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Pd/niobia, Mn/niobia, and bimetallic Pd-Mn/niobia materi-
als, which are catalysts for the total oxidation of ethanal,
were prepared by anchoring molecular precursors, Pd(acac),
and/or Mn(acac),, on niobia before calcination at 400 °C and
reduction by either soft chemical routes in liquid medium
(Pd-based samples) or at 600 °C in H, (Mn/niobia sample).
The structure of the obtained materials was investigated by
FTIR spectroscopy of adsorbed CO, transmission electron mi-
croscopy, X-ray photoelectron spectroscopy, and extended X-
ray absorption fine structure-X-ray absorption near edge
spectroscopy. On Mn/niobia, Mn?* is largely predominant, in

spite of the high reduction temperature used for this sample,
and it is mainly engaged in manganese niobate MnNb,Og.
On Pd/niobia, nanoparticles of palladium metal (mean par-
ticle size 2.7 nm) are predominant, with a contribution of
Pd?*. The surface structure of Pd-Mn/niobia is rather com-
plex. Palladium is distributed between Pd;Mn nanoparticles
and palladium clusters, and both are partially covered by
oxygen atoms, whereas Mn?* ions are engaged in MnO clus-
ters linked to niobia.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Manganese-containing materials have wide applications
in metallurgy, dry-cell batteries, and magnetic devices. Ap-
plications in the field of catalysis are not numerous, but
they are now growing. Restricting to monometallic-sup-
ported MnO,, surface characterization"! as well as the in-
teraction of NH; and NO,®! have been studied on alumina-
supported MnO,, whereas selective catalytic reduction of
NO, has been investigated on carbon-supported MnO,
and dehydrogenation of 1-butene into 1,3-butadiene ex-
plored on MnO»/zirconia.’] The nature of the manganese
species in these materials is strongly influenced by the prep-
aration methods and the thermal treatments; hence several
oxidation states may coexist.

In palladium-manganese catalysts, the “bimetallic” des-
ignation may be confusing, as manganese is often present
in the +2 or +3 oxidation state and palladium either as Pd®
or Pd?*. The synergistic effect of Pd and Mn,O; has been
reported with regard to the oxidation of CO and CH,,™
whereas the activity of alumina-supported PAO,MnO, cat-
alysts in formaldehyde/methanol combustion has been re-
ported.[’l Renouprez et al. have performed a detailed study
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of Pd-Mn silica-supported catalysts prepared from Pd and
Mn acetylacetonate impregnation by using thermal meth-
ods, extended X-ray absorption fine structure (EXAFS), X-
ray diffraction, transmission electron microscopy (TEM),
infrared (IR) spectroscopy of adsorbed CO and NO, with
density functional theory calculations.®*l They showed that
manganese is mostly present as a thin oxide layer spread on
the silica surface, whereas the remaining part is incorpo-
rated in Pd—Mn alloy particles surface-enriched in Mn.
Niobium oxide, a wide gap n-type semiconductor,?! has
received growing attention in the field of catalysis as both
an active phase and a support.['!1? It is considered by Uch-
jjima as a typical SMSI (strong metal-support interaction)
oxide,['¥) and SMSI effects have been reported on palla-
dium/niobia after reduction at 773 KI'4l and on Co/niobia
model catalysts.['3] Palladium/niobia and palladium/niobia—
alumina catalysts have been studied in methane,['¢! pro-
pane,!l and toluene!'®! combustion, ethylene hydrofor-
mylation,'¥ and hexa-1,5-diene hydrogenation.['”) Among
bimetallic palladium systems supported on niobia, Pd-Col?!
and Pd—Cul?!l catalysts have been characterized. Abatement
of ethanal, an undesired compound emitted, among others,
by automobile exhaust of vehicles using ethanol as a fuel
has been recently investigated on niobia-supported Pd, Pd-
Cu, and Pd-Au.[*?l Monometallic Pd catalysts presented a
severe deactivation (conversion drop of 80% within
50 min), whereas addition of Au or Cu limited the deactiva-
tion to 50%. The present study is devoted to niobia-sup-
ported Pd-Mn catalysts that, to the best of our knowledge,
have not yet been studied. Our investigations focus on
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niobia-supported Pd, Mn, and Pd-Mn systems prepared by
anchoring Pd and Mn acetylacetonates on niobia. Charac-
terization was achieved by XRD, UV/Vis/NIR diffuse re-
flectance spectroscopy (DRS), IR spectroscopy of adsorbed
CO, TEM, X-ray photoelectron spectroscopy (XPS), and
X-ray absorption near edge spectroscopy (XANES)
—~EXAFS to determine the structure of the catalysts, and
especially the speciation of Pd and Mn.

Results and Discussion

Investigation of the Precursors

The investigation of the precursors by UV/Vis/NIR DRS
has brought some relevant information, particularly for the
Pd-based catalysts. This was not possible in the case of
manganese-containing samples, as electronic transitions in-
volving Mn?* ions are very weak because they are forbid-
den by both orbital and spin rules.

The DR spectrum of pure Nb,Os calcined at 400 °C
(Figure 1a) is characterized by a strong absorption in the
UV range as a result of the interband transition and allows
the estimation of the bandgap width to 3.4 eV (absorption
threshold near 360 nm).[1"]
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Figure 1. DR spectra of (a) pure niobia calcined at 400 °C; (b)
Pd(acac),/Nb,O5 sample after anchoring; (¢) PAO/Nb,Os formed
by calcination at 400 °C.

The DRS of the Pd(acac),/Nb,Os sample after anchoring
(Figure 1b) shows a shoulder near 415 nm ascribed to the
d—d transition of Pd?* and acac ligand charge transfer in Pd-
(acac),.l?’!
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After heating in flowing O, at 400 °C, this shoulder is
shifted to 481 nm (Figure 1c). This can be ascribed to the
formation of isolated Pd”* ions (or to small palladium—oxy-
gen entities) and not to bulk PdO particles, whose absorp-
tion threshold lies in the NIR (bandgap width equal to
0.8 eV).?2l EXAFS experiments were conducted on this
sample and on bulk PdO. The modulus of the Fourier
transforms (FT) of the Pd K-edge EXAFS oscillations of
the two compounds are compared in Figure 2 (the FTs are
presented without phase correction and, as a result, the
Fourier peaks are shifted by about 0.3-0.4 A from the crys-
tallographic distances). Whereas two main peaks appear in
the FT of bulk PdO at 1.59 and 2.98 A, corresponding to
the Pd-O and Pd-Pd bonds, only one peak is clearly iden-
tified in this R range in the FT of the PAO/Nb,O5 sample.
Its intensity and position are quite similar to those of the
Pd-O atomic pair in bulk PdO. Curve-fitting analysis con-
ducted on the corresponding FT-! indicates that the Pd
atoms were surrounded by four oxygen atoms at 2.02 A,
such as in bulk PdO. The disappearance of the peak related
to the Pd-Pd atomic pair suggests that the produced PdO
is highly dispersed over the support, as suggested by DRS.
This feature was already observed on oxidized Pd nanopar-
ticles supported on Bronsted acid zeolite (ZSM-5)?4 or alu-
mina.”*! In these cases, a strong interaction with the acid
sites of the support favors a high dispersion of PdO. It was
already established that Nb,Os prepared according to the
Brazilian process has a net Bronsted acid character.*®!
Hence, both DRS and EXAFS analyses show that the PAO/
Nb,Os sample is constituted of very small palladium—oxy-
gen species (clusters) well dispersed on the acidic support.
Hence, the grafting procedure of acetylacetonates appears
very convenient for the preparation of very small and well
dispersed Pd or Pd-based alloy nanoparticles on niobia,
which can be very useful for heterogeneous catalysis.
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Figure 2. Modulus of the Fourier transforms of the total EXAFS
signals of the PAO/Nb,Os sample compared to that of bulk PdO.

Structural Characterization of the Catalysts

The structure and microstructure examination of the
three samples, Pd/Nb,Os;, Mn/Nb,Os, and bimetallic Pd—
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Sample Reduction conditions Measured wt.-% (ICP-AES) Specific surface area
Pd Mn [m?g]
Nb,Os - 120
Pd/Nb,Os 100 °C in ethylene glycol 1.27 - 103
Mn/Nb,Os5 600 °C under 10%H,/He stream - 1.6 20
Pd-Mn/Nb,Os 80 °C in hydrazine 0.5 0.5 100
Mn/Nb,Os, obtained after reduction (Table 1) have been r.t. -9 torr
conducted by IRS of adsorbed CO, XPS, TEM, and | [\ 7777 r.t. in vacuo
XANES/EXAFS analysis. =
<
FTIR Spectroscopy of Adsorbed CO 8
=
Figure 3 presents the FTIR spectra of CO adsorbed on %
Pd/Nb,Os, Mn/Nb,Os, and bimetallic PA-Mn/Nb,Os. The _§
spectra were recorded at room temperature under 9 Torr of <
CO after outgassing at room temperature.
For Pd/Nb,Os, CO adsorption gives (i) a peak at a) Pd/Nb,O;
2104 cm™!, which is attributed to linear Pd°~CO species, 2200 2150 2100 2050 2000 1950 1900 1850 1800
possibly with a small contribution of Pd**~CO; (ii) a broad v [em1]
and intense band centered around 1950 cm™, ascribed to
bridged Pd,~CO species.?”! Upon evacuation, desorption of a r.t. -9 torr
linear species is more important than that of bridged ones, N r.t. in vacuo

and the wavenumber shift to 2085 cm™! attests to the de-
crease in the dipole-dipole coupling.

For Mn/Nb,Os, CO adsorption generates (i) an intense
band at 2133 cm™!, assigned to Mn?*-CO;P% (ii) several
weak bands in the 1950-1800 cm™' range. These small
bands could at first be ascribed to Mn’~CO species charac-
terized by a strong back-bonding from manganese to the
antibonding m orbitals of COP! and consequently resistant
to outgassing at room temperature. However, upon outgas-
sing at 20 °C, these bands are markedly weakened and
shifted to 2125, 1870, and 1833 cm™!. Hence, they should
be assigned to species involving CO weakly bonded to
Mn?* (low backbonding).

For Pd—-Mn/Nb,Os, the spectrum presents a strong band
at 2140 cm™! with a shoulder around 2109 cm™!, assigned to
Mn?*—CO and linear Pd°~CO, respectively; (ii) a series of
weaker peaks and shoulders with maxima in the 2000-
1800 cm™! range. After outgassing at 20 °C, the Mn?*-CO
species disappear, whereas the most intense band lies at
2109 cm!, with other peaks at 1958, 1887, and 1820 cm ..
Hence, it appears that the introduction of manganese in-
duces a shift in the Pd°~CO peak from 2085 (Figure 3a) to
2109 cm™! (Figure 3c), which attests to an electron-de-
ficiency of palladium atoms, that is, a partial Pd—Mn elec-
tron transfer. This type of interaction may express the for-
mation of a Pd—Mn alloy and is favored in the case of small
particles.?%l The bands below 2000 cm™! are assigned to
bridged Pd° species resistant to outgassing at room tem-
perature. The presence of Mn®~CO species at the surface is
difficult to ascertain because of overlapping with stronger
absorption by bridged Pd°~CO species (Figure 3).
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Figure 3. In situ IR spectra of adsorbed CO (P =9 Torr; T = 25 °C)

before and after outgassing of (a) Pd/Nb,Os, (b) Mn/Nb,Os; (c)
PdMn/szoS

XPS Studies

The results are collected in Table 2.
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Table 2. XPS experimental binding energies (BE) of mono- and bi-
metallic samples.

Samples BE [eV]

Ols Pd3d5/2 Mn2p3/2 Nb3d5/2
Pd/Nb,Os5 5304  Pd°(335.0) 207.5
Mn/Nb,Os 530.3 Mn2* (640.5)  206.5
Pd-Mn/Nb,Os 5304  Pd°(335.2) Mn?" (641.0) 207.5

Pd>* (337.4)

For Pd/Nb,Os, the Nb 3ds,, peak is recorded at 207.5 eV,
which is close to the value reported in pure niobia,?'l and
the Ols line is recorded at 530.4 eV. The Pd3ds, binding
energy (BE) at 335.0 eV is ascribed to Pd® species?®33 in
agreement with FTIR spectroscopy.

In the Mn/Nb,Os sample, the Mn 2ps), peak is centered
at 640.5 eV. The peak decomposition suggests the predomi-
nant presence of Mn>* species (640.5 eV).’*l Whereas the
O1s line did not move, the Nb3ds;, BE shifts from 207.5 eV
(pure Nb,Os5 and Pd/Nb,Os) to 206.5 eV, which is assigned
to the formation of MnNb,O4 by analogy with the data
obtained in niobates.[*>] Hence, manganese atoms appear as
mainly oxidized, and the diffusion of Mn?" into the support
at 600 °C favors the genesis of MnNb,Og

Finally, for Pd-Mn/Nb-Os, the position of the Nb 3ds,
and Ols peaks are identical to those recorded on Pd/niobia,
showing that the manganese ions do not interact strongly
with the support in opposition to the Mn/Nb,Os sample.
Moreover, the Pd3ds, BE measured at 335.2eV and at
337.4 eV (shoulder) correspond to Pd® and Pd>* species,
respectively.?? Another peak centered at 641.0 eV is as-
cribed to Mn?* species. Hence, according to both FTIR
spectroscopy and XPS, Pd is present in the 0 and +2 oxi-
dation states with a large predominance of Pd® and Mn is
present in the +2 oxidation state.

Comparison between bulk and surface Mn/Nb, Mn/
(Mn+Nb), and Pd/Nb atomic ratios is presented in Table 3.
As expected, the surface Mn/Nb and Mn/(Mn+Nb) ratios
are higher. On the other hand, the Pd/Nb surface is slightly
lower than the bulk one. This result cannot be ascribed to
the presence of large Pd particles as the coordination of Pd
in this bimetallic sample is much lower than that in bulk
Pd (see below, EXAFS section and Table 4). This implies

Table 3. XPS atomic ratios for PA-Mn/Nb,Os.

Global ratio Surface ratio

n(0)/n(Nb) 2.5 2.35
n(Pd)/n(Nb) 6.1%x10° 5.4%10°3
n(Mn)/n(Nb) 141073 47%10°
n(Mn)/[n(Mn)+n(Pd)] 0.7 0.9

that all Pd atoms are analyzed by the photoelectrons. Ac-
cording to the simplified Kerkhof-Moulijn morphologic
model,[*] the Pd particle size is close to 2 nm.

TEM Observation

The Pd/Nb,Os catalyst was characterized by TEM. The
micrographs (Figure 4) show spherical nanoparticles with a
size distribution between 1 and 5 nm and an average dia-
meter of d, = 2.7 nm. The particles appear very well dis-
persed on the support. Unfortunately, it was not possible
to characterize Mn and Pd-Mn/Nb,Os materials. This
should be due to the weak contrast between manganese and
niobium and/or to the small particle size, as suggested by
EXAFS data (see below).

@)

20 nm

Figure 4. (a) TEM micrograph of Pd/Nb,Os catalyst (the bar scale
represents 20 nm); (b) Pd nanoparticle size distribution.

XANESIEXAFS Analysis

XANES and EXAFS experiments were performed at
both the Mn and Pd K-edges.

For the Pd/Nb,O5 sample, the XANES spectrum is com-
pared to that of bulk Pd and PdO in Figure 5. Focusing on
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Figure 5. XANES spectra of Pd/Nb,Os; and PAMn/Nb,Os catalysts
compared to those of bulk Pd and PdO.

Table 4. Pd K-edge EXAFS results for Pd/Nb,Os and Pd—Mn/Nb,Os5 samples.

Sample Pair N R[A] AR [A] AE, [eV] o [A] Residual fit factor [%0]
Pd/Nb,Os5 Pd-Pd 9.0 2.80 1.75-3.10 0.1 0.076 1.3
PdMn/Nb,Os5 Pd-Pd 2.78 2.74 1.80-3.20 4.6 0.05 2.5

Pd-Mn 0.70 2.78 17.4 0.03

Pd-Pd 1.73 2.86 0.3 0.04
1626 WWW.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 16231631
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the edge region, it is possible to confirm that a fraction
of palladium atoms is oxidized. The moduli of the Fourier
transformation of the total EXAFS signal at the Pd K-edge
relative to that of bulk Pd and PdO confirms this observa-
tion (Figure 6) (FTs are presented without phase correction
and, as a result, the Fourier peaks do not correspond ex-
actly to the crystallographic bond lengths of the nearest
neighbors). Indeed, the FT of the monometallic catalyst
presents a main peak corresponding to the Pd shell. It is at
the same distance as that in the FT of bulk Pd, but with a
reduced intensity, in agreement with the formation of very
small metallic particles. It presents also a peak at a smaller
distance, which can be attributed to the Pd—O as located at
the distance recorded in bulk PdO. Satisfactory simulations
were obtained on the EXAFS oscillations corresponding to
the inverse FT filtered in the R range 0.95-1.75 A for the
first shell (not shown) and in the 1.75-3.10 A R range for
the second shell (Figure 7). They confirm that a part of pal-
ladium atoms has almost four first neighbor oxygen atoms
at 2.02 A, whereas another one has nine neighbor Pd atoms
at 2.80 A (in bulk Pd the Pd—Pd distance is 2.758 A). The
results of these simulations are summarized in Table 4.
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Figure 6. Moduli of the Fourier transforms of the total EXAFS
signals of Pd/Nb,Ojs catalyst compared to those of bulk Pd and
PdO.
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Figure 7. Results of the EXAFS simulation performed on the FT!
metal-metal shell of Pd/Nb,Os at the Pd K-edge.

Eur. J. Inorg. Chem. 2008, 1623-1631

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal

Eur|IC
of Inorganic Chemistry

The average number of palladium neighbors obtained
with the simulations is smaller for nanoparticles than for
the bulk metal.l'”l This difference is expected because of
the high proportion of atoms located at the surface of the
nanoparticles. This number is here slightly smaller than the
average number predicted for a naked metal particle. The
average number <N> of metal neighbors in a spherical
metal cluster can be related to the cluster diameter DI7-381
[Equation (1)].

<N> = 12-4.79700/D + 0.11352/D3 (1)

For D = 2.7nm, the expected coordination number
<N> is about 10.2. The difference between the calculated
values and the experimental one (say 9) suggests that the
surface of Pd particles is oxidized, which explains the obser-
vation of the Pd—O peak in their FT. Hence, the Pd nano-
particle in the Pd/niobia sample can be described as a met-
allic core with a diameter slightly smaller than that ob-
served by TEM, surrounded by a surface-oxidized shell.
Such a feature has been often observed in metallic nanopar-
ticles prepared by reduction in polyol.[3]

For the Mn/Nb,O5 sample, the XANES spectra recorded
on the sample and on bulk MnNb,Og are very similar (Fig-
ure 8), indicating that a large part of Mn interacts with the
support to form manganese niobate. Such a feature is con-
firmed by the perfect superposition of the real and imagi-
nary parts of the FT of the total EXAFS signal recorded
at the Mn K-edge on Mn/Nb,Os and on bulk MnNb,Ogq
(Figure 9). No metallic manganese particles are detected; if
any, it should concern a very weak fraction of the initial
manganese content. The severe synthesis conditions (heat-
ing at 600 °C) favor the diffusion of Mn?* ions into niobia,
which thus prevents their reduction by the H, flow.

20
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Figure 8. XANES spectrum of Mn/Nb,Os catalyst compared to
that of bulk MnNb,Og.

For the Pd-Mn/Nb,Os sample, the XANES spectra re-
corded at the Pd and Mn K-edge are compared to that of
(i) bulk Pd and PdO (Figure 10a) and (ii)) bulk Mn,
MnNDb,Og4, and MnO (Figure 10b). At the two edges the
spectra are complex. Their shape seems to be intermediate
between that of the metal (Pd or Mn) and the oxide (PdO
or MnO) references. A complete interpretation of their
structure is not possible. However, from the energy differ-
1627
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Figure 9. Moduli and imaginary part of the FT of the Mn K-edge
EXAFS spectra of the Mn/Nb,Os sample and of bulk MnNb,O.

ence between the bimetallic sample and the Pd and Mn
foils, respectively, it can be concluded that a minor part of
palladium is in the 2+ valence state, whereas the manganese
is almost exclusively in this oxidation state. Comparison of
the Pd—Mn/niobia sample with the different metal and ox-
ides references is easier on the zoom on the pre-edge region
of the Mn K-edge spectra (Figure 10c). It shows a small
bump located at 6540.0 eV in both the bimetallic catalyst
and the manganese foil, which suggests the presence of a
small amount of metallic Mn. This zoom also points out
the notable differences existing between the spectra of the
bimetallic sample and that of the bulk MnNb,Og. The
shoulder observed in the later compound at 6543 eV (see
the arrow) does not exist in the former. Contrary to the
monometallic Mn/Nb,O5 sample, the manganese does not
diffuse into the support as a result of the lowest reduction
temperature and possibly the presence of palladium.

At the Pd K-edge, the modulus of the FT of the bimetal-
lic sample (Figure 11a) presents a first peak at the low R
range, ascribed to the Pd-O pairs, followed by a split peak
corresponding to the Pd-Pd and/or Pd—Mn pairs. Qualita-
tive comparison between the computed FTs of Pd;Mn and
PdMn cubic alloys and the experimental FT of the sample
(Figure 11a) suggests a close structural similitude with
Pd;Mn. Satisfactory simulations were obtained on the
EXAFS oscillations corresponding to the inverse FT fil-
tered in the 1.8-3.2 A R range, considering three metal—
metal atomic pairs. The quality of the fit is illustrated in
Figure 12 and the results summarized in Table 4. It must
be noticed that, according to the crystallographic data of
Pd;Mn, 0] there are only two distances (one for Pd—Pd and
the other for Pd-Mn) in this R range. The first coordination
shell of palladium contains eight Pd and four Mn atoms at
2.767 A, which accounts for the distances obtained on the
Pd-Mn/niobia sample, (2.74 A for the Pd-Pd pairs and
2.78 A for Pd-Mn). Hence, the Pd-Pd distance at 2.86 A
should be ascribed to the presence of Pd clusters, as already
reported on Pd-Mn/silica catalysts.®?) Moreover, the re-
fined coordination of palladium is much lower than that
expected in such structure. This may be assigned to the high
surface/volume ratio (broken symmetry) and to a possible
1628
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Figure 10. Pd and Mn K-edge XANES spectra of PAMn/Nb,Os
materials compared to those of (a) bulk Pd and PdO and (b) bulk
Mn, MnO, and MnNb,Og; (¢) zoom of (b).

surface oxidation. All these results suggest that only a part
of introduced palladium and manganese atoms contributes
to the Pd;Mn particles on the niobia surface.

At the Mn K-edge (Figure 11b), the FT modulus of the
Pd-Mn/niobia sample presents only one distinguishable
peak which, by comparison with the FT modulus of bulk
Mn, MnO, and MnNb,Og, can be attributed to the Mn—
O atomic pairs. The Mn—Pd and/or Mn—Mn peaks vanish
completely. The curve-fitting analysis (not shown), con-
ducted on the corresponding FT!, is consistent with Mn
atoms surrounded by almost three oxygen atoms at 2.13 A

Eur. J. Inorg. Chem. 2008, 16231631
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Figure 11. Moduli of the FT of the total EXAFS signal at the Pd and Mn K-edge of Pd-Mn/Nb,Os compared to those of (a) Mn, Pd—

Mn, Pd;Mn and (b) bulk Mn and MnNb,O.
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Figure 12. Results of the EXAFS simulation performed on the
FT ! metal-metal shell of Pd-Mn/Nb,Os at the Pd K-edge.

close to the distances of Mn-O in the cubic MnO oxide,
namely 2.22 A.#1]

The vanishing of the peak related to the Mn—Mn (or Pd—
Pd) atomic pairs suggests that the produced MnO is highly
dispersed on the support, as previously observed for PdO/
Nb,Os.

Structural Model Proposed for the Mono- and Bimetallic
Catalysts

According to all the spectroscopic techniques performed
on the monometallic and bimetallic samples, the following
structural models may be proposed.

For Pd/Nb,Os, FTIR and XPS analysis show that palla-
dium atoms are mainly in the metallic state Pd°, with a
small contribution of Pd?>*. XANES and EXAFS analysis
performed at the Pd K-edge, confirm the partial oxidation
of Pd. The metallic nanoparticles could be surrounded by
a PdO-like shell.

For Mn/Nb,Os, FTIR analysis suggests that manganese
atoms are predominantly in the Mn>*oxidation state. XPS
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and XAS data show that these Mn>* ions interact strongly
with niobia, leading to the formation of MnNb,Og.

For Pd-Mn/Nb,Os, FTIR spectra evidence the presence
of Mn?*, with possible traces of Mn® and of electron-de-
ficient Pd®. XPS shows the presence of (i) Pd® with a contri-
bution of Pd?*, (ii) Mn?*. The presence of MnNb,Og, evi-
denced in Mn/NDb,Os, is not detected. The partial oxidation
of palladium is also confirmed by EXAFS. It appears that
palladium atoms exist (i) in Pd;Mn particles, (ii) in Pd par-
ticles, both probably surrounded by oxidized Pd. The re-
maining manganese is engaged in MnO clusters partially
covering the support.

Conclusions

It is confirmed that the anchoring of Pd acetylacetonate
on niobia followed by calcination and reduction in ethylene
glycol at 100 °C leads to well-dispersed palladium in Pd/
niobia (mean particle size 2.7 nm).

The reduction of Mn?*/niobia at 600 °C under hydrogen
is not efficient because the majority of Mn?* is engaged in
MnNb,Og, with a large decrease in surface area (20 m?g !
instead of 100 m”>g ! for Pd/niobia or pure niobia). Hence,
a soft reduction process (80 °C in hydrazine) was selected
for the synthesis of Pd-Mn/Nb,Os samples to prevent the
diffusion of Mn2* in the support and the formation of
MnNb,O4. However, even under these conditions, the re-
duction of Mn?* to Mn® is partial; this can be ascribed to
the strong interaction between niobia and oxidized Mn spe-
cies generated during the calcination. Hence, reduction in
hydrazine at 80 °C is able to reduce only a minor part of
Mn, which strongly limits the amount available to alloy
with Pd. It follows that palladium is mainly engaged in
Pd;Mn species with a Pd to Mn electron transfer, and in
Pd clusters, whereas manganese is distributed between
Pd;Mn and Mn?" species identified to MnO.

It is relevant to compare these results with previous data
reported on Pd-Mn/silica samples.®! In this latter case,
manganese is distributed between a Pd—Mn alloy and an
1629
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“oxidic form” of Mn, partially covering the alloy particles
and the support, even though the reduction temperature
was as high as 600 °C. Although the interaction strength
between oxidized Mn and silica is weaker than with niobia,
reduction at 600 °C is unable to promote the complete re-
duction of manganese. Hence, the relative interaction
strengths of manganese with palladium and with the sup-
port depend not only on the nature of the carrier but also
on the fixation method of the precursors. The anchoring
procedure favors the formation of small PdO and MnO
clusters on niobia. On the other hand, this advantage is
counterbalanced by the lower reduction ability of these spe-
cies, which prevents the obtaining of homogeneous sup-
ported Pd—Mn materials. The acidity of the carrier may also
hinder the reduction of Pd and Mn species.

Following a previous study on Pd/niobia, Pd—Au/niobia,
and Pd-Cu/niobia catalysts,>? tests are now in progress in
the total oxidation of ethanal, an undesired compound
emitted, among others, by automobile exhaust for vehicles
using ethanol as a fuel.

Experimental Section

Catalysts Preparation: Niobia was kindly supplied by CBMM-Bra-
zil (Nb,Os-HY-340). Pd(NOs),, obtained from Engelhard-CLAL,
France, was used to prepare Pd(acac),; Mn(acac), was purchased
from Acros and used without further purification.

Anchoring was performed with toluene solutions of Pd(acac), or
Mn(acac),.['”) For bimetallic catalysts, the precursors were dis-
solved simultaneously in toluene. Niobia was then added to the
solution and the suspension kept at 50 °C whilst stirring for 2 h.
The metal concentrations were chosen by taking into account the
anchoring yield, defined as the ratio: quantity of metal anchored
on the support/initial quantity of metal in the toluene solution. The
solids obtained after filtration were washed with toluene and dried
at 50 °C for 12 h. After drying, the anchored samples were calcined
at 400°C wunder an atmosphere of oxygen (heating rate
0.5°Cmin!") to remove acetylacetonate moieties and generate
small PdO particles or clusters. This stage is important because
direct reduction of the acetylacetonate complex requires higher
temperatures and generates a graphitic layer. After calcination, the
samples were reduced according to the following procedures: (i)
under a stream of 10%H,/He at 600 °C (2 h) for Mn/Nb,Os; (ii)
by soft chemical routes in liquid medium for Pd-based samples,
either in ethylene glycol at 100 °C for Pd/Nb,Os or in a hydrazine
solution at 80 °C for Pd-Mn/Nb,Os to avoid the formation of man-
ganese niobate (see above XPS and XANES results).

The preparation conditions, the metal contents, and the specific
surface areas measured after reduction are summarized in Table 1.

Techniques: Chemical analyses were carried out at the CNRS Cen-
tral Service of Analysis (Vernaison) by inductive coupling plasma-
atomic emission spectroscopy (ICP-AES). Transmission electron
microscopy (TEM) measurements were performed with a JEOL
100 CXII microscope operating at 100 kV. The particle size distri-
bution was obtained from the TEM pictures by using a digital cam-
era and the SAISAM and TAMIS software (Microvision Instru-
ments), calculating the surface-average particle diameter from
[Equation (2)].
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Transmission infrared spectra were recorded in the 2200-1800 cm™!

range with an Equinox 55 Bruker FTIR spectrometer equipped
with a DTGS detector. The samples were pressed into self-support-
ing discs (about 10 mgem 2) and placed in a stainless steel cell (In
situ Research Instruments), allowing in situ analysis of samples in
the 20-500 °C range, including CO adsorption. The spectra were
taken by averaging 1000 scans, with a scanning velocity of 6.25 Hz
and a spectral resolution of 4 cm™' and smoothed through the
Savitzky—Golay algorithm with a smoothing degree of 13. Diffuse
reflectance spectroscopy (DRS) was performed at room tempera-
ture. The spectra were recorded between 190 and 2500 nm with a
Varian Cary SE spectrometer equipped with a double monochro-
mator and an integrating sphere coated with polytetrafluoroethyl-
ene (PTFE). PTFE was used as reference. X-ray photoelectron
spectroscopy (XPS) analyses were performed with an ESCALAB
220XL spectrometer. The Alk-o. monochromatized line (1486.6 eV)
was used for excitation with a 200 W applied power, giving a
800 um spot diameter on the sample. The spectrometer was oper-
ated in a constant pass energy mode (Epass = 40¢eV) for high-
resolution spectra recording by using the electromagnetic lens
mode. A 6-eV electron flood gun source was applied to the samples
to compensate the charge effect during analysis. Binding energies
were referenced to the Cls core level energy at 285 eV for the ad-
ventitious carbon species. During the experiment the residual pres-
sure was less than 107 Pa. Experimental quantification and spec-
tral simulation were obtained by using the Eclipse software pro-
vided by VG Scientific. The surface composition of the samples
was estimated from XPS peak areas and corrected by the difference
in cross section according to Scofield data.l*?l X-ray absorption
measurements were performed at the French facility (LURE, Or-
say) with the XAS 13 beamline of the DCI storage ring (1.85 GeV,
position current = 300 mA). For the mono- and bimetallic catalyst
samples, X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) experiments
were carried out in a fluorescence mode by using, at the Mn K-
edge, Si (331) double crystal and Si (111) channel-cut monochro-
mators, respectively, and, at the Pd K-edge, indifferently Ge (400)
double crystal monochromator. Data were also collected in the
transmission mode detection scheme (optimized ion chambers) on
commercial powder or foil, Mn, MnO (ALDRICH), Mn,O3 (AL-
DRICH), MnNb,O4 (CERAC), and Pd and PdO (LANCASTER)
as standards for Mn and Pd. Data analysis was performed by using
the “EXAFS pour le MAC” package.[*}] Quantitative single scat-
tering analyses were performed by fitting experimental curves to
theoretical models on filtered spectra with the use of the standard
EXAFS formula [Equation (3)].

2R;

i

N; oy .
k.x(k):—S%ZR—’|fi(k,Ri)|e 201k ¢ 4i(0) sin[2kR; + ®; (k, R;)] (3)
AR )

where the summation is performed over all the filtered contri-
butions. Sy is the inelastic reduction factor, N; the number of back-
scatterers at a distance R; from the central atom (Mn and Pd
respectively), o; the Gaussian Debye—Waller factor, and A,(k) the
mean free path of the photoelectron for the backscatterers i. Back-
scattering amplitudes, |fi(k, R;)|, and phase-shift @(k,R;) functions
were calculated from Feff7 codel*! for the different atomic pairs by
using the crystallographic data of MnO, PdO, Pd, PdMn (CsCl
type),[*! or PdsMn (CusAu type) ! phases.
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Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis/NIR spectra of Pd(acac),/niobia materials before and
after calcination are presented.
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