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The effects of Ce as a promoter on the activity and stability of Pt/Al;03 and Pt/CeO,-Al,03 catalysts
for autothermal reforming and partial oxidation of methane (POM) were investigated. The Pt/CeO,-
Al,03 catalyst exhibited higher activity and stability than the Pt/Al;O3 catalyst. Analysis by in situ X-ray
absorption spectroscopy under POM conditions reveals that Pt is reduced by heating the catalysts to
about 730 K. The overall first-shell coordination numbers suggest changes in Pt cluster morphology with
increasing temperature. Transmission electron microscopy showed strong Pt agglomeration with time on
stream for the Pt/Al,03 catalyst. The higher stability of the Pt/CeO,-Al,03 catalyst was attributed to a
combination of different properties: (i) hindrance of carbon deposition on the Pt surface for a reactor fed
with low H;O/CHy4 ratio; (ii) interaction of Pt-O-Ce species in the presence of oxygen, inhibiting vapor
and diffusion transport of PtO, and mainly, (iii) thermal stability of the support, which prevents the loss
of surface area, and consequently the sintering of the Pt.

Partial oxidation of methane
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1. Introduction

Recently, the need to reduce dependence on petroleum feed-
stocks and the continuous increase of known natural gas reserves
have generated great interest in the conversion of natural gas to fu-
els and petrochemical products. Although in the near future there
is need to change towards bio- and renewable chemical sources,
the dependence on fossil fuel will continue for many years. The de-
velopment of new efficient catalytic processes to produce cleaner
fuels is a challenge to environmental requirements. The so-called
gas-to-liquids (GTL) technology, which deals with the conversion
of natural gas to fuels and petrochemical products, is a promising
solution for the exploitation of stranded gas reserves and promises
to produce sulfur-free synfuels. In this technology, the production
of the synthesis gas (CO and Hy) represents a step of major impor-
tance and represents half of the capital cost of the GTL plant [1].
Autothermal reforming (ATR) technology is the preferred option to
produce synthesis gas with H,/CO ratio equal to 2, which is suit-
able for subsequent use in the Fischer-Tropsch synthesis [2]. In
ATR technology, the H,/CO ratio can be modified by adjusting the
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composition of the reactant mixture, CH4:H,0:0,, and a low ratio
of steam/carbon is required to obtain a H/CO ratio around 2.

Recently, Jones et al. [3] showed that Ru and Rh are the most
active pure transition metals for methane steam reforming, while
supported Ni, Ir, Pt, and Pd catalysts are significantly less active
at similar dispersions. Other authors demonstrated that these re-
forming reactions occur on supported metal (Ni, Pt, Ir and Ru)
catalysts, that the activity of polycrystalline catalysts increases with
the metal dispersion and that supported Pt catalysts show the
highest activity [4,5]. The reaction rates are limited exclusively by
C-H bond activation on metal cluster surfaces and the co-reactant
activation is not kinetically relevant [4]. This indicates that the
chemical state and morphology of the Pt surface are important to
determine the activity.

The thermodynamics of methane reforming reactions demand
elevated temperatures (~1073 K or above) to obtain high methane
conversion and, under these conditions, metal agglomeration is fa-
vored, leading to a decrease in activity with time on stream. At
high temperatures, the decomposition of methane occurs through
successive steps of dissociation of CHg4, producing C* species
(CH4 — C* 4+ 2H3) and the disproportionation of CO at low tem-
perature (2CO — C* + CO3) [3-6]. Under low steam/carbon ratio
conditions, required in ATR processes to obtain a Hy/CO ratio
around 2, the reaction rates can be un-equilibrated and decrease
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carbon removal (C* + 0* <> CO* + *) can result in carbon accumu-
lation on the metal surface.

Becker et al. [7] reported that an oxygen-rich surface of
alumina-supported Pt catalysts seems to hinder the dissociative
adsorption of methane, leading to a low methane oxidation activ-
ity. Recently, Nagai et al. [8] reported that Pt did not sinter after
aging treatment at 1073 K in air on a Pt/ceria-based oxide cata-
lyst, while sintering occurs on a Pt/Al;O3 catalyst. Based on X-ray
absorption spectroscopy experiments, they concluded that Pt sin-
tering could be inhibited by the Pt-oxide-support interaction.

The activity and stability of catalysts for methane reforming
are also strongly influenced by the support and metal dispersion
[9-11], and Pt/ceria-based oxide catalysts exhibit the highest ac-
tivity and stability [9,12,13]. Thus, many parameters such as Pt
dispersion, composition of support, composition of reactant and
temperature of reaction can affect the stability and activity of cat-
alysts in reactions of methane reforming.

We have previously reported the effects of CeO; loading on the
properties and catalytic behavior of CeO,-Al,03-supported Pt cata-
lysts on dry reforming and partial oxidation of methane [9,13] and
those catalysts with 12 wt% of CeO, showed the highest catalytic
activity and stability.

To elucidate the influence of Ce on the stability and activity of
Pt supported catalysts for methane reforming, we present results
obtained by in situ temperature-resolved X-ray absorption near-
edge structure (XANES) spectroscopy of CeO,-Al,03-supported Pt
catalysts under POM conditions, extended X-ray absorption fine-
structure (EXAFS) of reduced catalysts and transmission electron
microscopy (TEM) of fresh and used catalysts. The higher TOFcy,
observed for Pt/CeO,-Al;03 than Pt/Al,O3 catalyst is attributed to
higher capacity to transfer O* from support to Pt sites, which leads
to oxidation of carbon and a higher accessibility of the active sites
to CH4 and consequently to higher TOFcy,. The interaction of Pt
with the support and morphology of Pt was understood and the
higher stability of the Pt/Ce0,-Al;03 catalyst could be attributed
to the interaction of Pt and Ce in presence of oxygen and, mainly,
to the thermal stability of the support, which prevents the sinter-
ing of the Pt clusters.

2. Experimental
2.1. Catalyst preparation

12Ce0,-Al,03 supports containing 12 wt% of CeO, were pre-
pared by incipient wetness impregnation of y-Al,03 (Engelhard,
Sger = 205 m? g~ 1), previously calcined at 773 K, with an aqueous
solution of (NH4)2[Ce(NO3)g] (99.99% Aldrich) [9]. After impregna-
tion, the supports were calcined at 773 K for 8 h.

Pt/Al;03 and Pt/12Ce0,-Al,03 catalysts were prepared by im-
pregnation of the respective support with a solution of HyPtClg-
6H,0 (Degussa) in ethanol. The mixture was stirred for 2 h at
room temperature and the solvent was removed using a Rotava-
por at 343 K. The samples were dried at 343 K overnight. For all
samples, the amount of Pt was about 1 wt% and they were re-
ferred as Pt/A, in the case of Pt/Al;03, and Pt/CA, in the case of Pt/
12Ce0,-Al,03.

Pt/A and Pt/CA samples after impregnation (precursors) were
treated at different temperatures and atmosphere conditions:
(i) precursors treated in air for 8 h at low temperature (773 K)
were named Pt/A-O2-L and Pt/CA-02-L; (ii) precursors treated in
air at high temperature (1073 K) for 24 h were named Pt/A-O2-H
and Pt/CA-02-H; (iii) Pt/A-02-L and Pt/CA-O2-L samples reduced
in Hy at low temperature (773 K) for 1 h were named Pt/A-H2-L
and Pt/CA-H2-L; (iv) Pt/A-O2-L and Pt/CA-O2-L samples reduced in
H, at high temperature (1073 K) for 24 h were named Pt/A-H2-H
and Pt/CA-H2-H.

2.2. Characterization

Chemical analyses of the samples obtained by inductively cou-
pled plasma-atomic emission spectroscopy were carried out using
an AtomScan 25 spectrometer (Thermo Jarrel Ash).

X-ray diffraction (XRD) patterns were collected with a Rigaku
DMAX 2500 PC diffractometer using CuK, radiation with a Ni fil-
ter, 26 from 5 to 80° with step-size of 0.02° and counting time of
2 s. The apparent crystallite sizes of the Pt and CeO, were deter-
mined using Scherrer’s equation.

Temperature-programmed reduction (TPR) profiles were record-
ed on a Micromeritics Pulse Chemisorb 2705. Prior reduction,
0.150 g of sample was pre-treated at 423 K in a N, stream for 1 h
and cooling to room temperature. TPR was carried out by heating
the sample at 10 Kmin~! from room temperature to 1273 K, under
a flow mixture containing 5% Hy/Ar (30 mLmin~!). H, consump-
tion was measured using a thermal conductivity detector.

Pt/A-02-L and Pt/CA-O2-L were also submitted to different
reduction-oxidation cycles: (i) Cycle 1—after undergoing TPR, Pt/A-
02-L and Pt/CA-O2-L samples were heated under synthetic air flow
(20 mLmin~1) at 5 Kmin~! to 1073 K, holding for 1 h; after cool-
ing, another TPR was performed. (ii) Cycle 2—after cycle 1 and TPR,
the samples were heated under synthetic air flow (20 mLmin~1)
at 5 Kmin~! to 1073 K, holding for 8 h; after cooling, another TPR
was performed.

Pt/A-H2-L and Pt/CA-H2-L samples were used in ATR reaction
for 24 h. These fresh and used samples were investigated by TEM
using a JEM 3010 microscope, operating at 300 kV (1.7 A point res-
olution) at the LME-Brazilian Synchrotron Light Laboratory (LNLS),
in Campinas-SP, Brazil. The samples were suspended in isopropanol
and dropped on an amorphous carbon coated copper grid for the
TEM analysis.

XANES spectra at the Pt L3-edge (11,564 eV) were measured
at the DOG6A-DXAS beamline of the LNLS. The DOG6A-DXAS is
a dispersive beamline equipped with a focusing curved Si(111)
monochromator, operating in Bragg mode, that selects the X-ray
energy bandwidth (11,400-12,000 eV), and with a 1152 x 1242
(500 x 900) pixel CCD solid-state detector that converts X-rays
into visible light for spectral analysis. The samples were prepared
as self-supporting pellets and placed into a tubular quartz fur-
nace (diameter = 20 mm and X-ray path length = 440 mm) that
was sealed with kapton refrigerated windows for the transmission
measurements. XANES spectra at the Pt L3-edge were collected
in situ at different temperatures and atmospheres. Temperature-
resolved XANES-H, spectra were acquired during TPR of Pt/A-02-L
and Pt/CA-O2-L samples under Hy:He flow (5:95) up to 773 K (to-
tal flow: 100 mLmin~!, corresponding to a space velocity around
70,000 h~!, rate: 10 Kmin~!, holding time: 1 h), and during
the cooling down of the reduced sample to room temperature.
Temperature-resolved XANES-POM spectra were acquired during
heating of the reduced Pt/A-H2-L and Pt/CA-H2-L samples up to
973 K under a POM reaction mixture containing CH4:0, at the ra-
tio of 2:1 diluted in He (total flow: 100 mLmin~!, rate: 5 Kmin!,
holding time: 30 min at 573, 673, 773 and 973 K).

EXAFS measurements at the Pt L3-edge were carried out at the
D04B-XAFS1 beamline of the LNLS. This beamline is equipped with
a (111) silicon channel-cut and the measurements were performed
in transmission mode, with the same furnace used in the XANES
measurements. Athena/Artemis software packages [14] were used
to extract the EXAFS signal from the measured absorption spectra
using standard proceedings [15]. The EXAFS oscillations were fitted
in R-space using k2-weighted Fourier filtering, taking into account
the anharmonicity of the pair-potentials by utilizing the third cu-
mulate in the analysis. EXAFS data for the Pt catalysts were fitted
considering Pt-Pt and Pt-O contributions, R = 1.0-3.2 A, Kaiser-
Bessel window, and backscattering amplitudes calculated with the
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FEFF6 code. The theoretical references were calibrated with the ex-
perimental EXAFS data for Pt-foil.

2.3. Catalytic test

2.3.1. Activity measurements

CH4 turnover rates (TOFcy, ) in steam reforming were measured
in a fixed bed quartz reactor (i.d. 8 mm) as previously described
by Araujo et al. [11]. The reactions were carried out under atmo-
spheric pressure using catalyst powders (100 mg; 80-100 mesh
particles) diluted with quartz beads (300 mg) with similar gran-
ulometry. The samples were reduced at 773 K, for 1 h under H
flow of 30 mLmin~'. Feed composition was 1:3:0.5 CH4/H,0/N; at
a total flow-rate of 2-4 x 10~3 mols~'. TOFcy, at 773 K was cal-
culated from the specific reaction rate and using the Pt dispersion
determined from cyclohexane dehydrogenation rate, as previously
described by Santos et al. [9].

The stability of Pt/A and Pt/CA catalysts were evaluated for ra-
tios of reactants H,0:0,:CH4 corresponding to ATR and POM re-
actions. The experiments were performed in a fixed-bed quartz
reactor with inner diameter of 8 mm and a thermocouple with
a diameter of 1.8 mm mounted inside the reactor at atmospheric
pressure. In order to avoid hot spot formation, catalyst samples
(40 mg) were diluted with inert SiC (72 mg). The Pt/A-O2-L and
Pt/CA-02-L samples were reduced in situ at 773 K for 1 h, un-
der Hy flow of 30 mLmin~! and then heated up to 1073 K un-
der Nj. The catalyst stability was tested for 24 h on stream at
1073 K in CH4 reforming reactions with various reactant molar ra-
tios (H»0:0,:CHy), such as CH4/O, =2 and H,O/CH4 = 0.0, 0.2 and
0.64. The total flow rate of CH4 and O, was 100 mLmin~!.

The reactants and products were analyzed using a gas chro-
matograph (Varian 3800) equipped with a thermal conductivity
detector and a CP-carboplot column (Chrompack), as previously de-
scribed in [9].

3. Results
3.1. Catalyst preparation and characterization

Pt/A and Pt/CA catalysts had Pt loadings of 1.00 £ 0.05 wt%.
Textural properties of Pt/A-H2-L and Pt/CA-H2-L catalysts were
previously reported by Santos et al. [9], with surface areas (Sggr)
of 76 and 72 m?g~!, respectively. Pt dispersions, calculated from
the data of cyclohexane dehydrogenation rate at 543 K, were 66%
for Pt/A-H2-L and 54% for Pt/CA-H2-L.

XRD patterns of the Pt/A-H2-L and Pt/CA-H2-L catalysts are
shown in Fig. 1, curves (a) and (c), respectively. These samples
did not show clearly the diffraction lines characteristic of metal-
lic Pt (260 =39.9 and 47.0°). Pt/A-H2-H and Pt/CA-H2-H samples
(data not shown), presented XRD patterns similar to those of the
respective samples reduced at low temperature (Pt/A-H2-L and
Pt/CA-H2-L). These results suggest that Pt is well dispersed and
there is no agglomeration of Pt particles after reduction at high
temperature (1073 K).

On the other hand, Pt/A-02-H and Pt/CA-O2-H catalysts, clearly
showed the diffraction lines of metallic Pt (Fig. 1, curves b and d).
The apparent crystalline particle size of Pt, obtained by the Scher-
rer’s equation, was about 30 nm for both samples (Table 1). These
results reveal an increase of the Pt particle sizes when treated in
air.

The diffraction lines of CeO, fluorite structure at 26 = 28.5,
33.3, 47.5 and 56.4° (curve e) were clearly observed for the Pt/CA-
02-L and Pt/CA-02-H samples, and the CeO, particle sizes were 16
and 28 nm, respectively (Table 1). These results showed the crys-
tallization of CeO, when treated in air and particle growth with
the increase of the temperature.

(b)

Intensity (a.u.)

20 (°)

Fig. 1. XRD patterns of the catalysts: (a) Pt/A-H2-L; (b) Pt/A-02-H; (c) Pt/CA-H2-L;
(d) Pt/CA-O2-H; (e) CeO; reference. The dashed line indicates the 111 peak position
of Pt? (20 =39.9°).

Table 1
Pt and CeO, particle size (Dxgrp) and H total uptake and relative consumption (re-
duction of Pt oxides species) of the fresh catalysts and after redox cycles.

Catalysts Pt Dxgp  CeO2 Dxrp Hy (umolgc’a]t) Hy (pmol g;tl)
(nm) (nm) x1073 %103

Pt/A-02-L - - 1.2 1.0

Pt/A-02-H 31 - - -

Pt/A-02-L (cycle 1) 21 - - -

Pt/A-02-L (cycle 2) 21 - - -

Pt/CA-02-L - 16 3.9 2.1
Pt/CA-02-H 30 28 - -

Pt/CA-02-L (cycle 1) 17 19 3.9 0.8
Pt/CA-02-L (cycle 2) 18 18 2.7 0.7

Fig. 2 shows TPR profiles for the Pt/A-02-L and Pt/CA-O2-L sam-
ples and after redox cycles 1 and 2. The Pt/A-O2-L sample (Fig. 2A,
a) shows the main peak at 576 K and minor peaks at 500 and
685 K whereas the Pt/CA-02-L shows the main peak at lower
temperature (480 K). It has been shown that PtClé_ species on
Al, 03 surface are reduced at 390 K whereas oxychlorinated species
(PtOxCly) are reduced at higher temperature, which depends on
the thermal treatment of the sample [16]. As a consequence, these
results suggest the presence of oxychlorinated species in both cat-
alysts. Hy consumption is shown in Table 1. In the case of Pt/CA-
02-L, the value is higher than the one expected for the Pt*t con-
tents, indicating that the superficial ceria is also reduced [13]. The
H, uptake around 950-1050 K in the Pt/CA-O2-L was ascribed to
the reduction of the CeAlOs3 precursor and bulk ceria crystallites
[17,18].

The reduction profiles of Pt/A-O2-L, before and after cycle 1
(Fig. 2A, a and b), show a drastic reduction of Hy consumption.
After the second redox treatment (cycle 2, Fig. 2A, c), Hy con-
sumption could no longer be detected. XRD patterns of these two
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Fig. 2. TPR profiles of Pt/A-O2-L (A, a) and Pt/CA-O2-L (B, a); after redox cycle 1:
Pt/A-O2-L (A, b), Pt/CA-02-L (B, b); and after redox cycle 2: Pt/A-O2-L (A, c¢) and
Pt/CA-02-L (B, c).

samples (not shown) presented intense diffraction lines of metallic
Pt (20 =39.9°), with particle sizes around 21 nm (Table 1). These
results confirm Pt growth that could be related to surface diffusion
and vapor phase transport of PtOy, during the heating under air at
high temperature.

In the case of the Pt/CA-O2-L (Fig. 2B, a and b), after cycle 1
the consumption of Hy at low temperature decreases and the main
peak shifts from 480 to 580 K. At high temperature, there is an
increase of the relative intensity of the peak at 1050 K. The TPR
analysis after cycle 2 (Fig. 2B, c¢) shows similar profile, but with
low H; consumption (Table 1). The changes in the peak shape at
high temperature indicate the dispersion and agglomeration of ce-
ria due to the redox treatment [19]. XRD patterns (not shown)
confirmed the presence of metallic Pt after both cycles, with par-
ticle sizes of 17 nm (cycle 1) and 18 nm (cycle 2), Table 1. From
these results, it is reasonable to propose that in the Pt/CA-O2-L
sample, Pt and superficial ceria are reduced at similar temperature
around 480 K and after cycle 1 or 2, Pt agglomerates in the Pt°
state, and the species reduced at low temperature (580 K) corre-
spond mainly to the reduction of the superficial ceria.

Fig. 3 shows the evolution of temperature-resolved XANES-H,
spectra of Pt/A-O2-L and Pt/CA-O2-L samples. For both samples,
the spectra show initially an intense white line (WL), reflecting the
high vacancy in the 5d orbital of Pt atoms [20], which is character-
istic of oxidized Pt. For Pt/A-O2-L the WL decreases slightly in the
temperature range of 406 to 450 K, indicating that a small fraction
of Pt oxide is reduced, while the main reduction of Pt oxide occurs
at temperatures higher than 580 K (Fig. 3A). On the other hand,
Pt/CA-02-L (Fig. 3B) presents a sudden reduction of the WL in the
temperature range of 470-490 K, which is lower than the one for
the Pt/A-O2-L sample. The reduction temperatures observed in the
XANES-H; spectra are in good agreement with the ex situ TPR ex-
periments (Fig. 2).

Fig. 4 presents the EXAFS oscillations acquired under Hj:He
(5:95) at 773 K for the Pt/A-H2-L and Pt/CA-H2-L catalysts as well
as the corresponding magnitude of the Fourier transform with the
best fit for the first average coordination shell. Table 2 shows the
fit results and the parameters for Pt foil and PtO, for comparison.
Fig. 5 presents similar set of data for these samples after cooling
under Hy:He (5:95) flow at 298 K.

The data analysis of Pt/A-H2-L and Pt/CA-H2-L catalysts ac-
quired at 298 K gave average first-shell coordination numbers
(CNp¢—pt) lower than the bulk value (8.3 and 7.2, respectively) and
larger Debye-Waller factors, in agreement with the formation of
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Fig. 3. Temperature-resolved XANES-H, for the Pt/A-O2-L (A) and Pt/CA-O2-L (B)
samples, acquired during TPR at 10 Kmin~" up to 773 K under Hj:He flow (5:95).

nanoparticles smaller than 2 nm [21,22]. Interestingly, the EXAFS
data at high temperature (773 K) show that CNp;_p; decrease com-
pared to the data took at 298 K, for both catalysts indicating a
change in the morphology of the nanoparticles. The Pt dispersion,
estimated from the empirical correlation between the Pt disper-
sion and the average first-shell CNpi_p; [23], is shown in Table 2.
The results suggest a significant increase of Pt dispersion with the
temperature increase. Pt dispersion for Pt/A-H2-L calculated from
CNpe_pt at 773 K is slightly higher than the one calculated from the
data of cyclohexane dehydrogenation rate at 543 K. On the other
hand, for Ce-containing catalyst (Pt/CA-H2-L) the Pt dispersion es-
timated from CNpep; at 773 K gives a larger value. This apparent
disagreement in the case of Pt/CA-H2-L between Pt dispersion es-
timated from CNpi_p; and the experimental data from cyclohexane
dehydrogenation could be due to the partial coverage of Pt sites by
CeOy species, suppressing the accessibility of Pt sites to cyclohex-
ane dehydrogenation.

The Pt-Pt bond length show a strong contraction compared to
the bulk (see Table 2), which is in agreement with the presence of
nanoparticles [24]. It is important to remark, as shown in the lit-
erature [25-28], that the adsorption of hydrogen on Pt results in a
relaxation of the Pt-Pt bond-length. However, no significant differ-
ence was found when comparing measurements at 298 and 773 K
(a higher adsorption of hydrogen could be expected at 298 K).
These results are attributed to the error in the Pt-Pt bond-length
determination (about +0.02 A) in our experiments, which does not
allow the observation of this effect.

A slight Pt-O scattering contribution was observed only for
Pt/CA-02-L at 773 K. The lack of a significant Pt-O scattering con-
tribution indicates that Pt-O bonds are highly disordered for both
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Table 2

Structural parameters obtained from EXAFS of Pt/A-H2-L and Pt/CA-H2-L catalysts under Hy at 773 and 298 K.

Samples Temp. of Scattering CN? rd Ao?? R % Pt
samples (K) (A) (A%) factor dispersion

Pt Pt-Pt 12 2.772 £0.003 0.0051 £+ 0.0003 -

PtO,P Pt-0 6 1.987 -

Pt/A-H2-L 773 Pt-Pt 54+1.6 2.72+0.03 0.012 £ 0.001 0.012 76¢ (66)d

Pt/A-H2-L 298 Pt-Pt 83+1.2 2.71£0.02 0.012 £ 0.001 0.009 31¢

Pt/CA-H2-L 773 Pt-Pt 51+0.8 2.71£0.01 0.012 £ 0.001 0.003 82¢ (54)d

Pt-0 03+£0.1 2.03 +0.02 0.005
Pt/CA-H2-L 298 Pt-Pt 7.2+1.1 2.74 £ 0.02 0.009 £+ 0.001 0.011 44°¢

3 CN-—average first shell coordination number; r—interatomic distance; Ao 2—Debye-Waller factor.

b Theoretical values, simulated with FEFF6.

¢ Calculated from empirical correlation from CNp¢_p; at 773 K [23].
d Calculated from the data of cyclohexane dehydrogenation rate at 543 K [9].

catalysts, consistent with Pt nanoparticles anchorage in oxygen va-
cancy sites. This is in agreement with the results previously de-
scribed by Kang et al. [29] for Pt/Al,03 catalysts.

3.2. Catalytic test

TOFcy, analysis for steam reforming of CHy at 773 K, calculated
from the data of cyclohexane dehydrogenation rate at 543 K, show
that the TOFcy, value for Pt/CA-H2-L is about two times higher
than the one found for Pt/A-H2-L (5.2 and 2.4 s~!, respectively).

On the other hand, Arrhenius plots for steam reforming of CHy
show similar apparent activation energies (E2*") of 71+3 kjmol ™.
These values of E3PP for Pt/A-H2-L and Pt/CA-H2-L are in agree-
ment with values previously reported [4] for Pt-supported cata-
lysts. In agreement with the results reported earlier by Otsuka at
al. [30], the activity of support is not relevant relative the activity
of the Pt-containing catalysts.

In situ temperature-resolved XANES-POM spectra of Pt/A-H2-L
and Pt/CA-H2-L samples are shown in Fig. 6. The samples were re-
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Fig. 5. EXAFS oscillations for Pt/A-H2-L (A) and Pt/CA-H2-L (B) acquired at room temperature under Hy:He (5:95) flow, the Re[ x (q)] function data (C and D, respectively) and
the magnitude of the Fourier transforms (E and F, respectively). The dotted lines in (E) and (F) correspond to the best fit of the first average coordination shell.

duced in situ and cooled down to room temperature; the Hy flow
was then replaced by a mixture for POM reaction (CH4:0, = 2:1
molar). Under POM atmosphere, even at 298 K, the WL increased,
indicating partial oxidation of Pt. By heating the samples under
the POM mixture (Fig. 6), the WL slightly decreases at tempera-
tures around 623 K (Pt/A-H2-L) and 673 K (Pt/CA-H2-L) and an
abrupt change takes place around 735 and 725 K, respectively.
It is interesting to point out that: (i) the thermal reduction of
PtO, is expected within the region of 820-920 K; (ii) in a previ-
ous work [12], from the temperature-programmed surface reaction
profile obtained for the Pt/Cey75Zrg 250, catalyst, we demonstrated
that the activation of methane occurs around 643 K and the con-
sumption of CH4 and O, was observed along with the formation of
H,0 and CO,; and (iii) above 723 K, large CH4 consumption was
detected with formation of H, and CO. From these results, it is rea-
sonable to propose that the abrupt decrease in the WL at 725 K is
likely due to the decomposition of CH4 and reduction of the PtO,
species, which occurs at similar temperatures for both Pt/A-H2-L
and Pt/CA-H2-L samples.

The stability test for Pt/A-H2-L and Pt/CA-H2-L as a function
of time on stream, under reaction mixtures containing various
compositions (Hy0:02:CHg), are shown in Fig. 7 (Pt/A-H2-L: A,
d and e; Pt/CA-H2-L: A, a-c). It is clear that CeO;-containing cat-
alyst show higher stability (Fig. 7A, a—c), while Pt/A-H2-L catalyst

showed strong deactivation under POM conditions (CH4 conversion
decreased from 64 to 27%).

The increase of the H;O/CH4 molar ratio in the feed leads to
the increase of CH4 conversion and increase of H,/CO molar ra-
tio, shown in Fig. 7B for Pt/CA-H2-L. Similar effect was verified
for Pd/CeO,-Al;03 catalysts [31]. This fact has been attributed to
the occurrence of steam reforming of CH4 (SRM). Therefore, the
increase in the activity can be attributed to the ability of H,O to
gasify carbon active on metal surface [6]. On the other hand, an
improvement of the heat transfer coefficient due to the increase of
the H,O contents in the feed should also be considered.

Fig. 8 shows TEM images of Pt/A-O2-L (Fig. 8A) and Pt/CA-
02-L (Fig. 8D), Pt/A-H2-L (Fig. 8B) and Pt/CA-H2-L (Fig. 8E), and
Pt/A-H2-L (Fig. 8C) and Pt/CA-H2-L (Fig. 8F) after ATR reaction
(H20:0,:CH4 of 0.65:2:1 at 1073 K during 24 h on stream). The
presence of the support, particularly for the Pt/CA samples, makes
it difficult to obtain a good estimate of the Pt size distribution.
But it is clear from the TEM images that the particles are very
small, in agreement with the cyclohexane dehydrogenation results
and EXAFS analysis. Only after ATR reaction, in the case of the Pt/
A-H2-L sample, an extensive growth of the Pt nanoparticles can
be easily identified. In addition, the alumina support also modi-
fies significantly after reaction (Fig. 8C), while the ceria-alumina
support does not (Fig. 8F).
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Fig. 6. Temperature-resolved XANES-POM for the Pt/A-H2-L (A) and Pt/CA-H2-L (B)
catalysts. After in situ reduction, the H, was replaced by the POM mixture
(CH4:02 = 2:1 v:v) at 298 K. The spectra were acquired during heating at 10 K
min~" up to 973 K, under 100 mLmin~! of POM mixture.

High resolution TEM images of the reduced catalysts before
and after ATR reaction (reduced and spent catalysts) are shown
in Fig. 9. It can be seen from the lattice fringes that both cat-
alysts show well crystallized metallic Pt particles after reduction
(Fig. 9A and B). After ATR reaction, however, the nanoparticles in
the spent Pt/A-H2-L catalyst grow and become facetted (Fig. 9B).
On the other hand, the Pt nanoparticles do not show significant
modification in the case of the Pt/CA-H2-L catalyst.

4. Discussion

The analysis of the Pt/A and Pt/CA catalysts showed some in-
teresting results that contribute to understand the differences in
catalytic performance in ATR and POM reactions. The quantitative
analysis of the EXAFS oscillations showed reduction of the CNp¢_pt,
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Fig. 7. CH4 conversion with time on stream for Pt/A-H2-L (A, d and e) and Pt/CA-
H2-L (A, a-c) catalysts under various feed compositions (H,0:0,:CHy) at 1073 K and
corresponding H,/CO molar ratio for the Pt/CA-H2-L catalyst (B). Feed composition
(H20:05:CHy): (a, d) 0.65:0.5:1.0, (b) 0.2:0.5:1.0, and (c, e) 0.0:0.5:1.0.

Fig. 8. TEM images: Pt/A-O2-L (A), Pt/A-H2-L (B) and Pt/A-H2-L after ATR reaction (C); Pt/CA-O2-L (D), Pt/CA-H2-L (E) and Pt/CA-H2-L after ATR reaction (F). ATR conditions:

H20:0;:CH4 = 0.65:0.5:1, 1073 K for 24 h.
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Fig. 9. HRTEM images of the Pt/A-H2-L (A) after ATR reaction (B); Pt/CA-H2-L (C) and after ATR reaction (D). ATR conditions: H,0:0,:CH4 = 0.65:0.5:1, 1073 K for 24 h.

contraction of the interatomic distance, and increase of the Debye-
Waller factor, when compared to the bulk Pt values, in agreement
with the formation of very small nanoparticles (<2 nm) [22,24].
The dehybridization of the spd metal orbitals may result in an in-
crease of local electron density between atoms in small particles,
and a contraction of the interatomic Pt-Pt distance. This effect
leads to a larger disorder, which is reflected in a larger Debye-
Waller factor [27].

The Pt particle sizes were similar in both Pt/A-H2-L and Pt/CA-
H2-L catalysts. By comparing the analysis at 298 and 773 K, there
is a significant reduction of the CNp¢_p;, suggesting a change in par-
ticle morphology (flattening), which was similar for both catalysts.
The flattening of the Pt particles onto the support correspond to a
new surface energy balance, which could be caused either by des-
orption of the H* or by the increase of the temperature, and would
supposedly be compensated by the increase of the interaction be-
tween the Pt and the oxygen from the support. It is well known
that for Pt on different supports, the desorption of hydrogen leads
to a decrease of CNpept [24,27]. This change is smaller than the
one observed for Pt/A-H and Pt/CA-H catalysts when the temper-
ature increases from 298 to 773 K. Considering that the EXAFS
spectra were performed under Hy flow at 298 and 773 K and the
adsorption of Hy is in equilibrium, then it is reasonable to expect
that the changes observed in CNpi_p; are mainly due the thermal
effects.

These results stress the differences that maybe be found by
various techniques. For example, the properties of Pt particles mea-
sured by adsorption techniques at low temperatures are different
from the ones obtained under reforming reaction conditions. The
comparison with cyclohexane hydrogenation results in this work
also confirms that part of the Pt sites is covered by CeOy species.
Based on that, we believe that a more realistic number of Pt atoms
on the surface is better obtained from Pt dispersion estimated by
cyclohexane dehydrogenation at 543 K. This temperature is closer
to the one used in the steam reforming in this study (773 K) and

may better reflect the differences when using mixed-oxide sup-
ports.

Considering the catalytic results, the Pt/CA-H2-L catalysts ex-
hibit higher TOFcy, for steam reforming of CHs4. We should point
out that: (i) TOFcy, for steam reforming of methane increases sig-
nificantly with increasing Pt dispersion [4], and an increase of local
electron density is expected with increasing metal dispersion [32];
(ii) the similar Pt dispersions estimated from CNp._p; and inter-
atomic Pt-Pt distance for Pt/A-H2-L and Pt/CA-H2-L catalysts indi-
cate similar local electron density of Pt in both catalysts; (iii) the
similar values of ESPP of 73 + 3 kjmol~! obtained for steam re-
forming of methane are also in agreement with these results. Then,
similar TOFcy, in steam reforming would be expected for both
the Pt/A-H2-L and Pt/CA-H2-L catalysts. However, this was not the
case.

In order to understand these activity results, we should con-
sider the FTIR of adsorbed CO data on Pt/CA-H2-L and Pt/A-H2-L
catalysts, reported in an earlier paper [32], which suggest a partial
coverage of Pt particles by CeOy species in the Pt/CA-H2-L catalyst.
This was also confirmed by the comparison of EXAFS and cyclo-
hexane dehydrogenation results. Another aspect to consider is the
mechanism for steam reforming of methane [3,4,6], where CHy de-
composes to form chemisorbed carbon (C*). The active C* on the
metal surface can be removed by reaction with surface oxygen (0*)
to produce CO. As demonstrated previously by Wei and Iglesia [6],
the amount of C* on the surface depends on the amount of O*
available for the reaction C* 4+ 0* <> CO. Similar to what was previ-
ously proposed for Pd/Ce0,-Al,03 catalysts in steam reforming of
methane [10,30], the aduct Pt[CeOy] species onto Pt surface may be
oxidized by H0 or CO, and transfer O* to oxidize the C* deposited
on Pt surface, restoring Pt[CeOx] species. Consequently, the lower
capacity to transfer O* in the Pt/A-H2-L catalyst results in higher
blocking of Pt sites by carbon, which leads to a lower accessibility
of the active sites to CH4 and consequently to lower TOFcy, than
that in the Pt/CA-H2-L catalyst. The higher susceptibly to carbon
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deposition on Pt/A catalysts used in POM was previously verified
by TEM analysis [11].

Another important result showed by TPR, XRD and TEM is the
stability of the Pt nanoparticles, submitted to different reduction-
oxidation cycles. The results clearly show that treatment in pres-
ence of O, at 1073 K leads to Pt agglomeration. On the other hand,
Pt particles under H, are quite stable at same temperature. These
results are consistent with the high energy required to break Pt-Pt
bonds to transfer Pt to the vapor phase and allow the growth of Pt
particles. The high stability of Pt particles in Pt/A-H2-H and Pt/CA-
H2-H also suggest high stability of the support under H,, which
suppress cluster growth by coalescence or migration along the sur-
face. Different from Pt, PtO; has low sublimation energy and can
be an intermediate species either for surface diffusion or vapor
phase transport [34], resulting in the growth of Pt clusters in oxi-
dizing atmosphere.

The standard free energy of formation of PtO, [05(g)+ Pto(s) <>
PtO,(s)] depends on the Pt-cluster curvature [35], and the free en-
ergy decreases with decreasing Pt-cluster sizes. Then, PtO, forma-
tion will be favored at low temperatures in small Pt-nanoparticles,
but not in large ones. Temperature-resolved XANES-POM spectra
for Pt/A-H2-L and Pt/CA-H2-L show a strong oxidation of Pt at low
temperature when the catalysts are exposed to the POM mixture at
298 K. This is in agreement with the presence of small Pt nanopar-
ticles. The temperature-resolved XANES-POM spectra pointed out
that the Pt oxidized at low temperature is re-reduced by increasing
the temperature above ~700 K. The fact that Pt oxide species are
reduced at low temperatures, for both Pt/A-H2-L and Pt/CA-H2-L,
under a mixture of CH4:0, = 2:1, suggests a very small concentra-
tion of remaining Pt oxide species in conditions of POM or ATR at
high temperature (1073 K). This is an important result since the
growth of the Pt clusters by PtO, surface diffusion or vapor phase
transport is then suppressed [34].

It is interesting to consider that: (i) the reduction tempera-
tures under POM condition are lower than the ones expect for a
thermal reduction, and at a low temperature, around 730 K, the
Pt growth by surface diffusion and vapor phase transport of PtOy
species would be not important; (ii) both Pt/A-H2-H and Pt/CA-
H2-H catalysts show high stability, and (iii) both catalysts exhibit
similar Pt particle size. From these results and considerations, it is
reasonable to expected similar stability for Pt/A-H2-L and Pt/CA-
H2-L in ATR or POM reactions at 1073 K. However, TEM images
reveal a strong growth of Pt particles for Pt/A-H2-L catalyst used
in ATR reaction for 24 h at 1073 K, resulting in strong deactivation.
In contrast, Pt particles in Pt/CA-H2-L catalysts were quite stable.

In fact, TEM images of ATR spent catalysts also show better
stability of the ceria-alumina support when compared to alumina
only. There is a clear change in the morphology of the Al,03 sup-
port (Fig. 8C), whereas the Ce-containing support was highly stable
(Fig. 8F). This effect can contribute significantly to the mobility
of Pt clusters, resulting in the strong coalescence of Pt in our Pt/
A-H2-L catalyst.

The high stability of Pt in Ce-containing supports, under oxidiz-
ing conditions at high temperature, have been assigned to Pt-O-Ce
bond, which act as an anchor and inhibit the sintering of Pt [8]. In
fact, EXAFS results showed a slightly higher Pt-O scattering contri-
bution for the Pt/CA-H2-L catalyst under H, at 773 K and the FTIR
of adsorbed CO showed suppression of the CO linearly adsorbed on
Pt/CA catalysts [33]. The evidence of the Pt-CeOy interaction should
be considered to explain the higher activity and stability of Pt un-
der oxidizing condition. This Pt-CeOy species can act as an anchor
to avoid the sublimation of the PtO, and to transfer O* to Pt sites
with oxidation of carbon on its surface, resulting in higher activity
catalysts for reforming of methane and higher resistance to carbon
deposition on Pt/CA-H2-L catalyst in POM or ATR.

5. Conclusions

In this work, we report some interesting findings that should
contribute to the understanding of the differences in catalytic per-
formance of Pt supported on alumina and ceria-alumina (Pt/A
and Pt/CA) in autothermal reforming and the partial oxidation of
methane (ATR and POM). It is found that the presence of ceria
decreases the density of available Pt sites, but it leads to higher ac-
cessibility of the active sites to CH4 and higher TOF for the steam
reforming of CHa.

The main conclusions of the study are as follows:

(1) The interaction of reduced Pt and Ce oxide in the presence of
0, inhibits Pt sintering by surface diffusion. The high thermal
stability of the Ce-containing support and its ability to anchor
metallic Pt nanoparticles helps in the retention of surface area
and prevents the migration and coalescence of the metal crys-
tallites.

(2) Pt is reduced by CH4 in the presence of O, in the ATR or POM
reactions, decreasing the PtO, content. Pt is predominantly in
a reduced state, which suppresses sintering via the formation
of mobile and volatile PtO,.
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