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Gold and palladium nanoparticles were incorporated on CeO;, TiO,, and Mn; 03 supports prepared by a
sol-gel method. The samples were characterized by X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM), high
resolution TEM (HRTEM), scanning TEM (STEM) in high angle annular dark field mode (HAADF), and
energy filtered TEM (EFTEM) using electron energy loss spectroscopy (EELS). The XRD diffractograms pre-
sented sharp and intense peaks indicating that the samples are highly crystalline, but it did not detected

g?; V;‘S’trrdj;mres any peak corresponding to Au or Pd phases. This indicates that the Au and Pd NPs were incorporated into
Oxides the structures of the oxides. It was not possible to obtain an Au 4f spectrum for Au/Mn; 03 due to an over-

lap with the Mn 3p spectrum. The XPS Au 4f spectra for Au/CeO, and Au/TiO, present negative chemical
shifts that could be attributed to particle-size-related properties. The XPS Pd 3d spectra indicate that for
both CeO, and TiO, substrates, the Pd NPs were in the metallic state, while for the Mn, 03 substrate, the
Pd NPs were oxidized. The HRTEM results show the formation of nanocrystalline oxides having particles
sizes between 50 and 200 nm. TEM micrographs show that the addition of Au caused the formation of
Au clusters in between the CeO, NPS, formation of Au NPs for the TiO, support, and homogeneous dis-
tribution of Au clusters for the Mn,03 support. The addition of Pd yielded a homogeneous dispersion

Sol-gel growth
X-ray photoelectron spectroscopy
Transmission electron microscopy

throughout the CeO; and TiO,, but caused the formation of Pd clusters for the Mn, O3 support.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

New generation advanced nanoparticle materials exhibit
unique physical, magnetic, optical, surface structural properties
with potential in developing new technologies, techniques, and
improvement of old methods/processes in catalysis, sensor tech-
nology, and fabrication of nanodevices [1,2]. The transition metal
oxide nanoparticles represent a broad class of materials that have
been investigated extensively due to their interesting catalytic,
electronic, and magnetic properties, and wide scope of potential
applications, such as magnetic resonance imaging (MRI) [3], solar
cells [4], and heterogeneous catalysis [5-8].

Cerium oxide has been reported as an active support for nano-
structured gold, platinum, and palladium catalysts for water-gas
shift reaction and other industrial applications [9-11]. Tita-
nium oxide has been extensively used as support for metallic
nanoparticles (NPs) such as palladium for heterogeneous catalytic
applications in both oxidation [9-12] and hydrogenation reactions
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[13-16]. Manganese oxides (MnO, Mn,03, and Mn304) have long
been used as highly active, durable, and low cost catalysts for the
combustion of various volatile organic substances or hydrocarbons
[17-19].

Catalysis is a phenomenon of significant fundamental research
and important practical applications in a variety of fields such as
chemistry, physics, materials science, and environmental science.
Nanoparticles of metal and metal oxide can enhance catalytic per-
formance over conventional catalysts, by having controlled particle
size, high surface area, and more densely populated unsaturated
surface coordination sites [1,2].

Gold catalysts were not widely used due to the electronic config-
uration of the noble metals, which is usually accompanied by very
low activities [20]. This situation has changed in recent years with
the discovery of the catalytic activity of gold nanoparticles [21].
Gold catalysts have recently attracted growing interest due to their
potential for many reactions of both industrial and environmental
importance. The most remarkable catalytic properties of supported
gold have been first obtained for the reaction of CO oxidation at
sub ambient temperature by Haruta et al. [22,23]. Gold can also be
active in various other reactions, such as selective hydrogenation,
water-gas shift, reduction of NO with hydrocarbons, epoxidation of
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propylene, CO and CO, hydrogenation, and in reactions involving
halogens [24].

In this work, nanoparticles of gold and palladium have been
added onto Ce0O,, TiO; and Mn,03 supports and then have been
characterized by X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), energy dispersive spectroscopy (EDS), transmission
electron microscopy (TEM), high resolution TEM (HRTEM), scan-
ning TEM (STEM) in high angle annular dark field mode (HAADF),
and energy filtered TEM (EFTEM) using electron energy loss spec-
troscopy (EELS). The main goal has been to compare the structures
and the physicochemical properties of the supports.

2. Experimental
2.1. Sample preparation

The samples have been prepared by the Pechini’s method [25],
using Ce(NO3),-6H,0, C13H304Ti, and Mn(NO3),-4H,0 (all from
Sigma-Aldrich). The precursors were dissolved in water (in the
desired ratios) and stirred at 80 °C, then a solution of citric acid was
added and the resulting mixture was vigorously stirred for 24 h for
the polymerization to occur, and then ethylene glycol was added.
The products were dried at 250 °C for 2 h, pre-calcined at 350 °C for
1h, and calcined at 550°C for 2 h in air. Au and Pd nanoparticles
were incorporated by impregnation using HAuCl,-3H, 0 and PdCl,.
The samples were then calcined at 550°C for 4h. The prepared
samples were: Au/Ce0O5,, Au/TiO;, Au/Mn, 03, Pd/Ce0O5, Pd/TiO,, and
Pd/Mn;03 (0.5 at% of Au or Pd in each sample).

2.2. Characterization techniques

EDS analyses were carried out using a LEO 440 electron micro-
scope with an Oxford detector and Link Analytical QX 2000
spectrometer. An electron beam energy of 12 eV was used.

XRD analyses were performed using a Rigaku Dmax 2500 PC
diffractometer using a Cu source. The X-ray diffractograms were
obtained for 20 ranging from 20° to 70°, at a scan rate of 6s per
step, and using a power of 40 kV.

XPS spectra were acquired by a VSW HA-100 spherical analyzer
using non-monochromated Al Ka radiation (hv=1486.6eV). The
high-resolution spectra were acquired using constant analyzer pass
energy of 44 eV. The pressure inside the analysis chamber was kept
below than 2 x 10~8 mbar. The powder samples were pressed into
pellets and fixed to a stainless steel sample holder with double-
faced conducting tape and analyzed without further preparation.
Curve fitting was performed using Gaussian line shapes, and a
Shirley background was subtracted from the data.

TEM analyses were performed using a Tecnai FEI G2 F20 micro-
scope equipped with a field emission gun (FEG) using the following
image modes: high resolution TEM (HRTEM), scanning TEM (STEM)
in high angle annular dark field (HAADF) using a Fischione Model
3000 detector of Z-contrast images for differentiating phases
and/or elements which constitute the nanoparticles, energy filtered
TEM (EFTEM) using an electron energy loss spectroscopy (EELS)
Gatan image filter (GIF) Tridiem detector.

3. Results

Figs. 1-3 present the XRD diffractograms for the samples; the
sharp and intense peaks indicate that the samples are highly crys-
talline, and the addition of Au and Pd has yielded the crystallinity
unimpaired. The diffractograms for the CeO, substrate (bottom
of Fig. 1), Pd/CeO, (middle of Fig. 1), and Au/CeO, (top of Fig. 1)
showed the formation of a single crystalline ceria phase having
a cubic unit cell. The addition of Au or Pd NPs has not caused
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Fig. 1. DRX diffractograms for: (a) CeO3, (b) Pd/CeO,, and (c) Au/CeOs,.
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Fig. 3. DRX diffractograms for: (a) Mn,0s, (b) Pd/Mn;03, and (c) Au/Mn,0s.
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Fig. 4. XPS Ce 3d spectrum for the CeO, support.

the appearance of characteristic peaks associated with the dopant
metal (or oxide). One possible explanation would be that both Au
and Pd atoms and/or ions have been incorporated into the crys-
tal lattice of CeO,. Other possibility would be the formation of
very small clusters of Au and Pd, and such clusters would not have
defined crystalline structures, thus were not detected by XRD.
The main peaks observed in Fig. 2 correspond to a tetragonal
TiO, (rutile) structure. As in the previous case, the addition of Au
or Pd NPs has not given rise to extra peaks related to the dopant
atoms and/or ions, but may have caused shifts in the peaks towards
higher 26 values for both Au/TiO, and Pd/TiO, samples, in compar-
ison with the pure TiO, diffractogram. These shifts could be due
to differences in the atomic and/or ionic radii of Au (0.144 nm for

a

T
Au/Ce0,

1 s - ]
7 ]
s ] J
£
5 ]
g ] ]
S
£ - .
= ]
=1 J
[T 4
c ] J
[

S | ]
£ ] ]
— 77—
92 90 88 86 84 82 80 78 76 74 72
Binding Energy (eV)
b ¥ T b4 T ¥ T * T
1 AuTiO by 1
Audf <"
z L
Z .
3 7 . - -
g .
2 .
s .
2> . .
@ . .
s ]
s '\‘ ;o
[ . o
_A@,"" ¥ ]
‘M.n"' W LY
4 e
: I : T : r . r .
100 20 80 70 60 50

Binding Energy (eV)

Fig. 5. XPS Au 4f spectra for: (a) Au/CeO; and (b) Au/TiO;. The prominent peak at
approximately 61 eV, for the Au/TiO, sample, corresponds to Ti 3s.

Au® and 0.137 nm for Au'*) and Pd (0.137 nm for Pd® and 0.075
to 0.100 nm, depending on the oxidation state) compared to Ti%*
radius (0.064 nm).

Fig. 3 presents the XRD diffractograms for the Mn,O3 substrate
(bottom), Pd/Mn;03 (middle), and Au/Mn,03 (top). The substrate
peaks correspond to a cubic Mn;,03 structure, and the addition of
Pd NPs has not caused the appearance of extra peaks related to Pd
or Pd oxides, but caused a shift in the Mn, 03 peaks, probably due
to a crystal lattice distortion. For the Au/Mn,03 sample, it can be
observed the appearance of a small peak at 44.6°, which is associ-
ated with gold, suggesting that the Au NPs were segregated and not
incorporated into the Mn, O3 structure.
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Fig. 6. XPS Pd 3d spectra for (a) Pd/CeO,, (b) Pd/TiO;, and (b) Pd/Mn,0s.



P.A.P. Nascente et al. / Applied Surface Science 315 (2014) 490-498 493

Fig. 8. HRTEM micrographs of (a) CeO,, (b) Au/CeO,, and (c) Pd/CeO, NPs.
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Fig. 9. Energy filtered (EF) TEM micrograph of Au/CeO, in Aup plasmon edge of
54eV.

Fig. 4 displays the XPS Ce 3d spectrum for the CeO, support,
which shows the typical three-lobed envelopes in the binding
energy ranges of 877-892, 895-910, and 912-920eV [26]. The first
envelope was fitted with three components at 882.2, 885.5, and
889.0eV; the components at 882.2 and 889.0eV are ascribed to
Ce** oxidation state, while the component at 885.5 eV is associated
with the Ce3* oxidation state [26-29]. There is a predominance of
the +4 state, indicated by the main 3ds, component at 882.2eV
and also by a prominent peak at approximately 916.5eV [26-29].
Francisco et al. [30] reported a 15% reduction of Ce%* to Ce3*
due to the X-ray exposure during the XPS measurements. The
addition of Au or Pd NPs did not change the Ce 3d spectrum
significantly.

Fig. 5 displays the XPS Au 4f spectra for (a) Au/CeO, and (b)
Au/TiO,. It was not possible to obtain an Au 4f spectrum for
Au/Mn; 03 due to an overlap with the Mn 3p spectrum. The promi-
nent peak at approximately 61 eV for Au/TiO, corresponds to Ti 3s.
The measured Au 4f;, binding energy for Au/CeO; and Au/TiO; are
lower (82.4 and 82.8 eV, respectively) than the value for pure gold
(84.0eV). There are very few reports on the literature regarding
such negative shift and there is no consensus about it. Au 4f,
binding energies below or equal to 83.0eV for Au NPs dispersed
on TiO, were reported by Radnik et al. [31], Arrii et al. [32], and
Hao et al. [33]. These negative shifts could be due to the electronic
state of the Au NPs, particle size effects, or different structural
arrangements [31]. Some authors have attributed these negative
shifts to a strong metal-support interaction [32,33]. Apostol et al.
[34] reported lower Au 4f;), binding energies (around 81.4 eV) for
Au thin layers (0.2-4 nm) deposited on Pb(Zr,Ti)O3 (PZT), and they
attributed such low values to negatively charged gold organized in
clusters or NPs, which are insulated from the ground and charged
by the PZT [34].

Liu et al. [35] associated the negative shift of Au 4f binding
energies for Au-Pd NPs (Au core-Pd shell) to an increase in the
surface to volume ratio as the Au core became smaller. Sham et al.
[36] reported a XPS investigation on thiol-capped Au NPs which
showed a metallic to non-metallic transition as the average Au
NP size decreased. They estimated a value of ~1.74+0.3 eV for the
pseudo-gap for the Au NPs having a size of approximately 1.5 nm.
A similar size-induced metal-insulator transition could account for
the low Au 4f binding energies observed in this work for Au/CeO,
and Au/TiO,.

Fig.10. TEM micrographs for the TiO, support sample: (a) BF mode with the respec-
tive SAD ring pattern and (b) HRTEM showing the planes and atomic positions of
the TiO, NPs with different morphologies.

Fig. 6 displays the XPS Pd 3d spectra for (a) Pd/CeO,, (b) Pd/TiO,
and (c) Pd/Mn;03. For the Pd NPs on both CeO, and TiO, supports,
the Pd 3d doublet was fitted using only one component for each of
the spin-orbit peaks, 3ds;; and 3ds,. The Pd 3ds, binding energy
of 335.0 eV corresponds to metallic Pd [37,38]. For the Mn; 03 sup-
port, there are two components for each of the spin-orbit peaks,
with Pd 3ds), at 336.1 eV (24% of the total peak area) and 337.5eV
(76% of the total peak area), which can be attributed to PdO and
PdO,, respectively [39-42]. Kibis et al. [42] proposed that the Pd
NPs possess a mixture of PdO and PdO, oxides, and that the Pd**
state is stabilized by the PdO oxide.

Fig. 7 displays bright field (BF) TEM micrographs of (a) CeO5,
(b) Au/Ce0,, and (c) Pd/CeO, NPs; the inset is a selected area
diffraction (SAD) pattern of CeO,. It can be observed the forma-
tion of ceria nanocrystals. Fig. 8 shows HRTEM micrographs of (a)
CeO,, (b) Au/CeO5, and (c) Pd/CeO, NPs. While palladium was dis-
persed homogeneously on the CeO, support, gold formed clusters
in between the CeO, NPs (~30 nm). Fig. 9 shows TEM micrographin
energy filtered mode (EFTEM) using a GIF detector in the plasmon
edge energy of 54 eV (Aug edge), confirming that Au formed clus-
ters in between the CeO, NPs. The small cluster sizes could explain
why Au was not detected by XRD.

Fig. 10 displays typical TEM micrographs of the TiO, sup-
port. The BF mode micrograph depicted in Fig. 10(a) shows the
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Fig. 11. Micrographs for the Au/TiO, sample: (a) BF TEM image with the respective SAD pattern; (b) EFTEM micrograph obtained in the plasmon edge energy of 54 eV (Aug
edge); (c¢) EFTEM image obtained in the plasmon edge energy of 35 eV (Tiy edge); and (d) STEM image acquired with a HAADF detector showing Au NPs distributed in the

TiO; support.

distribution of the TiO, NPs, and the respective SAD ring pat-
tern in the inset denotes a nanocrystalline distribution of these
TiO, NPs. Fig. 10(b) presents the HRTEM micrograph in a higher
magnification showing details of the TiO, NPs having different
morphologies, with particle sizes ranging from 10 to 40 nm. The

TiO, structure was identified as being rutile (tetragonal), having
dy00,d211,and dj o2 interplanar distances of 4.80, 3.44, and 2.65 A,
respectively.

Fig. 11(a) displays a TEM micrograph in BF mode for the Au/TiO,
sample and the respective SAD pattern, typical of a nanocrystalline

59 nu

Fig. 12. TEM micrographs for the Pd/TiO, sample: (a) BF mode image and (b) EFTEM image obtained in the plasmon edge energy of 51 eV (Pdy edge).
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Fig. 13. TEM micrographs for the nanostructured Mn, O3 support: (a) BF mode with the respective SAD pattern and (b) HRTEM showing in detail the crystalline planes of the
Mn;03 NPs with distinct morphologies.
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Fig. 14. Micrographs for the Au/Mn; O3 sample: (a) BF TEM image with the respective SAD pattern; (b) HRTEM image showing the crystalline planes of the Mn, O3 nanograins;
(c) EFTEM image obtained in the plasmon edge energy of 54 eV (Aug edge) showing Au clusters; and (d) EFTEM image obtained in the plasmon edge energy of 24.8 eV (Mny
edge).
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Fig. 15. Micrographs for the Pd/Mn,03 sample: (a) BF TEM image and (b) EFTEM image obtained in the plasmon edge energy of 51 eV (Pdy edge).

structure. Fig. 11(b) displays an EFTEM micrograph in the plasmon
edge energy of 54 eV (Augp edge), showing a heterogeneous distri-
bution of the Au NPs throughout the TiO, NPs support. Fig. 11(c)
presents an EFTEM micrograph of the Ti distribution by using the
plasmon energy of 35 eV (Tiy; edge), and Fig. 11(d) displays a STEM
micrograph acquired with a high angle annular dark field (HAADF)
detector, showing a heterogeneous distribution of Au agglomerates
with sizes ranging from 50 to 100 nm. Ismail et al. [43 ] reported that
a sample of 0.5 wt% Au deposited onto mesoporous TiO, had par-
ticle sizes for the Au NPs ranging from 5 to 10 nm. The difference
among their and our results lies on the different synthesis routes
that were employed. The use of mesoporous TiO, as support had
the effect of incorporating Au NPs with smaller sizes [43].

Fig. 12(a) shows a BF TEM micrograph for Pd/TiO, sample and
Fig. 12(b) shows an EFTEM obtained in the plasmon edge energy of
51 eV (Pdy edge), indicating that palladium is distributed homoge-
neously throughout the TiO, support. This result is in agreement
with a TEM analysis carried out by Suttiponparnit et al. [44] that
showed no clear formation of Pd NPs for a sample of 1wt% Pd
incorporated onto TiO, NPs. An EDS spectrum (not shown here),

> ol
K \

‘J’i

which was collected from an agglomerate shown in Fig. 12(a), con-
firmed the presence of Pd incorporated onto the nanostructured
TiO, support.

Fig. 13(a) displays a TEM micrograph obtained in BF mode of the
nanostructured Mn;03 support with the respective SAD pattern,
which reveals that the Mn, 03 NPs have sizes in the range of 50
to 200 nm. Fig. 13(b) displays a HRTEM micrograph of the Mn;03
support showing its crystalline planes, which are consistent with
a BCC phase having dy 11, d2¢9, and dy 31 interplanar distances of
4.98,3.30, and 2.47 A, respectively.

Fig. 14(a) displays a BF TEM micrograph for the Au/Mn,03 sam-
ple and the inset depicts the respective SAD pattern, which is
characteristic of a nanocrystalline structure. Fig. 14(b) displays a
HRTEM micrograph in higher magnification showing the crystalline
planes and atomic columns of the Mn;03 nanograins, having a BCC
phase with d, 11, dy22, and dg5 5 interplanar distances of 3.98, 2.80,
and 1.95 A, respectively. Fig. 14(c) displays an EFTEM micrograph
obtained in the plasmon edge energy of 54 eV (Aug edge) show-
ing a heterogeneous and very fine distribution of the Au clusters
(ranging from 1 to 5 nm) throughout the Mn, O3 support. Fig. 14(d)

Fig. 16. (a) Low magnification and (b) high magnification STEM micrographs obtained with HAADF detector (Z contrast) for the Pd/Mn;03; sample showing very fine Pd

clusters.
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displays an EFTEM micrograph obtained in the plasmon edge
energy of 24.8 eV (Mny edge). An EDS spectrum (not shown here),
which was collected from an agglomerate shown in Fig. 14(a), con-
firmed the presence of Au incorporated onto the Mn, O3 support.

Fig. 15(a) displays a TEM micrograph obtained in BF mode for the
Pd/Mn,03 sample and Fig. 15(b) displays an EFTEM micrograph in
the plasmon edgy energy of 51 eV (Pdy edge), showing a homoge-
neous distribution of Pd throughout the Mn; 03 NPs support (sizes
around 100 nm). Fig. 16 displays (a) low magnification and (b) high
magnification STEM micrographs obtained with HAADF detector
(proportional to Z contrast) for the Pd/Mn;03 sample. Fig. 16(b)
exhibits the distribution of very small agglomerates (clusters) of Pd,
with sizes ranging from 1 to 4 nm, which are distributed through
the Mn,03 nanograins. Such small cluster sizes could explain why
Pd was not detected by XRD.

4. Conclusions

Half an atomic percent of Au and Pd NPs were incorporated onto
Ce0,, TiO3, and Mn,03 supports and then were investigated by
XRD, XPS, EDS, TEM, HRTEM, STEM, and EFTEM.

XRD characterization indicates that the CeO, support had a
cubic structure and the addition of either Au or Pd caused neg-
ligible lattice changes. The TiO, support had a tetragonal (rutile)
TiO, structure and the addition of either Au or Pd caused a distor-
tion in the lattice. The Mn, 03 support had a cubic structure. On one
hand, XRD results on the addition of Pd NPs indicate that they were
incorporated into the cubic Mn, 03 structure and caused a crystal
lattice distortion. On the other hand, XRD results on the addition
of Au NPs indicate that they were segregated and not incorporated
into the cubic Mn, 03 structure.

XPS results indicate that the Pd NPs on both CeO, and TiO; sup-
ports were in the metallic state, while the Pd NPs on Mn,03 were
oxidized. A negative chemical shift for the Au 4f doublet has been
observed for both CeO, and TiO, supports and could be attributed
to a size-induced metal-insulator transition for the Au NPs.

TEM analyses confirmed that additions of 0.5 wt% of Au and Pd
did not change the size of CeO,, TiO,, and Mn;03 NPs. The compar-
ison of the additions of Au to the three different supports showed
that the Au dispersion is different, with the formation of Au clusters
in between the CeO, NPS, formation of Au NPs for the TiO, sup-
port, and homogeneous distribution of Au clusters for the Mn,03
support. Also the additions of Pd to CeO,, TiO,, and Mn;03 sup-
ports showed some differences, with no noticeable formation of Pd
NPs or clusters for either CeO, or TiO, supports, and a very fine
distribution of Pd clusters for the Mn, O3 support.
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