
final-state effect corresponding to a reorganization of
electrons of the neighboring atoms that provide the scr
ing of the photoelectron hole remaining after electron em
sion. The effects of relaxation could cause a low BE s
whereas the effect of initial states for a positive ionic s
should result in a high BE shift. For example, a large ex
atomic relaxation energy contribution for CdO reduces
BE [42]. Silver is another example of the exceptions wh
show a low BE shift in the oxide state[42–45]. Therefore,
the relatively low BE shift of the Si 2s peak observed
our experiments might be governed by the difference in
relaxation energy. As a rule of thumb, larger relaxation
ergies are expected for a bulk material as compared to a
layer or small particles in the 10 nm size range. However
cause we have a nonhomogeneous distribution of thin S2
film supported on PdO, the palladium oxide might contrib
to the relaxation energy and the resulting value of the
SiO2 film might be higher than the corresponding value
bulk SiO2. Thus, we believe the silicon compound on
surface was silica.

XPS depth profiling indicates that silica was on the
layer of the foil surface. By using Ar+ with 500 eV ion
energy, the sputtering yields for single-element solids
0.5 Si atom per Ar+ and 2 Pd atoms per Ar+ [46]. If Pd
were surface segregated compared to Si or the distribution
of Pd and Si was homogeneous, thenISi/IPd should have
d

-
f

increased with time-on-sputtering because Pd has a high
sputtering yield. This hypothesis does not agree with the
perimental results. The only reasonable element distribu
to explain the data is that Si was surface segregated so
ISi/IPd could drop from the beginning of sputtering ev
though Si has a lower sputtering yield than Pd.

Assuming silica spreading on top of PdO, the Si 2s
Pd 3d signal intensity could be expressed as a functio
silica coverage using a mathematical model for photoe
tron attenuation during XPS analysis[47]. The coverage on
the deactivated foil was obtained by fitting the signal int
sities from the experiment to the mathematical model.
inelastic-mean-free path was obtained from the Nationa
stitute of Standards and Technology[48]. The thickness o
one monolayer of silica was estimated at 0.34 nm. It
calculated based on the parameters for quartz using the
tion 1000ρa3N = A whereρ is the quartz density (kg m−3),
“a” is the monolayer thickness we are estimating,N is the
Avogadro number, andA is the atomic weight. The XP
data were recorded with a fixed emission angle of the ph
electron, which was between 0 and 45◦ with respect to the
sample normal. With these assumptions, the coverage
found to be in the range of 0.8 to 1.0 monolayer.

Our experimental results showed that water and reac
temperature were the two key factors promoting silica
gration, which was in agreement with previous work. Lu
and Dumesic[14] observed silica migration on Pt/SiO2 at
660 K and on Fe3O4/SiO2 at 670 K when water vapor wa
present. Huber et al.[19] attributed the loss of H2 chemisorp-
tion capacity and BET surface area of Co/SiO2 catalyst dur-
ing Fischer–Tropsch at 220◦C (493 K) to silica migration
and formation of cobalt-silicates.

Lund and Dumesic[16] explained the migration of sil
ica on Fe3O4 by Si4+ substitution into the tetrahedral sit
of Fe3O4 and displacement of Fe3+ to adjacent octahedra
sites, which occurred over the entire surface of Fe3O4, rather
than being confined to the interface. The substituted Fe3O4
retained 80% capacity to adsorb NO but showed one
der of magnitude lower turnover rate for water–gas s
reactions because there were still octahedrally coordin
iron cations on the surface that could adsorb NO but
compound was not active for catalytic reaction. A sim
explanation may be applicable to the Pd system. Ano
possibility for silica migration is that silica interacted wi
water to form a mobile compound that migrated to the pa
dium particle surface.

Silica migration was also observed by TEM on the s
ported Pd/SiO2 samples after reduction and after reacti
Similar migration of titania on rhodium during reductio
has been seen after high-temperature reduction[49], and
is believed to be the explanation for the phenomeno
strong metal–support interaction. If the surface overla
were caused by Pd oxide, they would not be amorph
since PdO is generally crystalline (Figs. 2, 3, and 7). Hy-
drogen reduction of silica-supported palladium catalysts
also lead to strong chemical interaction between metal



G. Zhu et al. / Journal of Catalysis 225 (2004) 170–178 177

sur-

am-

EM
re-
the
fter
-
ed

era-
es
a-

d
oms
ere

rea

x-
face
-
renc
am-

le
er,

cat
O

h-
pon

Re-
e
bus-
f 1.5
s

n zir
iona
was
e in

tion
The
uch
(fac

is
H
ea-

er
in-
se,

ion.
han

of

ple
lit-
d

ture.
the

-
y

tage
ing

inter

oba-

rt of
ace
ac-
on
,
ntal

er
hich

ar-
so
ng
d by

the
by
er-
port
wa-
d in
the
ne

sive
ain-
ce
f the
ious
support and the growth of palladium silicides[10–12]. If
we use the rate per gram of Pd as an indication of the
face area of Pd available during reaction (Table 1), it can be
concluded that silica coverage must be higher on the s
ple reduced in H2 than on the sample oxidized in O2 since
the rate is 45 times lower on the former sample. The T
results confirm the higher concentration of silica on the
duced sample; the amorphous layer is clearly visible on
reduced sample but is diffuse on the oxidized sample a
reaction. Juszczyk and Karpinski[11] proposed that over
layers of oxidized silicon species on palladium were form
only when the catalyst was first reduced at high temp
ture and then oxidized. During reduction, palladium silicid
(PdxSiy ) were formed by palladium atoms taking oxygen v
cancies in the silica support. When exposed to O2 at room
temperature, silicon in PdxSiy was oxidized and then move
to the top of the surface; at the same time palladium at
agglomerated and formed palladium particles, which w
covered by silica.

4.2. Pd surface area and rates of reaction

The effects of oxidation and reduction on the surface a
and reactivity of palladium catalysts has been studied[50].
In our work (Table 1), the higher surface area for the o
idized catalysts was caused probably by palladium sur
roughening during O2 oxidation, although the TEM pic
tures presented here do not suggest a substantial diffe
in surface roughening between reduced and oxidized s
ples. Ruckenstein and Chen[51] suggested that a partic
breakup, not observed by TEM in our experiments eith
could be the explanation for higher surface area. Datye[24]
suggested based on TEM results that the surface of Rh
alysts was roughened when the sample was oxidized in2
and then reduced in H2 at a mild temperature. The roug
ening is caused by an expansion of the metal structure u
oxidation, a situation similar to the one we have here.
sults from our group on a Pd foil[28] show that the surfac
area of PdO increases by a factor of two after the com
tion reaction. The increase in surface area by a factor o
for Pd/ZrO2 after oxidation observed in our work is thu
reasonable. Note also that for the samples supported o
conia, the surface increase corresponded to a proport
increase in the rate per gram so that the turnover rate
constant. For the samples supported on silica, the declin
the chemisorption uptake by a factor of three after reduc
seems to be affected by the coverage of Pd by silica.
decrease in chemisorptive properties (factor of 3) is m
smaller than the decrease observed in the rate per gram
tor of 45) (Table 1). One explanation for this difference
that the overlayers of oxidized silicon formed during2
reduction might have moved during the surface area m
surement by the H2–O2 titration procedure, causing a high
coverage. This is a feasible mechanism as the titration
volves oxidation and reduction steps at 373 K. In this ca
more active sites could be counted by H2–O2 titration than
e

-

-
l

-

could be available during reaction of methane oxidat
This overcounting translates into a lower turnover rate t
the correct one and would explain why the turnover rate
reduced Pd/SiO2 was 1/15 of that for oxidized Pd/SiO2 after
24 h on stream.

The rates of reaction for the foil and supported sam
were in good agreement with the rates reported in the
erature (Table 1). The general behavior of activation an
deactivation are also the same as reported in the litera
For example, the zero rate of reaction at time zero for
prereduced samples observed inFigs. 5 and 6has been ob
served before[52,53]. In this study, activation followed b
deactivation was observed on Pd/ZrO2 samples. Literature
results suggest, for example, that during the activation s
new surface morphologies that are more active in oxidiz
methane are formed and that palladium oxide particles s
during the deactivation stage[17,18,31,54–57]. There was
only deactivation observed on oxidized Pd/SiO2, which was
different from the other three catalysts tested and can pr
bly be explained by silica migration. For oxidized Pd/SiO2,
silica started to spread once water was formed at the sta
reaction. The initial activation caused possibly by a surf
morphology change of PdO particle overlapped with de
tivation by silica migration. The magnitude of deactivati
was larger than the magnitude ofactivation, so deactivation
not activation, was observed at the first stage. Experime
results from Muto et al.[17,18]showed that in Pd/SiO2 and
Pd/SiO2–Al2O3 samples with enough silica loading to cov
the surface, only the deactivation stage was observed, w
is in agreement with our results.

5. Conclusion

Silica from the support could migrate on to palladium p
ticles during H2 reduction or methane oxidation and al
spread from silicon impurities present on the foil duri
methane oxidation. Migration during reaction was cause
water formed in the reaction, and migration during H2 reduc-
tion of silica-supported catalyst was possibly caused by
formation of palladium silicides, subsequently oxidized
O2. The migration of silica deactivated the catalyst by cov
ing active sites. We conclude that silica is not a good sup
for Pd catalysts when they are used in reactions where
ter is present and also that they should not be reduce
H2 at temperatures close to 900 K. These results explain
deactivation observed in this work on foils during metha
oxidation. It points to possible problems when Pd mas
catalysts (foil and wires) are used in reaction media cont
ing water and H2. When bulk Pd is used, surface scien
techniques need to be available to measure the state o
surface. When Pd is supported on zirconia, no deleter
effects caused by H2 or H2O are observed.
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