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Total oxidation of methane over Pd catalysts supported on silicon nitride
Influence of support nature
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Abstract

Non-oxide refractory materials such as silicon nitride showing high thermal stability and thermal conductivity can be used as catalytic
supports. Silicon nitride with different specific area and crystallinity: amorphous silicon nitride (SiN-am), amorphous silicon nitride annealed
at 1450◦C (120 min) under nitrogen flow (SiN-annl) and�-Si3N4 were chosen as supports for Pd catalysts. Commercial amorphous silicon
nitride contains a small amount of crystalline phase with�/� Si3N4 ratio of 2.3. Annealing of the amorphous silicon nitride leads to changes in
the phase composition, as well as in the morphology of the powder. An increase of the amount of crystalline phases up to 80% with�/� Si3N4

ratio of 6.6 was obtained after annealing. Palladium catalysts were prepared by impregnation of Pd(II) acetylacetonate in toluene solution of
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ilicon nitride powder and were tested in the methane total oxidation reaction. A strong influence of the phase composition and the
tate of supports on the catalytic properties of Pd catalysts was found. The activity of Pd catalysts deposited on the amorphous S3N4 is very
oor. It increases with the�-Si3N4 content of the support.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Highly dispersed main group metals oxides such as Al2O3,
iO2 and silica–alumina are generally used as catalyst sup-
orts[1]. However, the structural stability of such catalysts

or highly exothermic reactions working at high tempera-
ure (for instance the total oxidation of methane) is not suf-
cient. One possible reason for the instability of oxides at
igh temperatures might be the rather low thermal conduc-

ivity of these insulating compounds. In order to improve
he stability of catalysts, other materials having high ther-
al stability and high thermal conductivity should be em-
loyed as supports. Among the alternative supports, silicon
arbides and nitrides showed some interesting properties.
hus, transition metals supported on SiC have been inves-

igated in carbon monoxide hydrogenation[2] and for total
xidation of methane[3]. It has been shown that oxidation
f SiC occurred only at high temperature in the presence of

∗ Corresponding author.
E-mail address:kurzina99@mail.ru (I. Kurzina).

oxygen in reaction conditions[3]. In several papers, som
nitrides (oxynitrides[4], metallophosphate oxynitrides[5],
zirconium oxynitrides[6]) were investigated as catalyst s
ports for the Knoevenagel condensation reaction. Amon
non-oxide ceramics, silicon nitride is a promising candi
for high temperature applications[7] owing to its advanta
geous properties, like rather high thermal conductivity, h
hardness and strength, excellent creep, oxidation and c
sion resistance, as well as its low density. Till now there
few relevant studies on the use of silicon nitride as a
alytic support. One can suggest that stability and activi
metal catalysts deposited on silicon nitride will depend
the structure-phase and the morphology of the silicon ni
powder used.

Silicon nitride, a highly covalent compound, has two th
modynamically stable phases both having hexagonal s
ture: the low temperature (<1200◦C) �-phase and the hig
temperature (>1500◦C) � phase[8]. Between 1200 an
1500◦C both phases coexist. The unit cell dimension
thec-axis for�-phase is approximately twice that of the�-
phase. The�-phase contains four Si3N4 units per unit cell
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.12.009
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whereas the structural unit of�-phase is Si6N8. The� struc-
ture is more organized and composed of pickered rings of
alternating Si and N atoms having a stacking sequence of
ABAB and forming channels with diameters about 1.5 nm
along thec-direction. The� phase contains the same AB
layer and an additional layer CD which is similar to AB ex-
cept that it is rotated by 180◦ along thec-axis [7,9,10]. It
is known that the silicon nitride powder containing higher
amounts of�-phase sinters to a material with an higher den-
sity compared to the one of� phase[11]. Moreover, the ox-
idation rate of the silicon nitride depends on the allotropic
ratio and the best oxidation resistance at high temperature
is achieved for the materials rich in�-phase[12]. Com-
mercial silicon nitride powders are never pure phases and
usually contain some amount of a second crystalline vari-
ety, up to 15%[7]. The main characteristics such as the spe-
cific surface area (S= 5–21 m2/g), mean particle size, phase
composition, thermo-mechanical properties of the commer-
cially available Si3N4 powders depend on the production pro-
cesses[7] and can be influent on the catalytic properties of
the systems. It has been shown that Pd and Pt deposited on
silicon nitride rich in�-phase have good activity and stabil-
ity both in total oxidation[13] and in the partial oxidation
of methane[14]. Oppositely, the Pd catalyst deposited on
silicon nitride, which contained higher amount of�-phase,
is inactive and unstable in the total oxidation of methane
[
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am) produced by Johnson Mattey; the same SiN-am treated
under nitrogen flow (SiN-annl); and�-Si3N4 produced by
Goodfellow. The mean support particle size was around 1�m
for �-Si3N4 and around 50 nm for SiN-am. After anneal-
ing of SiN-am at 1450◦C (SiN-annl) a larger distribution
with particles ranging from several tens nm to 1�m was ob-
tained.

In order to increase the crystalline phase content in an
amorphous silicon nitride with still higher specific area than
the commercially available�-Si3N4, crystallization of the
SiN-am was carried out. The properties of amorphous sil-
icon nitride change upon heat treatment in a nitrogen flow
in the temperature range 1250–1500◦C for 30–360 min. It
was shown that amorphous-to-crystalline phase transition
becomes significant above 1380◦C [18,19]. It was sug-
gested the optimum crystallization conditions of the amor-
phous powder are – temperature, 1450◦C, duration, 120 min
[18], these conditions are used in our crystallization experi-
ments.

2.2. Preparation of the catalysts

The catalysts were prepared by impregnation of the sup-
ports with adequate amounts of Pd(II) bis acetylacetonate
[Pd(C5H7O2)2] dissolved in toluene. Previous works have
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Nanosized amorphous silicon nitride powder with m

igher specific area (66–100 m2/g) than�-Si3N4 offers a pri-
ri considerable advantages and can be used as a s

or Pd catalysts. Recently, the properties of platinum c
ysts deposited on amorphous silicon nitride were elucid
or the propane dehydrogenation[16]. The obtained catalys
roved to be catalytically active and selective. Moreover,
an expect to produce the silicon nitride powder with
0–90% crystalline phase content by direct annealing
er nitrogen flow at 1420–1500◦C [17] of the amorphou
owders keeping a reasonable specific area with chan

he chemical composition, the�/� ratio and the microstruc
ure.

In order to investigate the influence of the phase-struc
tate of silicon nitride on the catalytic properties of Pd, th
inds of silicon nitride were used as supports in this w
morphous silicon nitride (SiN-am); amorphous silicon

ride annealed at 1450◦C (SiN-annl) and�-Si3N4. The cat
lytic properties of the resulting systems towards the
xidation of methane were compared.

. Experimental

.1. Supports

Silicon nitride powder materials having different BET s
ific surface area and phase composition were used a
orts of the Pd metal: an amorphous silicon nitride (S
t

-

hown that well-dispersed samples are obtained by
ethod[13]. After impregnation, evaporation of the solv
nd drying at 80◦C, the catalyst precursor was decompo
nder argon flow at 500◦C for 2 h, then cooled to RT und
r. It was then calcined during 2 h at 350◦C under oxyge
ow and further reduced under hydrogen flow at 500◦C (in
oth cases the heating rate was 1 K min−1).

The support particle size did not change during the pr
ation.

.3. Supports and catalysts characterization

.3.1. X-ray diffraction
Phase composition and crystalline state of the silico

ride supports was controlled by X-ray diffraction usin
ruker D5005 powder diffractometer where the samp
xed and the X-ray tube (Cu K�1+�2; � = 0.154184 nm) an
he detector rotates. Each spectrum is acquired in a 2θ range
rom 3◦ to 80◦ using 0.020◦ steps and acquisition time
6 s/step.

For the determination of the concentration of differ
hases, the method of the ratio of intensity with the in
ity of reference phase was used[20]. This straight forwar
ethod was preferred to more accurate methods tha
ean normalized intensity method or the Rietveld full

ern fitting [21] because it is easier to implement. The r
f concentrations of two phases� and� is proportional to

he ratio of diffracted intensities

X�

X�
= I� norm

I� norm
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whereX�, X� are the concentration of� phase and� phase

I� norm =
(

I(h k l)�/I(h k l)rel
�

I�/Icor

)
,

I� norm =
(

I(h k l)�/I(h k l)rel
�

I�/Icor

)

I�/Icor or I�/Icor ratio of the intensity of the most intense peak
of the� or� phase to the intensity of the most intense peak of
the reference phase – the corundum (� alumina). This ratio
can be found in some PDF filesI�/Icor = 0.85,I�/Icor = 1.25.

The ratio of the amounts of� and � phases is calcu-
lated from these averaged intensities using the intensity of
the (1 0 1), 20.72	; (2 0 1), 31.12	 and (3 0 1) 43.62	 peaks
of the� phase and (2 0 0), 27.22	; (1 0 1), 33.82	; (2 1 0),
36.22	 diffraction peaks of the� phase. The determination
of the intensity was performed by integration of diffraction
peaks rather than by the simple measurement of their height.
The coefficientsI/Icor show certain variability compared to
the considered PDF files, the average value has been cho-
sen. Note that this approach neglects the possible influence
of texture, but can serve as a first guideline.

2.3.2. X-ray photoelectron spectroscopy.
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supported on a microscopy copper grid (3.05 mm, 200 mesh).
The palladium particle size was determined from the TEM
images. The average particle size was calculated.

2.3.4. BET
Specific BET surface areas were determined by argon ad-

sorption using an home made automatic adsorption appara-
tus.

2.3.5. Chemical analysis
Induced coupled plasma (ICP) chemical analysis has been

used to determine the metal contents. The palladium from
the samples was dissolved in a mixture H2SO4/HNO3/HF
at 250◦C and HF + (2/3)HCl/(1/3)HNO3 at 150–200◦C. The
acidic treatment did not dissolve completely the silicon ni-
tride support and a white-gray residue was observed. The
solutions were filtered before analysis by optical ICP in
a SPECTRO monochromatic spectrophotometer (Pd wave-
length 340.6 nm).

2.3.6. Catalytic measurements
The total oxidation of methane was carried out between 25

and 650◦C in a flow tubular quartz reactor (diameter = 2 cm)
with a stationary layer of catalyst. The temperature of the
catalysts was measured using a thermocouple with its end in
the catalytic bed. The catalytic bed was nearby 2 mm and lo-
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The chemical state of the surface of the silicon nit
upports and of the supported Pd catalysts was check
PS. The XPS spectra were obtained on an ESCALAB 2
pectrometer (FISONS Instruments) using the Mg K� line
1253.6 eV) as an excitation source. The pass energy o
emispherical electron analyzer was 50 eV, and the ang

he photoelectrons with respect to the plane of the su
as 90◦. All data are corrected taking as a reference th
s level of Si3N4 (397.6 eV). Quantitative analysis of t
PS data was carried out using the software attached t
pparatus, taking into account the atomic sensitivity fac

he transmission of the analyzer and the photoelectrons
aths in the material.

.3.3. Transmission electron microscopy
The morphology of the silicon nitride supports and Pd

lysts was studied by the transmission electron micros
TEM). The microscope is a JEOL JEM 2010, operatin
00 kV, equipped with a LaB6 tip, a high resolution pole
iece and a Pentafet-LinK ISIS EDS-X spectrometer (Ox

nstruments). The samples were dispersed in ethanol. A
f this suspension was disposed on a holey-carbon thin

able 1
haracteristics of silicon nitride powder selected for investigation

amples BET Spes. area (m2 g−1) XRD data

Amorphous fraction

iN-am 66 Majority
iN-annl 28 Small amount
-Si3N4 7 Traces
ated in the middle of the furnace (30 cm length). A 0.2 g m
oading of catalyst was used for each experiment. The flu
eactants (methane, oxygen and nitrogen in ratio 2.5/19.
as maintained at 100 ml/min (a time of contact was 0.9 s−1).
he products were analyzed by mass-spectrometry. CO2 and
2O were the only products. Methane conversion versus
erature was measured for two states of the samples
espectively:

State 1. As prepared catalysts, the rate of the temper
increase was fixed at 3◦/min.
State 2. The samples heated 3 h at 650◦C in the presenc
of the reagents mixture; the rate of increasing temper
was 1◦/min.

. Results and discussion

.1. Supports

.1.1. Amorphous silicon nitride
Physico-chemical properties of the silicon nitride p

ers as studied by XRD, XPS and TEM are presente

XPS data

ases ratio SiOx (%) from Si 2p [Si]/[N] [N] + [O]/[Si]

22 1.16 1.65
6 1.14 1.33

13 1.28 1.36
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Fig. 1. X-ray diffraction patterns of the silicon nitride supports.
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Table 1. The SiN-am support has a greater specific sur-
face area 66 m2/g as compared to that of�-Si3N4 (7 m2/g)
(Table 1). Fig. 1a shows the X-ray diffractogram of the amor-
phous silicon nitride powder. The powder was mainly amor-
phous with a small amount of crystalline phase. The X-ray
phase analysis shows that the crystalline fraction consists of
�-phase, besides this phase�-phase also exists. The�/� ra-
tio = 2.3 (Table 1) demonstrating the dominance of� phase
in the crystalline fraction.

TEM investigation of amorphous silicon nitride sample
was undertaken. The TEM images showed that the amor-
phous silicon nitride sample consisted of rather uniform,
quasi-spherical particles of amorphous fraction with the mean
particle size about 20 nm. However, these particles tend to ag-
glomerate to some extent. Some silicon nitride crystals also
exist among the amorphous particles.

The chemical states of the surface were detected by XPS.
The binding energy positions of the Si 2p and N 1s peaks are
101.9 and 397.6 eV, as expected for Si and N atoms in Si3N4.
The surface composition of the amorphous silicon nitride is
presented inFig. 2a. A small amount of carbon is present on
the surface; a very low [C]/[Si] ratio of 0.09 was determined
by XPS. The ratio of [Si]/[N] is higher than the stoichiom-
etry of Si3N4 (0.75) (Table 1), which mean that amorphous
material does not have ideal composition. The ideal struc-
ture of amorphous silicon nitride by theoretical calculations
w ins
n or-
d sur-
r ,
a gen
o ruc-

Fig. 2. The elemental composition of the surface of the Pd/SiN-am (a),
Pd/SiN-annl (b) and Pd/a-Si3N4 (c).

e annealed (SiN-annl) (a), structure of the�-phase whiskers (b).
as described in[22]. Model of amorphous phase conta
o “wrong” bonds (only Si–N, Si–Si bond) and perfect co
ination. The structure contains pores of about 650 pm
ounded by a framework of�-Si3N4 [23]. In real situation
morphous silicon nitride contains some amount of oxy
r other impurities like H which can be dissolved in the st

Fig. 3. Morphology of the amorphous silicon nitrid
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ture of silicon nitride or substitute the Si or N atoms in the
amorphous framework. The stoichiometry of amorphous sili-
con nitride can be expressed as Si1−xNx:Hy [24] and can also
have the composition Si–N4(1−x)/3 O2x. Nitrogen and oxy-
gen atoms are bonded to 3 and 2 silicon atoms, respectively
[25]. The XPS peak of Si 2p can be decomposed into two
contributions of the silicon in Si3N4 and SiO2 compounds.
The signal corresponding to the SiO2 represents about 22%
of the total Si signal (Table 1). The ratio [O] + [N]/[Si] = 1.65
is very close to the stoichiometry Si–N4(1−x)/3O2x.

3.1.2. Annealed amorphous silicon nitride
XRD spectrum of silicon nitride treated under nitrogen

flow is given inFig. 1b. The amorphous fraction decreased
and thus, the powder became more crystalline. In the respec-
tive XRD pattern one can see that the amorphous fraction
did not disappear entirely. The peaks assigned to� and �
phases are stronger than in amorphous powder. The�/� ratio
increased up to 6.6 (Table 1).

The specific surface area decreased from 66 to 28 m2/g
after annealing under nitrogen flow. Crystallization is asso-
ciated with grain coarsening as it is shown by changes of
the specific area and also by results of TEM (Fig. 3). The
evolution of the microstructure and crystalline phase of the
silicon nitride powder was monitored. Contrary to Ref.[26]
there is also formation of whiskers in nitrogen atmosphere
w he
m nded
b
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the XRD pattern of the SiN-am) characteristics of an amor-
phous state were observed on the background spectrum. Con-
versely to other samples,�-silicon nitride shows narrow and
intense diffraction peaks which are characteristic features of
a very well crystallized material. The main lines correspond
to the�-phase, some amount of�-phase was also detected,
with concentration not exceeding of 15 wt.%. The ratio of
�/� phases is about 5.8 (Table 1) and less than in a crys-
talline part of SiN-annl powder. In addition, a certain amount
of crystalline Si was found in this powder with concentration
of 0.5 wt.%.

TEM investigation of silicon nitride sample was under-
taken. The TEM images showed that the silicon nitride sam-
ple consisted of uniform, spherical particles with the mean
particle size about 1�m. The presence of oxygen on the sur-
face was detected by XPS. By deconvolution of Si 2p signal
was shown that 13% correspond to SiO2. It was calculated
from the XPS data that the stoichiometry ([O] + [N])/[Si] in
�-phase specimen is 1.36 and close to [N]/[Si] in Si3N4.

There is a lot of discussion in the literature about the struc-
ture of�-silicon nitride. Until recently, the composition and
the structure of�-Si3N4 has been the subject of controversy.
Wild et al. proposed in agreement with their structural deter-
mination and supported by oxygen analyses, that this phase
was actually a silicon nitride oxynitride phase, where oxygen
substitute some nitrogen atoms and silicon sites are vacant
[ -
b e-
i
p grams
a
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s
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a sibly
s nm.
M XPS
b ed
o

3

orts
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t rder
t that
a ation
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ith structure more close to� phase. The TEM images of t
aterial indicated that the whiskers structure is surrou
y an amorphous sheath of about 1 nm thickness.

The annealing atmosphere and other factors like the
alline phase contents and the heat-treatment of the po
ave an effect on the formation of whiskers having th�
hase structure[18] It also shown that treatment in nitrog
an promote whisker (�-Si3N4) formation[18,27,28]. Partic-
larly, the phase ratio and crystallite size of� and�-phase in

he starting powder have been found to be the key facto
he microstructure development[7]. During the sintering th
i2N2O phase can be produced and that can transform
-phase to�-Si3N4. Moreover, both� and� phase can b
rystallized from amorphous phases.

From XPS data one can see (Fig. 2), that the nitrogen con
ent slightly increases compare to amorphous silicon ni
ue to the oxygen removal and nitration of the present sil
s shown inTable 1, the support pretreatment leads to a
ificant decrease of the oxygen content 6 at.% (by deco

ution of Si 2p peak). The calculation of [N] + [O]/[Si] = 1.3
rom XPS data shows that the thermal treatment in nitro
tmosphere results in the products with the stoichiom
omposition very close to Si3N4 ([Si]/[N] = 1.33). The oxy-
en does not belong to structure of silicon nitride, it ca
resent on the surface like SiO2 with thickness 0.3 nm (from
omparing of intensity of Si 2p peaks).

.1.3. �-Si3N4
The XRD spectrum of�-silicon nitride support is pre

ented inFig. 1c. No broad peaks (e.g. like those visible
29]. Jack suggested that the�-Si3N4 structure might be sta
ilized by the occurrence of Si3+ interstitials, the valence b

ng compensated by oxygen atoms[30]. Hence, the�-Si3N4
hase can be represented on the thermochemical dia
s an intermediate material of composition SiN1.32O0.03 (at
% of oxygen). Some authors recently proved that altho
xygen atoms might substitute nitrogen in�-Si3N4, there is
o structural requirement for its presence. For instance,
en concentration as low as 0.05 wt.% was measured
-Si3N4 single crystal.

The presence of oxygen in the surface of�-silicon nitride
upport can be attributed to the superficial SiOx. Comparison
f the intensity of Si 2p peaks which correspond to S2
nd Si3N4 phases, suggests that thickness of the pos
uperficial layer of silicon oxide does not exceed 0.8–1
oreover, it is possible that the oxygen detected by
elongs to the presence of Si–N3O tetrahedrons embedd
n the surface of the structure of the�-Si3N4 [25].

.2. Pd catalysts deposited on silicon nitride

For the Pd catalysts deposited on silicon nitride supp
he Pd content was chosen to be near 0.50 wt.%. This
s sufficient for physical characterization but not too la
hus allowing us to expect a good dispersion of Pd. In o
o obtain such an amount of metal we had to be aware
constant loss of about 0.15 wt.% occurs during prepar
nd so we had to make the preparation with an initial am
f 0.65 wt.%. Indeed, following the preparation, the value

he amount of deposited Pd measured by chemical an
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Table 2
Main characteristics of the Pd/silicon nitride catalysts

Samples Pd content
(wt.%)± 0.008

TEM average
particle size (nm)

BE Pd 3d5/2

(eV)
Pd 3d (%)/Si 2p
(%)

SiOx (%) from
Si 2p

Half-conversion
temperatures

B.R. Af.R. B.R. Af.R. B.R. Af.R. B.R. Af.R. B.R. Af.R. State 1 State 2

Pd/SiN-am 0.44 0.43 2.9 3.2 335.3 337.0 0.0046 0.0048 22 40 430 530
Pd/SiN-annl 0.42 0.42 3.2 3.6 335.9 337.3 0.0106 0.0117 15 18 370 470
Pd/�-Si3N4 0.49 0.49 4.3 5.8 335.9 337.3 0.044 0.038 22 24 360 360

BE: binding energy; B.R.: catalyst before reaction; Af.R.: catalyst after reaction.

were in the range 0.42–0.49 wt.% thus being close to the
expected ones (Table 2) for all the samples.

The XRD patterns of Pd/silicon nitride catalysts are very
similar to those of the supports. It means that no significant
modification of the support occurs during the catalyst prepa-
ration and reaction. The lines of the Pd in the XRD spectrums
have very low intensity due to less amount of metal. The TEM
pictures of the three Pd/silicon nitride catalysts were under-
taken. The Pd particles have nanosize (2.9–4.3 nm) and well
distributed on the surface. The slight increase of the average
Pd particles size for as prepared catalysts simultaneous with
the decrease of the specific surface areas of the supports was
observed (Table 2).

The curves showing CH4 conversion of the Pd/SiN-am,
Pd/SiN-annl and Pd/�-Si3N4 as a function of increasing tem-
perature at states 1 and 2 are given inFig. 4a and b, respec-
tively. Under reaction treatment (states 1 and 2) no relevant
modification of the Pd/�-Si3N4 activity was recorded. In the
state 1 Pd/SiN-annl sample exhibits a catalytic behavior quite
comparable to the Pd/�-Si3N4, a half-conversion temperature
is quite the same, being near 360–370◦C (Table 2). How-
ever, after aging at 650◦C under the gas mixture (state 2),

F
a

a significant decrease of activity is observed (Fig. 4b). The
light-off temperature (at half-conversion) increases from 370
to 470◦C (Table 2). The Pd/SiN-am catalyst shows a lower
activity by comparison with the other samples in the state 1
and moreover the activity decreases under the reaction con-
ditions, the conversion of methane in state 2 not rich up to
100%. The increase of the temperature of the half-conversion
from 430◦ (state 1) to 530◦ (state 2) was found (Table 2). In
principle, this catalyst should be rather active since catalysts
supported on materials with high specific area show better
activity for oxidation of hydrocarbons.

The catalytic difference in reaction in state 1 can be ex-
plained with respect to the properties of the Pd particles. The
surface structures of small metallic particles and electronic
state are determined by their shapes which depend on the
nature of the support. The Pd 3d5/2 binding energy mea-
sured on the three catalysts as prepared and after attaining
state 2 are reported inTable 2. The binding energy of the
fresh Pd/SiN-am is 335.3 eV and comparable to that of pure
palladium (335.4± 0.1 eV) obtained with the same XPS de-
vice[31]. The binding energy of Pd 3d5/2 for the as-prepared
Pd/SiN-annl and Pd/�-Si3N4 are shifted towards higher en-
ergy (335.9 eV). This effect cannot be explained by oxidation
of Pd in ambient atmosphere before XPS, the line shape of
both the Pd 3d XPS peaks and the corresponding Auger spec-
trum is quite comparable to that obtained for a reduced Pd◦
s ample
a lso
b ter
o

f
3 Pd
( n
f d
t o
p at
t n of
t port
i and
� nic
a can
d

nnl
i etal
t eed,
t V)
ig. 4. Methane conversion over Pd/SiN-am; Pd/SiN-annl; Pd/�-Si3N4 cat-
lysts according to their “states” of reaction: state 1 (a); state 2 (b).
tate as measured for a clean and massive palladium s
nd not to an oxidized Pd2+ state. It cannot be explained a
y a size effect[13,32]since TEM indicates a mean diame
f Pd particles exceeding 2.5–3 nm.

The value of Pd 3d5/2 (336.1 eV) instead o
35.3–335.4 eV for Pd metal was also found for
0.75%)/�-Si3N4 catalyst[13] and it is quite higher tha
or Pd deposited on SiO2, SiC, Al2O3. It has to be adde
hat the binding energy for Pd/�-Al2O3 corresponds t
ure Pd metal (335.2 eV)[13]. One can thus propose th

hese higher values are induced by some modificatio
he electronic properties of the Pd particle due to sup
nteraction. Some special interaction between palladium
-phase of silicon nitride leads to modifications of electro
nd/or structural properties of the metal. Moreover, it
epend on the crystalline state of silicon nitride.

The decrease of activity for Pd/SiN-am and Pd/SiN-a
n state 2 cannot be explained by the oxidation of Pd m
o PdO since the latter is expected to be more active. Ind
he increase of the Pd 3d5/2 binding energy (337–337.3 e
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Fig. 5. TEM pictures of Pd/SiN-annl after reaction.

was found for all catalysts after reaction, including Pd/�-
Si3N4 catalyst (Table 2), suggesting that in all cases the phase
present during reaction is the oxide one, as expected. These
values of Pd 3d5/2 binding energy are very close to those for
PdO (336.8± 0.1 eV)[31]. The deactivation of the Pd/SiN-
am and Pd/SiN-annl catalysts also cannot be explained by
sintering of metallic particles. The resistance of the palla-
dium metallic particles to sintering under reaction can be
confirmed by the lower increase of the [Pd]/[Si] ratio after
reaction (Table 2).

The decreasing of activity for Pd/SiN-am and Pd/SiN-
annl in state 2 can be explained by the presence of amor-
phous fraction in the supports and its oxidation resistance.
Under reaction conditions at high temperature, silicon nitride
may undergo peculiar processes: the oxidation of the support
amorphous part, moving of the amorphous matter and follow-
ing coverage of the metallic particles. These processes can
take place during reaction over Pd/SiN-am catalyst. The Si 2p
and O 1s XPS peaks changed in shape and intensity after re-
action for Pd/SiN-am, indicating that oxidation of the silicon
nitride support has occurred. The oxygen content increased
by a factor of two after reaction (Fig. 2). For Pd/SiN-annl cat-
alyst the increasing of the oxygen content was not obtained
(Fig. 2), it means that no oxidation of the support has oc-
curred. The presence of amorphous fraction near the crystals
leads to the coverage of the metallic particles under reaction,
w in
F de-
p tely
c

4

fol-
l

- XRD analysis was used in combination with TEM and XPS
analysis to determine the composition and the structure of
amorphous silicon nitride, the same sample after anneal-
ing under nitrogen flow and�-Si3N4. The amorphous sil-
icon nitride containing small amounts of crystalline frac-
tions (with �/� ratio of 2.3) has the higher specific area
and contains the greater amount of oxygen. The effect of
crystallization on the phase content and morphology of the
amorphous silicon nitride was studied. After treatment at
1450◦ under nitrogen flow, the crystalline fraction contain-
ing both � and � phases became very high and the in-
creasing of the�/� ratio 6.6 after annealing was observed.
The formation of whiskers with structure close to�-phase
was established. The�-Si3N4 sample was found to be a
very well crystallinzed material containing mainly�-Si3N4
with a ratio�/� ratio of 5.8 and traces of amorphous frac-
tion.

- The preparation of Pd (0.5 wt.%) catalysts by impregna-
tion Pd(AcAc)2 on silicon nitride supports (SiN-am, SiN-
annl,�-Si3N4) leads to the formation of nanosized metal
particles. Pd catalysts show different catalytic activity for
the total oxidation of methane. It increases with the�-
Si3N4 content and crystallization state of the support. This
behavior can be due to the modification of the electronic
states or the structure of the Pd metallic particles depend-
ing on the nature of the silicon nitride. The XPS Pd 3d

r for
e-
e
iN-

asing
the
ox-

ndi-

A

r
t -
k on-
n flow
o

R

47.
91.
, J.

989)

Appl.
hich is confirmed by TEM investigations. It is visible
ig. 5 that after reaction some regions with Pd particles
osited on the crystalline fraction of SiN-annl are comple
overed by the amorphous fraction.

. Conclusion

On the base of the results obtained in this work, the
owing conclusions can be made:
5/2
– binding energy depends on the support: it is highe
Pd/SiN-annl and Pd/�-Si3N4. It can be explained by a sp
cific interaction between Pd metal and�-Si3N4 phase. Th
decrease of the catalytic activity is observed for Pd/S
am and Pd/SiN-annl. It was proposed that the decre
of the activity can be explained by the presence of
amorphous fraction in the support which can easier be
idized and move at high temperatures[33]. Pd/�-Si3N4
was found to be active and stable under reaction co
tion.
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