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Abstract: In the present work, the role and the effect of platinum and gold on the catalytic performance of ceria supported
tri-metallic Pt-Pd-Au catalysts have been studied. The optimum composition of these tri-metallic supported catalysts has
been discovered using methods and tools of combinatorial catalyst library design. Detailed catalytic, spectroscopic and
physico-chemical characterization of catalysts in the vicinity of the optimum in the given compositional space has been
performed. The temperature-programmed oxidation of methane revealed that the addition of Pt and Au to Pd/CeO, cata-
lyst resulted in higher conversion values in the whole investigated temperature range compared to the monometallic Pd
catalyst. The time-on-stream experiments provided further evidence for the high-stability of tri-metallic catalysts com-
pared to the monometallic one. Kinetic studies revealed the stronger adsorption of methane on Pt-Pd/CeQ, catalysts than
over Pd/CeO,. XPS analysis showed that Pt and Au stabilize Pd in a more reduced form even under condition of methane
oxidation. FTIR spectroscopy of adsorbed CO and hydrogen TPD measurements provided indirect evidences for alloying
of Pt and Au with Pd. CO chemisorption data indicated that tri-metallic catalysts have increased accessible metallic sur-
face area. It is suggested that advantageous catalytic properties of tri-metallic Pt-Au-Pd/CeQO, catalysts compared to the
monometallic one can be attributed to (i) suppression of the formation of ionic forms of Pd(Il), (ii) reaching an optimum
ratio between Pd® and PdO species, and (iii) stabilization of Pd in high dispersion. The results also indicate that Pd®— PdO
ensemble sites are required for methane activation.
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INTRODUCTION

Abatement of methane emission from natural gas vehi-
cles is one of the most important and challenging issues of
environmental protection. Contribution of methane to the
global warming is much higher than that of carbon dioxide;
moreover its lifetime is quite long. As compared to other
hydrocarbons the total oxidation of methane is more difficult
because of its higher stability. This is the reason why many
authors have chosen methane as a model compound for cata-
lytic oxidation studies, assuming that total oxidation of other
hydrocarbons would be guaranteed if methane was quantita-
tively abated.

The complete oxidation of methane can be performed
over either noble metals or transition metal oxides. The main
advantage of noble metals is their superior specific activity,
which makes them as the best candidates for low tempera-
ture combustion of hydrocarbons. Supported Pd catalysts
have been widely studied in methane catalytic oxidation [1-
10]. However, the monometallic Pd catalysts have not
proven to be appropriate for practical use because of signifi-
cant activity loss in time-on-stream tests.
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In order to understand the catalytic behavior of Pd based
catalysts the nature of active sites was extensively studied in
the PdO/Pd systems [3-7]. Common redox mechanism is
confirmed in which Pd-PdO dual site is suggested to be ac-
tive species. According to this mechanism Pd is involved in
the activation of methane. The activated surface complex or
the fragments (H and CH, (x = 3-1)) reduce the PdO to Pd,
which is then reoxidized to PdO [5,6]. The ratio of PdO to
Pd in the catalyst has to be optimized for obtaining the opti-
mum catalytic performance [6]. Additionally, in another
study the formation of two different types of PdO ((I) and
(1) with different activity in methane combustion has been
proposed [7]. It has been suggested that in (1) the boundary
contact between PdO and metallic Pd is responsible for the
high activity of methane combustion. As the temperature
increases the PdO (1) species are supposed to be transformed
into PdO (1) that has low activity. In other study it has been
shown that the deactivation of monometallic Pd catalysts can
also be attributed to sintering [8] and poisoning [9,10] ef-
fects.

In order to improve and stabilize the activity of Pd cata-
lysts it is advisable to modify the support or the active phase
by addition of metals and/or other additives, i.e. to prepare
multi-component palladium catalysts. However, in case of
methane total oxidation only few studies have been devoted
to the investigation of supported Pd-based bimetallic cata-
lysts. The improved stability of supported Pd-Pt catalysts has
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been attributed to increased resistance towards sintering of
Pd-Pt particles compared to Pd [11]. In this respect, it has to
be emphasized that supported monometallic platinum cata-
lyst is not really active for low temperature methane oxida-
tion. This observation has been confirmed by earlier combi-
natorial study [12]. Consequently, the increased activity of
Pd-Pt bimetallic catalysts cannot be attributed to the in-
creased overall metal content, but to alteration of the struc-
ture of the active Pd sites. The results showed that the
bimetallic catalyst has better time-on-stream activity during
steady state operation as compared to the monometallic pal-
ladium catalyst. In addition, it has to be emphasized that the
activity of the bimetallic catalyst was slightly higher than
that of the monometallic palladium one.

Janbey et al. reported that the high activities observed
over the bimetallic catalysts are due to the fact that they re-
main, at least partly, in the metallic state even under condi-
tion of methane oxidation [13]. The authors found higher
activity and paradoxically higher activation energies for
bimetallic catalysts in comparison to the monometallic Pd
catalyst. The high activation energy indicates the presence of
metallic palladium in the working catalyst [13].

In our recent study, we applied methods and tools of
combinatorial catalysis and high throughput experimentation
for the optimization of supported metal catalysts for methane
oxidation [12]. This kind of approach is often used when the
performance of a single component supported metal catalyst
has to be improved. For catalysts used in total oxidation of
methane, the following differentiation was done between the
components of an active catalyst: (i), active metals; (ii),
promoters of the active metals; (iii), new type of supports;
and (iv), modifiers of the support. The best 15 catalysts de-
signed by combinatorial methods contained mostly Ce and a
small amount of La as a modifier in the support, while Pd, Pt
and Au in small amount represented the active metallic phase
[12]. It has to be emphasized that in the course of finding the
optimized catalyst compositions no attempt was done to
characterize the catalysts prepared. In the process of optimi-
zation all reaction parameters such as reaction temperature
and space velocity were fixed and only the composition of
catalysts was altered according to the optimization algorithm
used [12]. According to research strategy accepted in combi-
natorial catalysis kinetic studies, physical-chemical and spec-
troscopic characterizations are performed only on series of
optimized catalysts, but not over the whole catalyst library.

The main goal of the present study is to perform detailed
investigation and elucidation of the effects of the addition of
Pt and Au on the performance of ceria supported Pd catalyst.
In this study the monometallic Pd/CeO, will be considered as
a reference catalyst. An additional aim of this work is the
demonstration that high-throughput hardware (parallel multi-
reactors for both the preparation and testing of catalysts) can
be used not only for optimization tasks but also for compara-
tive studies of different catalysts, i.e. high throughput meth-
ods can also be used as a tool in academic, basic research.

EXPERIMENTAL
Preparation of Catalysts

The catalytic materials were prepared parallel by means of
a liquid dispensing robot in Syncore reactor (BUCHI La-

Tompos et al.

bortechnik AG, Switzerland) using the rack for 24 glass reac-
tion vessels. The following precursor compounds were used
for catalyst preparation: (NH;),Ce(NQOs3)s (Fluka, >99.0%),
Pt(NH3)4(NOs), (Aldrich, 99.99%), Pd(NO3),*2H,0 (Fluka,
>98.0%) and HAuUCI,*3H,0 (Aldrich, 99.99%).

As a first step CeO, support was prepared by means of
urea precipitation technique applied in our previous study
[12]. Water solution of the precursor (0.5 M) was dispensed
and then 15 ml 2 M urea solution was added in water. In the
Syncore reactor the solutions were heated upto to 100 °C and
continuously shaken at 350 rpm. The resulting gels were
vigorously boiled for 8 h at 100 °C to remove excess urea
and to age the gels. After aging the precipitates were filtered
and washed twice in deionized water and dried at 100 °C.
Dried and milled samples were calcined in air at 400 °C for 2
h. The heating rate was 10 °C/min. BET specific surface area
of CeO, prepared was 167 m?/g in this way.

In the second step 200 mg of the supports prepared as
above was loaded with Pt and Pd using impregnation
method. Precursor solutions (0.01 M in water) in the re-
quired amount were premixed and then the support was
added. Water was evaporated at 100 °C under constant shak-
ing at 350 rpm. The samples were dried at 100 °C and cal-
cined again at 400 °C for 2 h (10 °C/min). In this way cata-
lysts with different Pt content were prepared. The Pt content
varied from 0 to 2.2 w/w% in increments of 0.2 w/w% re-
sulting in 12 different catalysts. The Pd content of these Pt-
Pd/CeO, catalysts was constant at 3 w/w%.

In the last step of the preparation gold was added using
the urea precipitation method again. Diluted solution of gold
precursor (0.01 M) was mixed with 5 ml 2 M urea then the
dried and calcined Pt-Pd/CeQ, catalyst, obtained in the pre-
vious preparation step, was added. The slurries were gradu-
ally heated upto 100 °C and this temperature was maintained
for 4 h. The filtered samples were finally dried at 100 °C and
calcined at 400 °C for 2 h (10 °C/min). In this way the cata-
lyst containing 2 w/w% Pt and 3 w/w% Pd has been modi-
fied by 0.4 w/w% Au. Catalysts prepared in this way and not
treated further will be called “as prepared” catalysts.

Catalytic Tests

For catalytic test a 16-channel flow-through reactor was
used at atmospheric pressure [12,14]. Prior to the activity
tests the catalysts have been pressed, crushed and sieved.
Catalysts with particle size between 0.200-0.315 mm were
used in activity tests. 100 mg catalyst was placed into each
reactor channel. Prior to the reaction the catalysts were pre-
treated in H, (30 ml/min/channel) at 350 °C for 1 h, then the
reactor was cooled to the reaction temperature in flowing He
(30 mL/min/channel).

During temperature programmed oxidation (TPO) a
gaseous mixture containing 1% CH,4, 10% O, and 89% He
was fed at the rate of 10 mL/min/channel. The reaction tem-
perature was controlled between 150-400 °C with a heating
rate 1 °C/min. Kinetic studies were performed in order to
determine the reaction order of methane in the combustion
reaction. In these experiments the reaction temperature was
280 °C and the total flow rate varied between 10 and 50
ml/min/channel. It has to be mentioned that at this tempera-
ture the reaction was kinetically controlled on all of the cata-
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lysts investigated. Comparing results using 50 and 100 mg
catalyst no mass transfer limitation was found over a sup-
ported catalyst containing 1 wt% Pt and 2 wt% Pd on pure
CeO,. The initial reaction rates were calculated from the
conversion — contact time dependencies, from which the
reaction order for methane was determined.

The 16 outgoing reaction mixtures were analyzed con-
secutively by means of a quadrupole mass spectrometer
(Prisma QMS 200). The conversion was determined by
measuring the intensity of mass fragment of m/z 15 charac-
teristic for methane. In the first channel the catalyst was re-
placed by pure quartz. This channel was used for blank ex-
periment with conversion equal to zero. The methane con-

version for a given channel, o, , has been calculated ac-

CH, !

cording to the following equation:

blank back ch back
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CH CH,

where I27%and 1%, are the intensities of the methane peak

(fragment m/z 15) in the blank channel and the selected
channel, respectively. Igﬁf is the background intensity for

m/z 15. This is measured, in each channel, in the absence of
methane feed. This signal is independent of methane conver-
sion.

Considering the detection error in mass spectrometric
analysis and the error propagation law the absolute error of
conversion has been calculated to be +/- 0.4%. The fragment
ion of m/z 28 was monitored in order to check the formation
of CO. Only CO, and water were detected as reaction prod-
ucts, which were verified by mass balance calculations. The
entire apparatus is PC controlled using Xmea for Linux, our
process control and data acquisition software.

X-Ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy (XPS) studies were
conducted on a VG Escalab 200 R spectrometer equipped
with a hemispherical electron analyzer and an Mg-Ka
(1253.6 eV) X-ray source. The XP spectrometer was
equipped with a chamber for sample treatment under con-
trolled gas atmospheres and at temperatures upto 700 °C. A
certain region of the XP spectrum was scanned a number of
times to obtain a good signal-to-noise ratio. The binding en-
ergies (BEs) were referenced to the well-resolved peak
(916.5 eV) in the Ce 3d core level region to account for
charging effects.

Spectra of the as prepared samples as well as spectra af-
ter two different pretreatments performed in the pretreatment
chamber of the spectrometer were recorded. After each pre-
treatment the samples were degassed at room temperature.
First, the as prepared samples were analyzed without any
treatment. In the subsequent pretreatment, the samples were
reduced in a hydrogen atmosphere at 350 °C, while in the
second pretreatment the samples were exposed to the reac-
tion mixture applied in the catalytic runs (1% CH,4, 10% O,
and 89% He, at 350 °C for one hour). Spectra were processed
by means of XPSPEAK software. The areas of the peaks
were computed by fitting the experimental spectra to Gaus-
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sian/Lorenztian curves after removing the background using
the Shirley function.

Fourier Transformed Infrared Spectroscopy of Adsorbed
CO

In situ infrared spectra were recorded at room tempera-
ture using Nicolet Impact 400 FTIR instrument. The spectral
region and the resolution were 3500-1100 cm * and 1 cm ™,
respectively. Catalyst samples were ground, pressed onto
self-supporting disks and were mounted in the sample
holder. The weight of the self-supporting disks was about
10-15 mg/cm?. The spectra were corrected for the weight of
the sample. The thermal treatment of the sample was accom-
plished in a heated attachment chamber located above the IR
cell. The catalysts were reduced in flowing hydrogen (50
ml/min) at 400 °C for 1 h followed by evacuation at the same
temperature for 15 min and cooling to room temperature
under vacuum. FTIR spectra were measured under static
condition at Pco = 5 mbar. Spectra were obtained after ac-
cumulation of 128 scans. First the background spectra were
measured, followed by the introduction of CO and spectra
were taken after 30 min. Finally, the chamber was evacuated
and spectra were taken after 30 min.

Temperature Programmed Desorption of Hydrogen

For temperature programmed desorption (TPD) of hy-
drogen the ASDI RXM 100 equipment (Advanced Scientific
Designs, Inc.) was applied. 50 mg of catalyst was loaded in a
U shaped quartz reactor. Samples were pretreated at 350 °C
(heating rate: 10 °C/min) in hydrogen flow (50 mL/min) for
1.5 h and then cooled to RT in hydrogen within 2 h. The gas
flow (50 ml/min) was then switched to pure Ar. In a TPD
run the temperature was raised from RT to 800 °C (heating
rate: 10 °C/min), while the hydrogen desorption was fol-
lowed by a TCD detector.

Chemisorption of CO

The ASDI RXM 100 equipment was also used for CO
chemisorption measurements. Because oxygen from ceria
can react with CO adsorbed on Pd at near room temperature
[15] and because CO, can adsorb on reduced ceria [15, 16] a
fixed pretreatment procedure similar as described in ref. [17]
was used on each catalyst. 50 mg of a given catalyst sample
was loaded into a U shaped quartz reactor. The sample was
heated under Ar flow (50 mL/min) to 150 °C (10 °C/min)
and this temperature was maintained for 30 min. The sample
was then reduced in a gas flow (200 Torr H, in Ar) for 1.5 h
at 350 °C to transform Pd to its metallic form. Finally, the
sample was purged with Ar (50 mL/min) at 350 °C and
cooled to room temperature. Irreversible CO chemisorption
was determined as a difference of total and reversible CO
uptakes in the range of 0-20 Torr. Irreversible CO chemi-
sorption is considered linearly proportional with the accessi-
ble metallic area.

RESULTS AND DISCUSSION

Catalytic Measurements in 16-Channel Flow-Through
Reactor

In order to reveal the effect of the addition of Pt to the
monometallic Pd/CeQ, catalyst, twelve bimetallic catalysts
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with different Pt content and constant Pd load have been
prepared and tested as described in the experimental part.
According to catalyst library optimization results small
amount of gold (0.1-0.4 wt%) was also required to achieve
the optimum high activity, however, too much gold had a
definite negative effect on the methane conversion [12].
Therefore, in the present study a catalyst with 0.4 wt% Au
content has also been prepared and investigated.

Temperature Programmed Oxidation of Methane

Fig. 1 shows results of temperature-programmed oxida-
tion of methane on a few selected catalysts. As emerges from
Fig. 1 the methane conversion values measured on all multi-
metallic catalysts exceed that of obtained on monometallic
Pd catalyst in the whole investigated temperature range.
Over multi-metallic catalysts the reaction temperatures that
correspond to the 50 and 90% conversion values (Tso and
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Fig. (1). Thermal programmed oxidation (TPO) of methane over
catalyst; (@) 3%Pd/CeO,, (b) 1%Pt-3%Pd/CeO,, (c) 2%Pt-3%Pd/
Ce0,, (d) 2%Pt-3%Pd-0.4%Au/Ce0,. Loading: 100 mg catalyst;
feed: 1% CHy, 10% O, and 89% He; flow rate: 10 mL/min; heating
rate: 1 °C/min.

Tgo values, respectively) are generally less than the corre-
sponding data obtained on the monometallic Pd catalyst (Ta-
ble 1). It can be concluded that the addition of both Pt and
Au to Pd had a strong positive effect in the activity control.

Tablel. Results of Temperature Programmed Oxidation of
Methane
TSOM TQOM
Catalysts

°C °C
3%Pd/CeO, " 299 354
1%Pt-3%Pd/CeO, 263 312
2%Pt-3%Pd/CeO, 257 307
2%Pt-3%Pd-0.4%Au/CeO, 252 302

*reference catalyst.
**Tso and Ty indicate reaction temperatures at which the conversion is 50 and 90%,
respectively.
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Further results are given in Fig. 2, where the corresponding
Tso and Ty values are plotted as a function of Pt/Pd ratio.
The addition of small amount of Pt to Pd already resulted in
a significant drop in both Tso and Tgo values as it is clearly
evidenced from Fig. 2. Presumably, the results show that
upon addition of platinum to Pd new type of active sites are
forming.
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Fig. (2). Effect of Pt content on Tsq (a) and Tgg (b) values of differ-
ent catalysts in TPO runs. Loading: 100 mg catalyst; feed: 1% CH,,
10% O, and 89% He; flow rate: 10 mL/min; heating rate: 1
°C/min.Tso and Tqp indicate reaction temperatures at which the con-
version is 50 and 90%, respectively.

The analysis of TPO curves given in Fig. 1 clearly shows
the differences in the slope of the steepest section of the
conversion-temperature dependencies. In the case of mono-
metallic Pd catalyst the increase of conversion (o) with tem-
perature is quite slow, i.e. the (Aa/AT)ma Values are rela-
tively low. Contrary to that over all multi-metallic catalysts
the (Aa/AT)max Values are much higher. This fact indicates
that all multi-metallic catalysts have higher activity, which
is, however, paradoxically associated with higher activation
energy. This observation is in a good accordance with results
published by Janbey et al. [13]. Moreover, in an earlier study
[3] it has been mentioned that the metallic Pd has signifi-
cantly higher activity in methane oxidation than PdO, al-
though the apparent activation energy over oxidized PdO
catalyst was much lower than over metallic Pd (65-75 kJ/mol
and 165-185 kJ/mol, respectively). Because of the higher
activation energies and higher activity of the bimetallic sys-
tems it was suggested that in these catalysts the Pd phase
must be, at least partly, in metallic state [13]. Therefore, the
coexistence of both metallic Pd and oxidized PdO species is
supposed to be present in our bimetallic Pt-Pd/CeO, cata-
lysts, which may constitute a new type of active site for
methane oxidation.

Stability Tests

Fig. 3 shows the time-on-stream (TOS) activity pattern in
methane oxidation at 280 °C on both monometallic and a
bimetallic catalysts (2% Pt-3% Pd). Higher activity and
slower rate of deactivation can be observed on the bimetallic
catalyst containing 2% Pt and 3% Pd compared to the
monometallic Pd catalyst. The rates of deactivation are ex-
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pressed as Aca/ojy, (where Ao is the conversion change
measured after 350 min with respect to the initial conversion,
while oy is the initial conversion measured after 15 min).
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Fig. (3). Time-on-stream studies on catalysts; (a) 3%Pd/CeO, and
(b) 2%Pt-3%Pd/CeO,. Loading: 100 mg catalyst; feed: 1% CHy,,
10% O, and 89% He; flow rate: 50 mL/min; temperature: 280 °C.

The rates of deactivation measured over bimetallic cata-
lysts with different Pt content are summarized in Table 2. As
emerges from data given in Table 2 with increasing Pt con-
tent the Ao/ouy,; ratio significantly decreases. The monomet-
allic Pd catalyst loses almost half of its initial activity, while
over the bimetallic catalyst containing 2% Pt only 24% loss
of conversion was obtained.

It has to be emphasized that before the reaction the cata-
lysts have been pretreated at 350 °C in hydrogen. Therefore,
it is highly probable that all components are in metallic form
or at least they are more reduced than during the catalytic
reaction in the presence of an oxidative atmosphere. In TOS
measurements under lean conditions applied in this study the
oxidative atmosphere can result in the oxidation of both Pt
and Pd. In an earlier study the formation of two different
types of PdO has been proposed [7], one is active and other
is inactive in methane oxidation. It is not excluded that the
role of Pt, in this case, is to stabilize PdO in its more active
form. According to the results presented in the above study
the differences in the rates of formation of these two oxi-
dized forms of Pd in different catalysts might account for the
altered TOS activity of these catalysts. Literature data also
indicate that sintering induced by the oxidative atmosphere
can also be responsible for catalyst deactivation [8].

Kinetic Studies

Kinetic studies were performed in order to determine the
reaction order of methane in the oxidation reaction. The
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measurements were done at 280 °C. The TPO curves (Fig. 1)
clearly indicated that at this temperature the reaction was
kinetically controlled over all catalysts. At this temperature
the slope of the temperature — conversion dependencies is
relatively high (Fig. 1), which indicates that the reaction rate
is determined by the activation energy and not by diffusion
limitations.

In this series of experiments the concentration of the
methane was changed in the reaction mixture, then initial
reaction rates were determined from the kinetic curves (con-
version —contact time dependencies) obtained, from which
the reaction order of methane was calculated. As emerges
from Fig. 4, similarly to Ty data, the presence of small
amount of Pt leads to sudden drop in the reaction order,
while above Pt/Pd > 0.25 the reaction order is constant.
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Fig. (4). Effect of Pt content on reaction order of methane. Loading:
100 mg catalyst; feed: 1-4% CH,, 10% O,, He balance; flow rate:
10-50 mL/min; temperature: 280 °C.

In case of competitive adsorption of two reactive species
on the same type of active site the decrease in the reaction
order always indicates an increase in the strength of adsorp-
tion of the molecule. Therefore, we consider that upon intro-
duction of Pt the formation of new type of active site takes
place, which regardless to the oxidation state of its compo-
nents provides stronger adsorption site for methane, which
can be one of the reasons for the higher activity over multi-
metallic catalysts.

X-Ray Photoelectron Spectroscopy Analysis

XP spectra obtained on catalyst containing all three noble
metals (2%Pt-3%Pd-0.4%Au/Ce0,) are given in Fig. 5.
These figures show the binding energies of Pd, Pt, Au and
Ce species, respectively after different pretreatment proce-
dures. In this study the following treatment processes were
applied: (a) calcination at 400 °C (as prepared catalysts), (b)

Table2. Rate of Deactivation Over Bimetallic Pt-Pd Catalysts with Different Pt Content
Pt Content, w/w%
0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 18 2.0 2.2
Aot/ 0, % 49 47 44 44 35 32 34 28 22 27 24 18

"Aaz: decrease of conversion, oy initial conversion.

Catalyst loading: 100 mg; feed: 1% CH,, 10% O, and 89% He; flow rate: 50 mL/min; reaction temperature: 280 °C, data after 351 min TOS.
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reduction at 350 °C in hydrogen (reduced catalysts), and (c)
methane oxidation at 350 °C (working catalysts). All XP
spectra were deconvoluted as described in the experimental
part. The results of deconvolution of further XP spectra of
mono- and multi-metallic catalysts are given in Tables 3-5.

Pd 3d Core-Levels

The XP spectrum of the as prepared sample containing
all three noble metals (Fig. 5A, spectrum “a”) shows that in
this sample the ionic form of palladium prevails. The reduc-
tion at 350 °C in hydrogen (see spectrum “b”) resulted in a
notable shift into the lower energy region, which is an indi-
cation on the partial reduction of palladium. The sample after
methane oxidation (see spectrum “c”) shows partial restora-
tion of the oxidized forms; although the spectrum contains a
well expressed shoulder around 335 eV. The latter might be
an indication on the presence of some metallic palladium in
the working Pt-Pd-Au/CeO, catalyst.

In Pd 3d core-level region three different Pd species were
supposed to exist [18-20]. For this reason all Pd 3d bands
were deconvoluted into three bands. These results are pre-
sented in Tables 3-5. The 3ds, peaks between 334.8-335.5
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eV and between 336.5-337.2 eV have been assigned to me-
tallic Pd and PdO, respectively. Binding energies between
337.9-338.4 eV are significantly higher than that usually
reported for PdO, implying the presence of Pd** ions that are
much more cationic than PdO. Pd** species with highly cati-
onic character could be present as Pd-O-Ce configuration
[18-20].

Pt 4f Core-Levels

The XP spectra given in Fig. 5B show the presence of
both metallic and ionic forms of Pt in the sample containing
all three noble metals. In the as prepared catalyst the plati-
num is fully oxidized, as no bands appear around 71.0 eV.
However, as it has been expected the metallic character is
well expressed in sample “b” after reduction at 350 °C in
hydrogen. The XPS spectrum of working catalyst (see spec-
trum “c”) shows that under condition of methane oxidation a
relatively large part of platinum is still in metallic state. In Pt
4f core level region three species were also distinguished.
According to different authors they can be assigned to Pt°
(70.8-71.3 V), Pt** (72.4-72.9 eV), and Pt** (73.9-74.4 eV),
respectively [21, 22]. For this reason all Pt 4f bands were
deconvoluted into three bands, attributed to the presence of
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Fig. (5). X-ray photoelectron spectra of Pd 3d, Pt 4f, Au 4f and Ce 3d core level region (A, B, C and D) for catalyst 2%Pt-3%Pd-
0.4%Au/Ce0,; (a) before treatments, (b) after reduction in hydrogen at 350 °C, (c) working catalysts.



Trimetallic Pt-Pd-Au/CeO, Catalysts

metallic Pt, PtO and PtO,. These results are presented in Ta-
bles 3-5.

Au 4f Core-Levels

The Au 4f spectra of the sample containing all three no-
ble metals show only minor alterations after different pre-
treatment procedures (Fig. 5C). There is a very slight shift to
the lower binding energy areas after reduction at 350 °C (see
spectrum “b”). The working catalyst (see spectrum “c”) has a
slight shoulder at the high-energy site of the band. Conse-
quently, the formation of ionic forms of gold is not excluded.
It has to be mentioned however, that relatively small amount
of Au (0.4%) was present, which gave rise to quite noisy
spectra, analyses of which are relatively difficult. Therefore,
these spectra were not deconvoluted.

Ce 3d Core-Levels

Fig. 5D shows the XPS results of the sample containing
all three noble metals in the Ce 3d band region. The results
show that the shape of Ce 3d spectrum after reduction in
hydrogen at 350 °C (spectrum “b”) differs from spectra both
of as prepared sample (spectrum “a”) and sample submitted
to methane oxidation (sample “c”). Upon hydrogen treatment
the intensities of component peaks, that indicate the reduc-
tion of ceria, have been enhanced. This is reflected in the
shape of the spectra (compare spectra “b” and “a” in Fig.
5D). The reduction of ceria in the presence of noble metals is
a well-known phenomenon. Noble metals like Pd have been
reported to promote the oxygen mobility in ceria and reduc-
tion of Ce*" occurs due to the interaction with Pd [23]. The
spectra “a” and “c” resemble to that of fully oxidized ceria
[24]. Values of Ce** concentration were calculated according
to the method described in ref. [24]. The Ce 3d spectra were
deconvoluted into 5 doublets according to ref. [24].

The Influence of Pretreatment Procedures

As it was demonstrated in Fig. 5, both in Pd 3d and Pt 4f
regions the position of XP spectra can be used as the most
straightforward way for comparison of oxidation states after
different pretreatment process. Nevertheless, all spectra were
also deconvoluted presuming different species. The surface
concentrations of these species were calculated according to
the intensities of different component peaks. Surface concen-
trations of different species, based on the deconvolution us-
ing spectral parameters described earlier, are summarized in
Tables 3-5. These results provided further information about
the role of Pt and Au on the stabilization of Pd in different
valence state. XPS data of as prepared samples are collected
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in Table 3, while data after hydrogen pretreatment and meth-
ane oxidation reaction are shown in Tables 4,5, respectively.
Data given in Table 3 clearly indicate that in the as prepared
form none of the samples contain metallic Pd. However, the
introduction of Pt in 2 wt% strongly alters the PdO/ionic
Pd(I1) ratio, while this ratio is only slightly affected by the
addition of gold.

As emerges from Table 4, the reductive treatment has a
remarkable effect on the surface concentration of different
species in the catalysts investigated. Addition of small
amount of Pt already influences the PdO/ionic Pd(ll) ratio.
Further increase of the Pt content drastically changes the
surface composition increasing the ratio of metallic Pd more
than twice. The addition of small amount of gold results in
further stabilization of Pd in metallic form. In the tri-metallic
catalyst after reductive treatment Pd is almost in fully re-
duced state, as the doublet has been shifted significantly to
lower binding energies with respect to spectrum obtained
over the as prepared sample (compare spectra “b” and “a” in
Fig. 5A). According to calculations, surface concentration of
metallic Pd has reached a value as high as 95%. Data given
in Table 4, clearly show that in case of catalyst 2%Pt-3%Pd-
0.4%Au/CeQ,, after reductive treatment the Pd is almost
fully reduced, only 5% PdO can be calculated and there is no
ionic Pd(I1) formed in the sample.

In addition, changes in the oxidation state of Ce can also
be followed by data given in Table 4. It is remarkable that on
the monometallic catalyst the ceria support is reduced in a
great extent. According to the calculations about half of the
Ce** is converted into Ce**. However, in case of tri-metallic
catalyst only 29% of the ceria is reduced after hydrogen
treatment.

With respect to the interaction between Pd° and Ce** we
can refer to recent results [18]. Even if Pd is fully reduced to
Pd° by hydrogen, the activated oxygen spillover from CeO,
re-oxidizes Pd” to PdO while ceria is reduced to Ce*". Dop-
ing of palladium, for example with rare earth metals, such as
Pr or Gd, influences the extent of reduction of ceria support
[18]. Therefore, the addition of other modifiers such as Pt
and Au might also affect the reducibility of ceria.

This idea is in good accordance with our results. As
emerges from Table 4, in the monometallic Pd catalyst the
palladium can only be reduced partially, i.e. the relative con-
centration of Pd° is only 28%, while the amount of ionic Pd
(1) is relatively high (16%). Simultaneously, over the
monometallic catalyst the ceria support is reduced in a great

Table 3. XPS Data of as Prepared Samples
Pd Species' (%) Pt Species’ (%) Ce(l11)®
Catalysts
Pd PdO lonic Pd(I1) Pt PtO PtO,
3%Pd/CeO, 0 25 75 - - - 10
1%Pt-3%Pd/CeO, 0 33 67 0 43 57 10
2%Pt-3%Pd/CeO, 0 66 34 5 51 44 6
2%Pt-3%Pd-0.4%Au/CeO, 0 60 40 0 37 63 8

Pd (334.8-335.5 eV), PdO (336.5-337.2 eV) and ionic Pd(l1) (337.9-338.4 eV) have been involved into the deconvolution process.

’pt (70.8-71.3 eV), PtO (72.4-72.9 eV) and PtO, (73.9-74.4 eV) have been involved into the deconvolution process.

®Concentration of Ce®*.
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Table4. XPS Data After Pretreatment in Hydrogen at 350 °C

Tompos et al.

Pd Species (%)

Pt Species (%0) Ce(l11)

Catalysts

Pd PdO

lonic Pd(11)

Pt PtO PtO,

3%Pd/CeO, 28 56

16

51

1%Pt-3%Pd/CeO, 29 64

35 50 15 49

2%Pt-3%Pd/CeO, 68 32

69 31 0 29

2%Pt-3%Pd-0.4%Au/CeO, 95 5

62 38 0 29

For spectral parameters see Table 3.

extent (50%). In case of multi-metallic catalysts the opposite
trends were obtained, i.e. reduction of Pd is favored to that of
ceria. In catalyst 2%Pt-3%Pd-0.4%Au/CeO, the Pd is in me-
tallic form in 95%, while only 29% of the ceria is reduced
after hydrogen treatment. The results unambiguously indi-
cate that both Pt and Au facilitate the reduction of Pd and
prevent the re-oxidation of Pd by the ceria support. Conse-
quently, both platinum and gold have a very pronounced
influence on the stabilization of Pd in metallic form on the
ceria support. However, data given in Table 4 also indicate
that gold has almost no influence on the surface concentra-
tion of different forms of Pt and the amount of Ce(lll)
formed.

The analysis of data given in Table 5 gives further expla-
nation on the role of Pt in the bi- and tri-metallic catalysts. In
the bi- and tri-metallic catalysts after methane oxidation Pd
is present in more reduced state than in the monometallic
catalyst. These results indicate that over multi-metallic cata-
lysts after methane oxidation metallic Pd can still be detected
in the amount of 20%, i.e. Pd remains partly in a reduced
state even under conditions of methane oxidation. In cata-
lysts with high Pt content the fraction of ionic Pd(Il) species
is relatively low, its ratio is around 30%.

These results also indicate that both Pt and Pd metals
remained at least partly in reduced state even after submis-
sion to oxidative reaction conditions. It is especially surpris-
ing in case of Pd, as PdO forms between ca. 300-400 °C,
being stable in air at atmospheric pressure up to 800 °C [25].

The stabilization effect of Pt is well documented in Fig.
6, which shows the XPS spectra of Pd 3d core level after
methane oxidation over various catalysts containing different
amount of Pt. The doublets in the Pd 3d spectra of bi-and tri-
metallic catalysts have a shoulder at the low binding energy
side (spectra “b” and “c”, respectively), whereas the spec-
trum of the monometallic Pd catalyst (spectrum “a”) consists
of a well resolved doublet shifted towards the high binding
energy regions indicating higher oxidation state of Pd in this
system as compared to multi-metallic catalysts.

In addition, it has to be emphasized that according to data
given in Table 5 the formation of ionic Pd(Il) is strongly
hindered in the catalysts containing at least 2% Pt. We con-
sider that the ionic Pd(ll) form in the catalysts is not in-
volved either in the methane activation or in the oxidation
step. Consequently, the decrease of the ionic Pd(Il) content
in the working catalyst is a very important issue to control
the activity of methane oxidation over Pd/CeO, catalysts.

Intensity, a.u.

345

340 335
Binding Energy, eV

330

Fig. (6). X-ray photoelectron spectra of Pd 3d core level region for
working catalysts: (a) 3%Pd/CeO,, (b) 1%Pt-3%Pd/CeO,, (c)
2%Pt-3%Pd-0.4%Au/CeO,.

In summary the good agreement between the XPS and
the catalytic data has to be emphasized. Based on results of
our activity tests the presence of partially reduced surface Pd
species has been predicted over the working multi-metallic
catalysts. This suggestion has been supported by our XPS
results. The higher activation energies obtained on multi-
metallic catalysts were attributed to the presence of metallic
Pd on the surface, which has also been evidenced by the XPS
analysis.

Additionally, in our catalytic system two different types
of Pd(Il) have been identified by XPS. Upon addition of Pt
and Au the amount of the first type (PdO like species) at
lower binding energies increases, while the amount of the
second type (Pd(Il) with more expressed ionic character)
detected at higher binding energies, decreases (Table 5).

The correlation of Tg data (Table 1) with XPS results
given in Table 5 shows that in the activity control the coexis-
tence of the PdO and metallic Pd is crucial. The less of the
amount of ionic Pd(I1) form in a given catalyst the higher the
catalytic activity in methane oxidation. It is suggested that
the surface ionic Pd(Il) form is isolated from the surface me-
tallic Pd and thought to be much less active than the(pound-
ary contact between metallic Pd and PdO, i.e., the Pd — PdO
ensemble sites.
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Table5. XPS Data Over Working Catalysts
Pd Species (%) Pt Species (%0) Ce(l11)
Catalyst
Pd PdO lonic Pd(I1) Pt PtO PtO,
3%Pd/CeO, 0 21 79 - - - 10
1%Pt-3%Pd/CeO, 11 14 75 25 41 34 8
2%Pt-3%Pd/CeO, 22 48 30 62 29 8 5
2%Pt-3%Pd-0.4%Au/Ce0O, 20 50 30 57 32 11 7

For spectral parameters see Table 3.

Based on XPS data the deactivation features can also be
interpreted. The surface composition right after the hydrogen
pretreatment might be associated with the initial activity,
whereas the stable activity is supposed to be controlled by
the surface composition formed during methane oxidation.
The working catalyst should have Pd-PdO interaction to
maintain its high activity. The loss of either the metallic Pd
or the PdO like species would result in a loss of activity.

According to our assumption the steady-state activity
should correlate with the number of Pd’-PdO ensemble sites
formed in situ. As emerges from Table 5, these sites are ei-
ther missing or are in very low concentration over the
monometallic Pd catalyst. The introduction of Pt increases
the chance for the formation of Pd’-PdO ensemble sites and
their optimum concentration can be achieved when the Pt
content is around 2 wt%.

Characterizations by FTIR Spectroscopy of CO Chemi-
sorption

CO adsorption at room temperature on monometallic Pd-
catalyst resulted in the FTIR spectra shown in Fig. 7A. When
all adsorption sites are saturated (spectrum “a”), the main
band, in the region characteristic for carbonyl adsorption, is
centered at 2064 cm™, which can be assigned to linearly ad-
sorbed carbonyl species on reduced Pd°, whereas the band at
1954 cm™ should be attributed to bridged carbonyl species.
These bands appear at slightly lower frequencies than it is

Absorbance / a.u.

1600
Wavenumbers / cm’’

2200 2000 1800 1400 1200

published in the related art on Pd catalysts supported on SiO,
and/or Al,O3 [26]. This small difference might be due to the
interaction of Pd particles with ceria support as described
elsewhere [27]. The decrease in the particle size can also
account for the slight decrease in the wave numbers [28].
Additionally, the particle size correlates with the ratio of
peak areas of the linear to bridged carbonyl signals as well
[29]. The larger this ratio the smaller is the particle size of
the supported nanocluster. It has to be mentioned that in
spectra given in Fig. 7A the ratio of linear to bridged car-
bonyl signals is much higher than that in spectra shown in
refs. [26,29]. Accordingly, the degree of agglomeration of Pd
particles in catalysts investigated in this study might be
lower then in refs. [26,29], which in turn might account for
the lower frequency of linearly adsorbed carbon monoxide.

After degassing the sample at room temperature (Fig. 7A,
spectrum “b”) there is a remarkable decrease in the intensity
of the high frequency band, together with a pronounced shift
toward lower frequencies (2021 cm™). This observation can
be attributed to the decrease of dipole-dipole interaction be-
tween adjacent CO molecules at decreasing coverage. The
band assigned to bridged carbonyl species remains almost
unchanged after evacuation. The four supplementary bands
below the region of the carbonyl adsorption (at 1577, 1557,
1364 and 1337 cm™) correspond to the formation of carbon-
ate and formate species on CeQO, [26]. The intensities of
these bands increase even after evacuation (compare spec-
trum “b” to “a”).
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Fig. (7). FTIR spectra of CO adsorbed on catalysts 3%Pd/CeO, and 2%Pt-3%Pd/CeO, (A and B) after hydrogen treatment at 400 °C. Spectra
were taken; (a) in the presence of 5 mbar CO and (b) after degassing at room temperature.
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Surprisingly, no significant changes in the positions of
corresponding bands were observed when a bimetallic cata-
lyst (2%Pt-3%Pd/CeO,) was investigated (Fig. 7B). Practi-
cally, the spectra show characteristic features obtained over
monometallic Pd catalyst. Although, the stretching vibration
of linearly adsorbed Pt-CO carbonyl species over a mono-
metallic Pt catalyst can be situated at the same position as
over a monometallic Pd catalyst, the absorption assigned to
bridged Pt,-CO species should appear around 1840 cm™ in
case of a supported monometallic Pt catalyst [31]. This latter
band, however, is missing form the spectra given in Fig. 7B.
Thus, spectra in Fig. 7B cannot be considered as simple su-
perposition of spectra of two single metals Pt and Pd. Never-
theless, there is one remarkable difference between the spec-
tra of adsorbed CO over the monometallic Pd/CeO, (Fig.
7A) and the bimetallic Pt-Pd/CeO, catalysts (Fig. 7B). Over
the bimetallic catalyst the ratio of bridged Pd,-CO signal to
linear Pd-CO signal decreased significantly compared to the
monometallic catalyst. Eventually, the two effects, namely
the lack of bridged Pt,-CO species and the reduction of
bridged Pd,-CO species point to the dilution effect by Pt
atoms. As a consequence, the amount of Pd-Pd and Pt-Pt
bonds is decreased and replaced by Pd-Pt bond, which hin-
ders the formation of bridged species. Based on these results
it can be concluded that in the bimetallic catalyst there is an
intimate contact between Pd and Pt, i.e. we have and indirect
evidence for the formation of Pd-Pt alloys in the bimetallic
catalyst.

It is also remarkable that in the FTIR spectra the intensity
of carbonyl bands is higher over the bimetallic than over the
monometallic Pd catalyst (compare Fig. 7A and 7B). Of
course, it is partly due to the higher noble metal content of
the bimetallic system, but the effect of a possible higher
metal dispersion in the bimetallic catalyst cannot be ex-
cluded. This assumption is supported by data given in Table
6. As emerges from these data the ratio of the amount of
adsorbed CO to the total noble metal content increased sig-
nificantly in case of bi- and tri-metallic catalysts in compari-
son to monometallic Pd one. Accordingly, the addition of Pt
and Au increase the metal dispersion in multi-metallic cata-
lysts, which partly can be responsible for the more intensive
carbonyl bands in FTIR spectra over these catalysts. Eventu-
ally, the higher exposed metallic area shows good correlation
with the higher methane oxidation activity of multi-metallic
catalysts compared to the monometallic one.

Table6. Results of CO Chemisorption on Different Catalysts
CO.u/(Pt+Pd+Au)*
Catalysts
mol/at
3%Pd/CeO, 0.30
1%Pt-3%Pd/CeO, 0.39
2%Pt-3%Pd/CeO, 0.41
2%Pt-3%Pd-0.4%Au/Ce0, 0.37

Ratio of adsorbed amount of CO to total noble metal content.

Temperature Programmed Desorption of Hydrogen (TPD)

The alloy formation in mixed metal catalysts was also
confirmed by hydrogen TPD. The corresponding hydrogen
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desorption curves are shown in Fig. 8. Based on literature,
desorption data at low temperature, i.e. below 120 °C, de-
picts the decomposition of B-PdH,, where x=0.76 [32]. As
emerges from Fig. 8 the amount of hydrogen evolved at this
temperature is significantly lower over multi-metallic cata-
lysts than over the monometallic Pd one. It means that the
monometallic Pd catalyst has higher affinity for hydride
formation, whereas the hydride formation is hindered on bi-
and trimetallic catalysts. The addition of Pt and Au to palla-
dium inhibits the formation of B-PdH, most probably be-
cause of alloying Pd with Pt.

TCD signal / a.u.

0 200 400 600 800
Temperature / T, °C

Fig. (8). Temperature programmed desorption of hydrogen on cata-
lysts; (a) 3%Pd/CeO,, (b) 2%Pt-3%Pd/CeO,, and (c) 2%Pt-3%Pd-
0.4%Au/Ce0, after hydrogen treatment at 350 °C.

The origin of the hydrogen desorbed at higher tempera-
tures on different catalysts has not been fully understood yet.
Ceria support might have lattice defects that serve as accep-
tors for storage of hydrogen species. It is supposed that hy-
drogen species that adsorbed on Pd or Pt can spill over to
ceria support on which they are stored in lattice defects. It is
remarkable that the higher the Pt and Au content the less the
amount of the desorbed hydrogen at elevated temperature
(above 400 °C). The monometallic Pd catalyst is considered
to be more active in spillover of hydrogen than the bi- and
trimetallic systems.

SUMMARY

One of the goals in this paper was the verification of the
use of high-throughput experimentation in academic, basic
research. Catalysts have been prepared and tested by using
high-throughput equipment and methods. During catalyst
library design our research strategy was to find the best
compositions in a multi-dimensional experimental space as
fast as possible [12]. Accordingly, ceria supported mixed
metal catalysts containing Pt, Pd and Au had been found to
have the highest activity on methane total oxidation at 350
°C. As a continuation of the previous work in the present
study these tri-metallic catalysts were investigated and the
role of Pt and Au has been elucidated. It has been shown that
the addition of Pt and Au to palladium promotes the methane
oxidation activity as well as improves the long-term stability
compared to the monometallic Pd catalyst. The formation of
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Fig. (9). Scheme of methane activation over Pd’-PdO ensemble sites.

new active sites has been supposed which adsorb methane
stronger than in the monometallic Pd catalyst.

In multi-metallic catalysts containing both Pt and Pd the
oxidation state of active species after different pretreatment
including methane oxidation has been investigated. It has
been shown that coexistence of both metallic Pd® and PdO is
required to get highly active catalysts. We suggest that the
activation of methane takes place over Pd’ — PdO ensemble
site, as shown in Fig. 9, presenting a cross-section of a
trimetallic particle supported on CeO,. Similar mechanistic
view was suggested in earlier studies [5,6]. Of course, in our
system Pd° represents the tri-metallic system, in which Pd is
diluted by Pt and Au.

It was also shown that in highly active catalysts the
amount of the third form of palladium, i.e. ionic Pd(ll), is
strongly reduced on the surface. However, the results indi-
cate that this form of Pd is not involved in the catalytic proc-
ess. This species can be considered as “spectator” in the
methane oxidation (Fig. 9).

The high activity of multi-metallic catalysts was attrib-
uted to the formation of Pd° — PdO ensemble sites. Contrary
to this, the monometallic Pd catalyst after methane oxidation
contained no metallic Pd and the formation of ionic Pd(ll)
type species prevailed over PdO. In multi-metallic catalysts
beside the formation of the new type of active sites the ex-
posed metallic surface has also been increased that also
shows good correlation with the increased activity. The ad-
vantageous effect of Pt and Au on the catalytic activity of
Pd-based ceria supported catalysts is, most probably, due to
the intimate contact between three noble metals.

It is known that Pt alone is not an active catalyst for low
temperature methane activation. Consequently, the addition
of Pt to Pd has an indirect influence in the activity control,
namely it strongly alters the ratio between different forms of
palladium. The XPS results provided unambiguous evidence
that the addition of Pt to Pd decreases the amount of catalyti-
cally inactive ionic type Pd (I1) species.

In all multi-metallic catalysts indirect evidences were
found for alloying of Pt with Pd. It can finally be concluded
that the improved catalytic properties of multi-metallic Pt-
Au-Pd/CeO, catalysts to the monometallic Pd one are due to
(i) the increase of the number of Pd’— PdO dual-type active
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Pd(} (diluted by Pt and Au)

PdO
ionic Pd(II)

Y/
7

sites, (ii) stronger methane adsorption on the Pd® — PdO
boundary, (iii) higher accessible metallic area in the working
catalyst, and (iv) suppression of the reduction of Ce (V) in
the presence of Pt.
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