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The turnover rate and reaction orders for the combustion of
methane in excess oxygen over Pd foils were in agreement with lit-
erature results reported for supported catalysts. The rate equation
was r = K[CH,]*"[02]>?[H20]~%°. The turnover rate on the Pd foil
was 59 x 1072 s~ at 550 K, 160 Torr Oy, 16 Torr CHg, 1 Torr H,0,
and N balance to 800 Torr, with the number of active sites defined
as the number of surface Pd atoms calculated from the initial geo-
metric area of the foil. This rate is 3 times higher than the highest
value reported in the literature for supported catalysts. The surface
area of the foil, measured by isotopic exchange of surface oxygen
with 80, increased by a factor of approximately 2 after reaction.
The main species observed on the surface after reaction by XPS
was PdO. Sample activation during the reaction was not observed.
The reaction was carried out in a batch reactor at 598 K and at-
mospheric pressure with characterization before and after reaction
by X-ray and Auger spectroscopies and temperature-programmed
desorption.  © 2001 Academic Press

Key Words: palladium foil; palladium oxide; turnover rate for
methane combustion; reaction orders for methane combustion;
model catalysts.

1. INTRODUCTION

Catalytic combustion of CH, is an environmentally
friendly alternative to conventional thermal combustion
in gas-fired turbines for power generation. Turbines with
conventional burners produce substantial amounts of NOy
while catalytic combustion has the potential to lower nitro-
gen oxide emissions below 1 ppm. Current turbines need
only the energy provided by the adiabatic combustion of
a lean mixture, and currently can use final temperatures of
the order of 1300°C. At this temperature and with residence
times typical of a turbine, there should be NOy levels much
below 1 ppm. However, these lean mixtures do not allow a
conventional burner to function properly and for this rea-
son more fuel is added to the mixture to stabilize the com-
bustion, generating unnecessarily high temperatures which
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form undesirable NOy. In catalytic combustion, the role of
the catalyst is to assist the combustion of lean premixed
mixtures by preheating them to a high enough tempera-
ture to allow the reaction mixture to proceed to complete
combustion downstream in the homogeneous phase (1).

Global warming caused by emissions of methane is also
aconcern if there will be a widespread adoption of natural-
gas-powered vehicles. Catalytic combustion can be used as
an abatement technology to eliminate unburned methane.

Palladium shows the highest turnover rate for this re-
action (2) but more active materials are still needed for
combustion at the high values of mass throughput found
in gas turbine operation (3). Palladium oxide (PdO) is the
stable phase under reaction conditions with excess oxygen
(>1073 K, in 1 atm air) (4, 5). Its reactivity has been linked
to particle size (6-8), support interaction (9), crystal struc-
ture (10, 11), and reaction conditions (12, 13). Activation
periods have also been reported during CH4 combustion. It
is well known that some activation periods observed were
due to elimination of contaminants, which interacted with
metallic sites (14, 15). However, changes in the morphol-
ogy with reconstruction of the palladium crystallites were
also assigned to explain time-on-stream activation on cata-
lysts with no contaminants (16-18). The consequence of all
of these unknowns is that rates of reaction reported in the
literature span a range of 4 orders of magnitude. Clearly,
the rate of oxidation must be measured and the parame-
ters that are important in modifying the rates need to be
identified.

The approach for the present work was to use amodel sys-
tem to study particular aspects of the catalytic combustion
chemistry of methane on Pd catalysts. The advantage of this
approach is that one can apply surface science techniques
and yet carry out reactions under the conditions described
in the literature for supported catalysts, amethod pioneered
by G. A. Somorijai (see (19) for a review). Because they in-
clude control of sample purity and detailed surface analysis
before and after reaction, these studies should provide the
benchmark kinetic measurements for comparison with sup-
ported catalysts.
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The kinetic behavior was in agreement with the Kinetics
found in supported samples, with the following rate expres-
sion: r = K[CH4]%"[02]°?[H,0]7%° (20-23). The turnover
rate for the Pd foil based on the number of surface Pd atoms
(calculated using the geometric surface area of the foil) was
3 times higher than the highest rate reported for supported
catalysts, which is possibly the maximum rate that can be
achieved on a Pd catalyst. One problem, however, is that
PdO and not Pd is the active phase and there are indica-
tions in the literature (12, 13, 20, 24) that upon oxidation
the surface area of the oxide will be higher than the surface
area of the metal. Throughout the literature on supported
Pd catalysts, the reported turnover rates are based on the
number of Pd sites counted in the reduced state of the cata-
lysts. In our case, we used the geometric surface area to
calculate the amount of active sites for direct comparison
with the literature but we also measured the PdO surface
area by ‘20 isotope exchange. The results showed that the
Pd foil surface area is increased by a factor of about 2 after
reaction.

Despite reports of activation periods in supported sam-
ples in the literature (16-18, 20), the Pd foil did not show
any activation under reaction conditions. However, for the
Pd foils in this work steady-state activities were reached
only after elimination of all surface impurities, as verified
by X-ray and Auger spectroscopies.

2. EXPERIMENTAL METHODS

The combustion of methane at atmospheric pressure was
performed on a batch reactor attached to an ultrahigh-
vacuum (UHV) surface analysis chamber. Sample trans-
fer between the two chambers was made with a welded
bellows transfer arm under UHV. The ultimate pressure
after baking out the system was 5 x 10~%° Torr (1 Torr=
133.3 N m~2). The main components of the analysis cham-
ber are a double-pass cylindrical mirror analyzer (PHI
Model 15-255G) used for Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS), a
15 KV double-anode X-ray gun (PHI 4-548), a UTI-100C
guadrupole mass spectrometer, and a sputtering gun. The
sample was spot-welded between two stainless steel pins
attached to a Macor sample holder. The sample tempera-
ture was measured by using a chromel-alumel thermocou-
ple spot-welded directly onto the palladium foil. The sample
cart holder inside the UHV chamber could be rotated to the
various analysis stations. The sample was heated resistively
and the temperature was controlled by using an Eurotherm
2408 controller interfaced with a TCR DC power supply.

The palladium catalysts were 0.1-mm-thick polycrys-
talline foils (Alfa Aesar, 99.9%) with a surface area of
0.8-1.0 cm?. The cleaning procedure consisted of sput-
tering with 2.0 kV Ar ions (15 uA ion current) at
773 K for 15 min, exposure to O, (5 x 107° Torr of Oy)
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at 773 K for 15 min, followed by annealing at 873 K for 60 s
under UHV conditions. After the initial cleaning sequence
(sputtering/O; treatment/annealing), the sample deacti-
vated under methane combustion with silicon and phos-
phorous detected by XPS. The sample reached steady-state
rates only after it was subjected to many methane combus-
tion reaction experiments at high pressure in addition to
the sputtering/annealing treatment. The contaminants on
a fresh foil were carbon, phosphorus, silicon, and sulfur.
Sample cleanliness was checked by AES and XPS analyses.
Auger spectra were obtained with a primary beam voltage
of 2 kV and a beam current of 2 uA. X-ray photoelectron
spectroscopy was performed using MgKa (1253.6 eV) or
AlKe (1486.6 eV) radiation at a power of 300 W. Survey
spectra on XPS were recorded using an analyzer pass en-
ergy of 100 eV, whereas on the core level measurements
for Pd 3d, O 1s, and C 1s the analyzer pass energy was
25 eV. The resolution measured at full width at half-
maximum (FWHM) for the Pd 3ds,, peak was 1.2 eV.

The sample was moved from the UHV chamber to the
reactor cell using a welded bellows transfer arm. Reac-
tions were carried out in a batch mode with the gases be-
ing introduced from the manifold in the following order:
N, (624 Torr), O, (160 Torr), and finally CH,4 (16 Torr).
The reaction mixture was circulated by a Metal Bellows
pump Model MB-21 at a nominal rate of 1000 cm® min~ for
25 min before the foil was heated to the reaction tempera-
ture (598 K). The total volume of the reactor cell as mea-
sured from expansion of a calibrated volume was 840 cm?®.
There were dead volume pockets in the reactor but dif-
fusion combined with low rates of product formation was
sufficient to mix all the reactants and products. The gas
phase composition was analyzed by using a HP 6890 series
gas chromatograph equipped with a 15-ft Carboxen 1000,
60/80 mesh column, and a thermal conductivity detector.
Sampling (every 18 min) was performed with an automatic
sampling valve and the signal was acquired by a computer
using HP ChemStation software. After reaction the sam-
ple was transferred back using the welded bellows transfer
arm into the UHV chamber for surface analysis by XPS,
AES, and TPD without exposure of the sample to the at-
mosphere. The TPD analysis consisted of heating the sam-
ple under UHV conditions to 873 K at a heating rate of
5 K s~1. Desorption products were monitored by using a
UTI-100C quadrupole mass spectometer (MS) and were
recorded using a homemade acquisition software that runs
under LabView.

Calibration of the MS was made after each TPD exper-
iment by leaking O, into the system through a leak valve
and using this signal to calculate all the other intensities.
The CO; and H,O signals were calibrated as a function of
the O, signal by mixtures of CO,-O, or H,0O-0,. The abso-
lute calibration of oxygen coverage was made by adsorbing
oxygen at room temperature and assuming 0.25 monolayer
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(ML) coverage after exposure of the foil to 7.5 x 107° Torr
of O, for 20 min (25, 26). However, due to the high CO
signal background in our UHV chamber, the adsorbed oxy-
gen reacted with CO to form CO; before it could desorb
as O,. To eliminate possible artifacts in this procedure, we
used labeled oxygen (**0,).

Palladium black (Alfa Aesar, 99.9%) was used as a refer-
ence. The sample had a BET surface area of 47 m? g~ with
a calculated mean particle size of 13.4 nm. Methane com-
bustion was carried out at atmospheric pressure in a glass
continuously stirred tank reactor (CSTR) with the cata-
lyst supported on a fritted disk within the reactor and a
thermocouple well in contact with the catalyst for precise
catalyst temperature measurement. Reaction gases (0.1%
CHy, 2% O,, 0.4% H,0, and balance He to atmospheric
pressure) were delivered into the system by mass flow con-
trollers (Porter Instrument Co.). Water was added by pass-
ing helium through water in a saturator kept at 273 K. The
reaction mixture was circulated with a Metal Bellows pump
Model MB-21 at a flow rate of about 1000 cm® min~1. The
flow rate into the CSTR circuit from the gas delivery por-
tion of the system was about 40 cm® min~'. The reaction
was carried out at 473 K.

3. RESULTS
3.1. Blank Experiments

Because the surface area of the catalyst is small (~1 cm?),
two experiments were performed to measure the back-
ground activity of the catalytic reactor. In the first experi-
ment a stainless steel foil was used in place of the Pd foil
under standard reaction conditions. Based on the limit of
detection of our gas chromatograph, the background rate
is lower than 1 x 107°s~* compared to the steady-state ac-
tivity of 59 x 1072 s~ under standard conditions (16 Torr
CHy, 160 Torr Oy, 1 Torr H,0O, N3 balance to 800 Torr, and
598 K). In a second experiment, Pd foil was used in the re-
action at standard conditions without cleaning. The initial
reaction rate was 6 x 1072 s~ under standard conditions,
but decreased to zero after about 30 min of reaction, due to
the migration of impurities to the surface. This experiment
simulates the contribution of the back of the foil, which can-
not be cleaned by sputtering, and at steady state is expected
to be negligible.

3.2. Rate Measurements

The rate measurements were made in a batch reactor
at a total final conversion of less than 10%. Under these
conditions the rate should follow pseudo-zero-order kinet-
ics and thus an accumulation plot (conversion versus time)
would produce a straight line. However, the plot in Fig. 1A
shows a curvature due to either deactivation or inhibition
by one of the reaction products. A negative first-order de-
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FIG. 1. (A) Batch reactor accumulation plot for Pd foil and (B) inte-
grated form (accounted for H,O inhibition). Reaction at 598 K, 16 Torr
CHy, 160 Torr O,, and N balance to 800 Torr.

pendence on water concentration has been reported before
on supported Pd catalysts (20). In this study, the reaction
order in H,O was —0.9 (details below) and product inhi-
bition can explain the curvature on the line. Assuming a
water inhibition of —1, the reaction rate willber = —A/y,
where y is the conversion (or the number of turnovers) and
A depends upon the concentration of the reactants which
are essentially constant at low conversion. Using this rate
expression, the equation for the batch reactor will then be
dy/dt = B/x, where tistime and B is a constant. The inte-
gration of this equation has a linear dependence between
the square of conversion (or the number of turnovers) and
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TABLE 1
Kinetic Data for CH,4 Catalytic Combustion

Reaction depen-
dence order

Ea TOR?
Sample (kJ/mol) (10725~ CH; O, H,O Reference
Pd foil 125 59 0.7 02 —-09 Thiswork
Pd black 135 50 0.7 01 -08 Thiswork
0.9-5% Pd/ZrO, 184 3-18 11 01 -1.0 22
10% Pd/ZrO, 170 2 — — =10 20

2TOR calculated at 550 K, 160 Torr O,, 16 Torr CH,, 1 Torr H,0, and
N balance to 800 Torr.
b Number of sites measured from BET surface area (47 m?g~4).

time (x? = 2Bt), and it is plotted in Fig. 1B. The slope of the
line (2B) can then be used in the equation of the batch re-
actor to calculate the rate at any conversion. Therefore, the
turnover rate is a function of the amount of water, and con-
sequently the degree of conversion, and needs to be spec-
ified whenever a rate is reported. The turnover rates will
be reported under the standard conditions of 1 Torr H,O,
550 K, 16 Torr CHy4, and 160 Torr O, throughout this paper.

The turnover rate obtained for the Pd foil was 59 x
10~2 s~ under standard conditions, a value higher than the
ones observed for the ZrO,-supported Pd and Pd black
samples shown in Table 1. No activation period or deacti-
vation of the samples was ever observed. Foils preoxidized
in O, at the same partial pressure and temperature used for
the reaction showed the same rate values as initially clean
foils.

The reaction order dependence on CHy, O,, and H,O was
determined at 598 K. The results are shown in Fig. 2. Under
these conditions, the catalytic combustion of methane on
Pd foils is close to first order in CHy, zero order in O,, and
negative first order in H,O. Results are presented in Table 1
along with a comparison of results from a Pd black sample
and literature values on ZrO,-supported Pd catalyst. The
rates measured on a Pd black sample, in which the sam-
ple PdO surface area was calculated by the BET method,
also showed a rate comparable to the ones measured on
supported samples.

The dependence of rates with temperature is shown as
an Arrhenius plot in Fig. 3. The apparent activation energy
measured was 125 kJ mol~%; note that the rates in this plot
are reported for the same concentration of products and
reactants.

3.3. Characterization of the Foil before and after Reaction

The state of the foil surface was examined before and
after reaction by Auger electron spectroscopy (AES),
X-ray photoelectron spectroscopy (XPS), and tempera-
ture-programmed desorption (TPD). Before reaction, only
features corresponding to metallic Pd can be observed by
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FIG. 2. Reaction order dependence for Pd foil on methane (2-32
Torr CHy, 160 Torr O, N, to balance 800 Torr), oxygen (80-240 Torr
O,, 16 Torr CH,4, N, to balance 800 Torr), and water (0.5-8 Torr H,O,
16 Torr CHy, 160 Torr O, N, to balance 800 Torr).

AES (Fig. 4) and XPS (Fig. 5). Auger spectra show the pal-
ladium signature of a clean foil characterized by peaks at
43,73,78,243,279,and 330 eV (Fig. 4a). The AES spectrum
after reaction (Fig. 4b) reveals two additional peaks at 490
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FIG. 3. Arrhenius plot for the combustion of CH, over Pd foil at 16
Torr CHy, 160 Torr Oy, 1 Torr H,O, and N, balance to 800 Torr. The
apparent activation energy was 125 kJ mol .
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FIG.4. AES spectra for Pd foil with characteristic peak energies:
(a) clean foil and (b) after CH, combustion for 170 min at 598 K, 16
Torr CHy4, 160 Torr O,, and N balance to 800 Torr.

and 510 eV characteristic of oxygen, which indicate the exis-
tence of an oxide layer on the foil surface with an O/Pd ratio
of 0.7. The lower than 1.0 value may be due to electron beam
damage to the oxide, which decomposes the oxide followed
by desorption of O, (27). The amount of carbon could not
be measured accurately by AES because of interference
with the Pd peak at 279 eV. In the XPS survey spectra be-
fore reaction only the core levels of metallic palladium and
its Auger electron signal are observed (Fig. 5a). After re-
action, the palladium and carbon core levels plus oxygen
Auger electrons are observed in the XPS survey spectrum
(Fig. 5b). Figure 6 shows X-ray photoelectron spectra of the

AlKo.

Pd 3d
Pd (MNN)

Pd3p/0O1s

Intensity (count

0
1000 800 600 400

Binding energy / eV

FIG.5. XPSsurvey spectra for Pd foil: (a) clean foil and (b) after CH,4
combustion for 170 min at 598 K, 16 Torr CHy, 160 Torr O,, and N, balance
to 800 Torr.
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FIG.6. XPS Pd and O spectra for Pd foil: (a) clean foil, (b) after
CH,4 combustion for 170 min at 598 K, 16 Torr CHy, 160 Torr O,, and N,
balance to 800 Torr, and (c) difference spectrum obtained by subtraction
of Pd contribution.

Pd 3d and Pd 3p3,»/O 1s regions taken from a clean palla-
dium foil (spectrum a) and from a Pd foil after treatment
under reaction conditions (spectrum b). The clean Pd foil
is characterized by the Pd 3ds;, and Pd 3ps, peaks at 335.0
and 531.8 eV. The peak position is in good agreement with
those in the literature (28-31). After treatment under reac-
tion conditions, the Pd 3ds; and Pd 3psj, peaks shifted to a
higher binding energy by ca. 1.8 eV with new positions at
336.8 and 533.6 eV, characteristic of PO (28, 31-35). After
reaction, an O 1s peak at 529.9 eV characteristic of PdO
appeared as well (28, 32, 33). Thus, the characteristic chem-
ical shift of 1.8 eV observed for the Pd 3ds, peak, which
shows no peak broadening, and the appearance of the O
1s peak at the appropriate energy indicate that the main
chemical compound on the surface of foil after exposure to
a reaction mixture is PdO. Table 2 shows the quantitative
results for the XPS analysis. The atomic concentrations of
the chemical elements in the near-surface region were es-
timated after the subtraction of a linear-type background,

TABLE 2
XPS Data for Pd Foil

Binding energy (eV) Atomic concentration %

Sample Pd 3d O1s C1ls [Pd] [O] [C]
Clean foil 335.0 — — 1.00 — —
Foil after 336.8 529.9 284.5 0.32 0.37 0.32°

reaction?

2Reaction at 598 K, 16 Torr CHy4, 160 Torr O, and N, balance to
800 Torr.
® From impurity adsorbed after reaction.
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FIG. 7. TPD results after reaction combustion for 170 min at 598 K,
16 Torr CHy4, 160 Torr O,, and N, balance to 800 Torr and after foil oxi-
dation (same conditions but no methane). Foil was heated under UHV at
5Kslupto873K.

taking into account the corresponding atomic sensitivity
factors as described by Wagner et al. (29).
Temperature-programmed desorption of the foil after re-
action and after oxidation (same reaction conditions but no
methane) is shown in Fig. 7. The amounts of O, CO,, and
H,O after reaction or foil oxidation were the same and
corresponded to 103 layers of O, an amount of CO; corre-
sponding to 13 layers of oxygen, and H,O corresponding
to 1 layer of oxygen. The XPS analysis after TPD showed a
Pd 3d binding energy of 335.0 eV characteristic of metallic
palladium. Note that no other desorption products were
associated with the O, peak at high temperature. The
CO; and H,O desorption was observed at much lower
temperatures, 521 K and 496 K, respectively. The pres-
ence of the same amount of CO, and H,O after foil ox-
idation (no methane present) or reaction and the fact
that the desorption temperature is lower than the reac-
tion temperature (600 K) indicate that the carbon does
not come from methane deposited during reaction. To
confirm that the CO, measured on the TPD was not re-
lated to methane oxidation, the reaction was performed
with CH,. No signal from *CO, could be detected,
and since our sensitivity for CO; is 5% of a monolayer,
the amount of carbon deposited after reaction has to be
lower than 5% of a monolayer. An additional experi-
ment to verify if the carbon and water observed were re-
lated to the reaction involved annealing the sample af-
ter reaction in a vacuum up to the reaction temperature
(598 K) at a heating rate of 5 K s7%, and then measuring the
XPS spectrum. The results showed that the carbon-signal
vanished, which suggests that at reaction temperature the
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compound responsible for CO, and H,O would burn and
thus carbon-containing compounds must have been de-
posited after reaction. A signal corresponding to metallic
Pd appeared in addition to the one for PdO after this treat-
ment, which is consistent with the use of oxygen from the
PdO lattice during combustion.

An attempt to detect Pd(OH), as a stable compound
using TPD and XPS analysis was made after reaction on
the Pd foil. This compound appears in the reaction mecha-
nism in the quasi-equilibrated adsorption— desorption step
that inhibits the reaction (22, 36), 20H* < H,O()+ O*
+* (where* is an adsorption site, with OH* as the most
abundant reaction intermediate). The decomposition of
this compound could not be investigated directly by TPD
due to the interference from the adsorbed hydrocarbon im-
purity discussed above which also generated a water sig-
nal. Experiments with deuterium-labeled methane will be
performed in the future to address this possibility. Thermo-
gravimetic analysis carried out by Card et al. (37) has shown
that Pd(OH), decomposes at about 523 K when Pd(OH),/C
was heated in dry nitrogen, the same temperature range
where the carbon-containing impurity burns during TPD.
An upper value for the concentration of Pd(OH),, how-
ever, can be established from the XPS results. A difference
spectrum in the Pd 3ps,/O 1s region is shown in Fig. 6c.
This spectrum was obtained after the subtraction of the
Pd contribution by correction of the chemical shift for the
Pd 3ps, peak by 1.8 eV and normalization of the intensi-
ties. The resulting spectrum represents the contribution for
oxygen, with a single asymmetric peak at 529.9 eV. The ab-
sence of a pronounced peak at a binding energy higher than
529.9 eV indicates the absence of significant amounts of sur-
face species other than PdO. Thus, the presence of Pd(OH);
would imply the appearance of an additional O 1s peak due
to an OH group at a binding energy ca. 1.5 eV higher. The
reference value for Pd(OH), could not be found in the liter-
ature but the values are available for Pt and Ni compounds.
The values of the O 1s peak reported for Pt(OH), and for
Ni(OH), are 531.3 eV (38) and 531.2 eV (39-41), respec-
tively. Although a quantitative estimation of the amount of
Pd(OH), on the surface could not be made, one can con-
clude from Fig. 6¢ that if present its concentration must be
much less than 1-ML.

3.4. Sample Oxidation

Since there is no observable sample activation during
reaction, and many reports are available to support that
Pd metal is not active for the oxidation of methane at low
temperatures (10, 42), the rate of surface oxidation from Pd
to PdO must be fast compared to the rate of reaction. Also,
if the surface area is increased due to sample oxidation
it must happen at an early stage of reaction; otherwise,
a sample activation would have been observed. Indeed,
as shown in Fig. 8, the rate of oxidation is fast compared
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FIG.8. Number of oxygen layers as a function of time for a Pd foil
under reaction conditions 598 K, 16 Torr CH4, 160 Torr O,, and N, balance
to 800 Torr.

with the rate of reaction, with 55 layers of PdO formed
after 3 min. The rate of foil oxidation is a function of
the time of reaction, being rapid in the early stages but
decreasing as the thickness of the oxide layer increases
(Fig. 8). The number of layers formed does not vary as
the 1/2 power of the time, which suggests that diffusion-
controlled growth is not the only phenomenon taking place
during the oxidation of Pd foil under reaction conditions.
For a diffusion-controlled growth of the oxide film, a
parabolic law describes the oxide-film thickness growth:
L(t)  t*2 (43). Electronic and oxygen anion transports
developed with the Cabrera—Mott theory in combination
with bulk diffusion of uncharged particles better describe
the oxidation process on palladium catalysts (11).

3.5. Measurement of PdO Surface Area

For the calculation of turnover rates, the PdO surface
area under reaction conditions was calculated from the ge-
ometric Pd metallic surface area assuming an average Pd
surface atom density for a polycrystalline foil of 1.27 x
10° atoms/cm? (44). However, the addition of oxygen to
Pd to form PdO will cause the Pd structure to change
from a face-centered cubic structure (characteristic lengths
a=b=c=0.38903 nm) to PdO which is tetragonal (char-
acteristic lengths a=b=0.3036 nm; ¢ =0.534 nm) (45). A
simple calculation shows that the Pd atom density for the
oxide is 60% of the density for the metal structure, indicat-
ing an overall structure expansion upon oxidation which
may cause a roughened oxide surface to form.

The PdO surface area was measured by a surface ex-
change experiment with labeled oxygen (*20 isotope). The
exchange experiment consisted of exposing the oxidized
foil to 5 Torr 0O, at 598 K for 12 s into the reactor cell.
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These conditions are designed to ensure that the exchange
between 0 in PdO and 20 isotope in the gas phase may
happen only on the surface, without appreciable diffusion
to the bulk. In fact, the number of layers exchanged under
these conditions calculated from Fig. 8 is around one and
the rate of recombination of O atoms at the surface of PAO
calculated from the results of Au-Yeung et al. (46) is about
4 571, Thus, only surface oxygen should be exchanged. The
amount of 0 exchanged was measured in a TPD experi-
ment by quantifying all the desorbed compounds contain-
ing 0. The reference point for oxygen coverage was made
by assuming that a foil exposed to O, at room temperature
will form an oxygen layer with 0.25 ML coverage at satura-
tion. This coverage is well established for a Pd(111) single
crystal (25, 26) and since a foil is composed of mostly (111)
planes, the 0.25 ML coverage should be a good approxima-
tion. The PdO surface after reaction under excess oxygen
was 2.2 cm?, based on the measured geometric surface area
(1.0 cm?) of the foil.

Itisimportant to note that the surface area did notappear
to change after consecutive reactions or after the sample
was cooled from reaction temperature. This was inferred
by carrying out consecutive reaction experiments with the
sample cooled after reaction and a new charge introduced
into the reactor. The rates were the same on consecutive
experiments within experimental error. However, cooling
the sample after reaction under certain conditions (after
treatment in excess methane) may change the surface area
as detailed by Monteiro et al. (47).

4. DISCUSSION

4.1. Reaction Orders

The reaction orders measured for CHy4, O, and H,O
are similar to the ones for supported catalysts (Table 1)
(20-23). The CO;, order dependence, which is proportional
to [CO,]~2 when the concentration of CO, is higher than
the concentration of H,O (20), was not measured since the
conditions of this work were outside the range where CO,
would inhibit rates.

4.2. Structure Sensitivity and Turnover Rates

The dependence of the particular arrangement of PdO
crystal planes on the turnover rates is an issue not yet
settled. The answer to this question will have to wait un-
til rate measurements on well-defined PdO single crys-
tal surfaces are made. Combustion of methane in ex-
cess oxygen over Pd-based catalysts at low temperatures
(<600 K) has been described as a structure-sensitive reac-
tion by some authors (6, 8, 48-50) and as insensitive by oth-
ers (9, 20, 51). Higher rates are reported for larger Pd parti-
cles (22). The steady-state turnover rate of 59 x 1072 s+
for a Pd foil in this work is about 3 times higher
than the highest turnover rate reported on supported
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catalysts (Table 1). This result shows that the value obtained
for the foil is an upper limit for the CH, combustion rate on
PdO on supported catalysts under lean conditions (excess
oxygen). However, one should still consider the following
possibilities: (1) the particle size is maximized on the foil
and as suggested most recently by Fujimoto et al. (22) this
would be the reason for the higher rate; (2) there is a detri-
mental effect from the support on PdO as shown by Ro-
driguez et al. (52) and the foil would be free from it; (3)
crystalline PdO is more reactive than the amorphous one
(10, 11) and the foil may preferentially form one of them
(we do not know which form the foil is in); and (4) there isa
substantial increase in the PdO surface area on the foil. Con-
cerning the latter argument, the PdO surface area changes
by a factor of only 2, which is not a significant change.

The fact that the turnover rate is only a factor of 3 higher
than the highest turnover rate reported on supported cata-
lysts (Table 1) is an indication that the reaction may not
be sensitive to the structure of the oxide. As shown by
Fujimoto et al. (22), the turnover rate variation with the
particle size in the range 1-10 nm is only a factor of 3. The
factor of 3 difference in this case is not significant in view
of the fact that the turnover rate needs to be calculated per
unit of PdO surface area but the comparisons are based
on the Pd metal surface area. This issue will be discussed
next.

4.3. Measurement of PdO Surface Area

On supported Pd catalysts, the measurement of Pd sur-
face area is based on the adsorption of probe molecules H,
or CO on metallic Pd, thus requiring the sample to be re-
duced (usually in H,) before chemisorption. However, PAdO
is the active phase and the incorporation of oxygen due to
the oxidation process in the lattice of metallic palladium
is associated with volume changes and thus it may create
a surface with porosity or with sufficient roughness to in-
crease substantilly the geometric surface area. The error in
surface area measurement caused by reduction of PdO on
supported samples is probably a function of particle size,
with small particles showing no effect upon reduction since
most of the atoms will be on the surface and the large par-
ticles, possibly showing large differences. This may explain
why some results in the literature show a modest but distinct
variation of rate with particle size (22). This increase in area
by oxidation will be maximum for a foil since the potential
for the formation of a porous and roughened structure is
greatest.

We propose that isotope exchange with 20, could also
be used in the measurement of surface areas of supported
samples. A direct comparison of rates on foils with the ones
on supported catalysts will have to wait untill the PdO sur-
face area can be measured for these samples.

A Pd black sample was also used to estimate the actual
PdO surface area. The PdO surface area was measured by

MONTEIRO ET AL.

the BET method (47 m? g~1) after reaction. The turnover
rate based on the PdO surface area was 5x 1072 s7! at
standard conditions (1 Torr H,O, 550 K, 16 Torr CH,4, and
160 Torr Oy), a value comparable to the turnover rate based
on the PdO surface area for the foil (22 x 1072s71). The
lower rates on Pd black may be the result of the migration
of impurities from the bulk of Pd black to the surface, a
possibility we could not test.

The fact that the surface area of the foil increases after
reaction is an indication that the same may be true for sup-
ported samples. The increase in surface area by a factor of 2
on afoil may also be the upper limit of surface area variation
on supported samples unless a different mechanism, such
as spreading of the oxide on the support (53, 54), is impor-
tantfor supported samples. Ribeiro etal. (20) have shown an
increase in measured Pd surface area on supported samples
by 3.2-fold after the metallic sample is oxidized to PdO. As
an added complication, despite the increase in the surface
area attributed to the spreading of PdO onto the support
surface, the comparison of the per gram rate for methane
oxidation showed no change. These results have convinced
the authors that PdO layer spread onto the support sur-
face is not active. Datye et al. (24) have reported that in
the process of PdO reformation after a high-temperature
PdO — Pd transformation on 5% Pd/6-Al,O; catalyst, the
oxidation of large Pd particles (=20 nm) led to formation
of polycrystalline PdO with the roughening of the particle
surfaces. The activity, expressed in terms of degree of con-
version, of this rough PdO was higher than that seen on
annealed PdO for the CH4 combustion.

4.4. Sample Oxidation

The straight line obtained in Fig. 1b extrapolates to zero,
suggesting that although the sample is constantly being ox-
idized under our reaction conditions (Fig. 8), the surface
area increase must happen at a very early stage of reaction
and then stop; otherwise, the rate would have increased
with time. That the surface area increase may happen at an
early stage of reaction is corroborated by the fact that about
55 layers of PdO are formed after only 3 min of reaction
at 598 K (Fig. 8). This fact suggests that Pd catalysts should
oxidize readily under our reaction conditions (excess oxy-
gen, about 600 K) and should not show an activation effect
due to oxidation. Activation effects on supported samples
must not be caused by Pd oxidation.

4.5. Sample Activation

Activation periods have been reported on supported Pd
catalysts. Some hypotheses have been raised to explain such
time-dependent behavior, such as the presence of impuri-
ties (6, 9, 14, 16-18, 48, 51), support interaction (52, 55),
sample oxidation state (10, 42), high-temperature treat-
ment (>800°C) in O, (56), or formation of an inactive oxide
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phase that inhibits oxidation (24, 57). Impurities left on the
catalyst surface by precursor salts (e.g., chlorine) can inter-
act with the catalytic sites, but the water produced in the
reaction removes them, contributing to an increase in the
activity as a function of time. Since PdO is the active phase
for CH4combustion, its formation is required when reduced
samplesare used. A slow PdO formation rate due to astrong
metal-support interaction can affect the reactivity. Thus,
fresh samples would not be fully activated at the beginning
of the reaction and an activation period would be observed.
In contrast to this behavior, Pd foils did not show any activa-
tion period in our work. However, steady-state activity was
not reached easily when impurities were present. Starting
with a fresh foil, sulfur was the most abundant contami-
nant and the initial cleaning process (sputtering/O, expo-
sure/annealing) was sufficient to remove it. Sulfur elimi-
nation did not produce a fully activated catalyst, however.
Turnover rates in the initial runs were low and sample de-
activation took place. Analysis by XPS showed the pres-
ence of phosphorous and silica on the surface every time
the samples deactivated. Such impurities were not detected
before reaction which suggests that sample exposure to the
high-pressure reaction conditions caused the impurities to
migrate from the bulk to the surface. Thus, for the Pd foil to
reach its highest and constant activity, the sample was ex-
posed to reaction conditions followed by the usual cleaning
procedure under UHV conditions. These cycles of reaction—
cleaning were performed until the sample reached the max-
imum steady-state rate and no impurities were detected
by XPS.

To speed up the cleaning process, a palladium foil under-
went a special pretreatment before being mounted in the
sample holder. The objective was to bring to the surface
all impurities in the bulk phase, so the number of cycles
to clean the foil would be reduced. The pretreatment con-
sisted of flowing a lean mixture (2% CHy4, 20% O,, and He
balance to atmospheric pressure) at a rate of 40 cm® min=,
773 K for 15 h, followed by sample heating at 973 K for
15 min under helium flow. After the pretreatment, the
sample was submitted to the initial cleaning process
(sputtering/O, exposure/annealing), which removed sur-
face impurities followed by a reaction rate measurement.
The initial turnover rate was about 29 x 1072 s7%, a value
higher than that on the initial runs with no pretreatment
(around 6 x 1072 s71), but the sample still deactivated due
to impurities migrating to the surface.

An important question is whether Pd foils were solely be-
ing cleaned or whether some activation also took place. Is
it possible that as the impurities are being removed the sur-
face finds a better arrangement that increases its catalytic
activity? The answer seems to be no, since the samples are
sputtered clean and annealed after each reaction, a process
that would destroy any special structural arrangement on
the surface. Descorme et al. (58) in the kinetic studies of
catalytic combustion of ethane over Pd foils reported that
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to prepare a stable catalyst with maximum activity, pre-
activation of the foil by reaction at 723 K under fuel-rich
conditions was necessary, even though the samples were
sputtered and annealed after the treatment. Two or more
treatments were needed for the reaction rate to become
invariant and the difference in activity between fresh and
activated foils was about a factor of 20. We postulate that
these treatments were effective because we have observed
that under excess methane the surface uptake of oxygen
is a factor of 3-4 higher than after reaction in excess oxy-
gen, which facilitates the bulk impurities’ migration to the
surface and subsequent elimination by sputtering (47).

Baldwin and Burch (18) reported the activation of sup-
ported palladium catalysts under reaction conditions and
assigned the increase of activity to structural changes,
created by carbon dissolution into the bulk of palladium.
Some carbon dissolved in the palladium lattice would ac-
count for a change in morphology leading to more active
catalysts. In our studies, temperature-programmed desorp-
tion results on palladium foil after reaction in excess oxygen
did not show any evidence of carbon dissolution. The PdO
decomposition at temperatures higher than 700 K released
only oxygen and no carbon-related compound desorption
was observed. Isotope labeling of methane (**CHy) showed
that low-temperature *CO, does not come from carbon
species deposited under our reaction conditions. In fact,
even carbon-containing impurities are completely burned
on the surface of the foil even under UHV conditions at
a temperature lower than the standard reaction tempera-
ture. At the higher temperature and partial pressure of O,
present during the reaction, any carbon compounds would
be completely burned. Thus, if restructuring of the catalytic
surface is occurring in the Pd foil, the cause cannot be re-
lated to carbon dissolution.

4.6. Surface Species

The surface species present after reaction were probed
using TPD, XPS, and AES. The main species observed were
oxygen and palladium. No metallic Pd could be found after
reaction. The CO; and H,O peaks on the TPD were due
to an impurity adsorbed on the surface after reaction. The
same impurity givesa carbon signal in the XPS. Blank exper-
iment (only oxygen present) and experiments with labeled
molecules described above confirmed that the carbon signal
comes from the impurity. The presence of Pd(OH), can be
excluded unless its concentration is much less than 1 ML.

5. SUMMARY

The complete oxidation of methane under excess oxygen
was studied over a Pd foil at 598 K. The kinetic behavior
was consistent with the one observed for supported Pd cata-
lysts, showing similar reaction orders with a rate expression
r = K[CH4]*"[O]**[H,0]°*,
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There were no activation periods for the Pd foil samples.
However, steady-state turnover rates were reached only af-
ter the elimination of impurities (S, P, and Si) in the foil. To
reach a high and invariant activity, the samples were ex-
posed to reaction conditions many times followed by Ar
sputtering. On clean foils, the steady-state turnover rate is
59 x 1072 s~! at 550 K, 160 Torr Oy, 16 Torr CH,, 1 Torr
H,0, and N, balance to 800 Torr with the number of sites
equal to the number of Pd atoms based on the Pd geometric
surface area. This rate is 3 times higher than the highest rate
reported for supported Pd catalysts. This value is regarded
asanominal turnover rate because its calculation was based
on the geometric surface area of the foil, not the PdO sur-
face area. This value can be compared with the turnover
rates reported for supported particles, since they were also
based on the metallic surface area.

Under our reaction conditions, 55 layers of the oxide are
formed during the first 3 min of reaction, which indicates
that palladium oxide (PdO) is the active phase. Palladium
needs to expand its structure in order to accommodate the
oxygen and for this reason a surface roughening and change
in surface area may happen. Thus, the turnover rate cal-
culations based on the number of Pd sites counted in the
reduced state of the catalyst may be an overestimation of
the actual turnover rate. To overcome this problem, the
PdO surface area was measured by a surface exchange ex-
periment using 80, isotope exchange. The amount of 20
exchanged with the surface was measured in a TPD experi-
ment. The results showed an increase by a factor of 2 in the
Pd foil surface area after the foil oxidation. The turnover
rate was recalculated on the basis of the estimated PdO
surface area, with a new value of 22 x 1072 s7%, at 550 K,
160 Torr O,, 16 Torr CHy, 1 Torr H,O, and N, balance to
800 Torr which is 2 times lower than the nominal one.
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