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a Institute of Low Temperature and Structure Research, Polish Academy of Sciences, P.O. Box 1410, 50-950 Wrocław, Poland
b Institute of Inorganic Technology, Wrocław University of Technology, 50-353 Wrocław, Poland

Received 2 March 2004; revised 29 April 2004; accepted 1 May 2004

Available online 1 June 2004

Abstract

The oxidation of Re/γ -Al2O3 catalysts, containing 1 and 10 wt% of rhenium, sintered in hydrogen was examined in the temperatu
of 20–800◦C. The structures of the catalysts were investigated by XPS spectroscopy, TEM, and O2 uptake measurements. The low-load
catalyst comprises metallic particles with sizes of 1–4 nm (dav = 2.1 nm), while the high-loaded catalyst comprises particles with size
1–9 nm (dav = 4.9 nm). Even short exposure to air at room temperature causes complete oxidation of small clusters of metallic Re, while
larger particles are covered with very thin ReOx skin (undetected by TEM). XPS shows that the high-loaded catalyst still contains 94.5% of
metallic Re, while the low-loaded catalyst contains only 60.5%. The remaining part of the Re is oxidized to Re4+, Re6+, and Re7+ species.
Oxidation at 150◦C causes enhanced formation of Re4+–Re7+ species and the amount of metallic Re quickly decreases to 33 and 2
high- and low-loaded catalysts, respectively. This indicates a high affinity of the highly dispersed Re to oxygen. At this tempera
Re/Al atomic ratio increases 2–4 times, indicating a large spreading of the oxide species on the support surface. Simultaneously, t
size of Re particles decreased as determined by TEM. At 300◦C, whole Re was oxidized mainly to Re2O7, though some amount to Re4+
and Re6+ species remained. The O2 uptake measurements confirm oxidation of rhenium particles. For the high-loaded catalyst O2 uptake
attained a maximum level (O/Re= 3.3) already at 300◦C, while for the low-loaded catalyst even at 500◦C the uptake (O/Re= 2.98) is
below the maximum level. XPS data showed, however, that at 500◦C, oxidation of rhenium to Re2O7 occurs for both catalysts. The Re/Al
atomic ratio remains nearly constant after oxidation of both catalysts at 300–800◦C, indicating that Re7+ species are firmly bonded t
alumina surfaces even at 800◦C. A detailed mechanism of oxidation of Re particles with different sizes is proposed based on a quanti
analysis of the XPS, O2 uptake, TEM, and previous Raman results.
 2004 Elsevier Inc. All rights reserved.

Keywords:Re/γ -Al2O3 catalyst; Oxidation of Re; TEM; O2 sorption; XPS spectroscopy
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1. Introduction

The practical importance of Pt–Re/Al2O3-reforming cat-
alysts and recently also Re–Co/Al2O3 catalysts[1,2] has
created interest in catalytic chemistry on the Re-contain
catalysts. Generally, Re addition promotes diesel and g
line production[3]. Supported rhenium catalysts have be
tested for hydrocarbonconversion craking[4–6], hydrogena-
tion of benzene[6,7], n-heptane reforming[8], and recently
as promising catalysts for methane[9] and ethane[10] arom-
atization and also for ammonia synthesis[11]. Catalytic hy-
drocarbon reactions are always accompanied by the ca
deactivation, which results from the sintering of the catal
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the presence of poisons in the reagents, and the depo
of carbonaceous species. Thermal treatment in oxyge
in air is usually used to remove the effects of catalyst
activation, and it is also an important step in the activa
or regeneration procedures of rhenium-containing catal
Regeneration of the spent (reduced) Re2O7/Al2O3 catalyst
by oxidation at elevated temperatures brings about the r
persion of rhenium crystals and the formation of the w
dispersed oxide phase[12–14].

However, the interaction between supported rhenium
oxygen has not been well characterized and only few stu
have reported on the oxidation behavior of the supporte
particles[13–19]. On the contrary, for the Pt–Re/Al2O3 cat-
alyst, the effects of oxidation–reduction or oxychlorinatio
reduction cycles on the structure and activity are often s
ied [8,20–24]. It is well known that oxidation of the Pt

http://www.elsevier.com/locate/jcat
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Re/Al2O3 catalyst above 300◦C leads to segregation of P
and Re oxide[15,20,21]and as a consequence causes imp
tant changes in the catalytic behavior of the system. XAN
and TPR studies of a Pt–Re/Al2O3 catalyst subjected to oxy
chlorination also showed that redispersion of both ac
components into their single, monometallic oxides occur
[22,23]. IR study of CO adsorption for calcined, oxidize
and oxychlorinated Pt–Re/Al2O3 catalysts also confirme
that Re and Pt components were segregated after such
ment [24]. Botman et al.[25] showed that hydrogenolys
activity of the Re/γ -Al2O3 catalyst decreased significant
after calcination in air at 450◦C. In contrast, Rocheste
and co-workers[8] found for Re/Al2O3 that oxidation treat-
ments at 550◦C had little effect on activity and selectivit
for heptane–H2 reactions. Prestvik et al.[20] and earlier
Isaacs and Petersen[26] found that the reduction temper
ture of Re in Re/Al2O3 catalysts is influenced by the tem
perature of calcination/oxidation pretreatment. Ch ˛adzýnski
and Kubicka[18] established the increased resistance of
oxidized Re/γ -Al2O3 catalyst with low Re content to re
reduction by hydrogen.

On the other hand, Raty and Pakkanen[19] found re-
cently, using temperature-programmed oxidation met
(TPO), that at 20–500◦C no oxygen consumption occurre
on the 1% Re/γ -Al2O3 catalyst and explained this by
strong interaction betweenreduced rhenium particles an
the support. At higher rhenium loading the interaction we
ens and oxidation becomes possible. It was proposed[14]
that rhenium existing on the surface ofγ -alumina as a
well-dispersed phase may be oxidized at 500◦C only to
Re4+ species, whereas three-dimensional particles to R7+
species. Other data demonstrated that ReO3 is the product of
oxidation of Re in Re/γ -Al2O3 catalyst above 400◦C [16].
It was also reported that at or above 300◦C rhenium hep-
taoxide is the main product of oxidation of Re supported
alumina[15,21] as well as rhenium powder[27] and thin
Re films [28]. As can be seen, the interaction of oxyg
with Re/γ -Al2O3 catalyst is a complex process and depe
mainly on the temperature and the rhenium loading[13,14,
16,18,19].

Many physical techniques have been employed to s
the molecular structures of oxidized rhenium catalysts. Ra
man and IR spectroscopies[12,29–32]revealed that rhe
nium in the fully oxidized state onγ -alumina forms a two-
dimensional surface phase of monomoleculary dispe
ReO4 species. Also XANES analysis confirms that after c
cination Re is present in an oxidation state close to R7+
[22,23]. Wachs and co-workers suggested additionally
the dehydrated surface ReOx species may be polymer
zed[33,34].

X-ray photoelectron spectroscopy (XPS) provides a v
able technique for assigning oxidation states and stoich
etry of the oxides. There are a few XPS studies on v
ous Re oxides, including ReO2, ReO3, and Re2O7 [27,28].
These oxides could possibly form during oxidation of
Re/γ -Al2O3 catalyst. A large chemical shift of about 7 e
t-

occurs between the Re metal and the highest rhenium
ide, Re2O7; therefore, rhenium is particularly amenable
this method of analysis. Rhenium–oxygen interactions w
studied by XPS mainly in simple systems such as thin fi
[28,35], foils and ribbons[36], and single crystals[37]. For
supported rhenium catalysts, XPS was used to examin
oxidation states of rhenium after reduction[38–40]or more
often after oxidation at high temperature[41–46]. Shpiro et
al. [38] employed this method to determine differences
the reduction behavior of Re/SiO2 and Re/γ -Al2O3 cata-
lysts. Cimino et al.[43] applied XPS and other techniqu
to identify the interaction between rhenium species and
ica heated in air at 200–750◦C. Yuan et al.[45] used XPS
to determine the redox capability of Re oxides supported o
α-Fe2O3 in order to explain the high performance of this s
tem for the selective methanol oxidation. Similarly, Yide
al. [46] presented XPS evidence for the existence of dif
ent valence states of rhenium after propane methatesis ov
Re2O7/Al2O3 catalyst.

In this work, we report a detailed study of rhenium o
idation in the sintered Re/γ -Al2O3 catalysts over a wide
temperature range, 20–800◦C, by using XPS spectroscop
TEM, and volumetric O2 uptake measurements. To o
knowledge, no XPS results on the formation of the R
oxide phases occurring during the oxidation of suppo
rhenium are available in the literature. Especially, the ef
of particle size on the progressive oxidation of nanom
size rhenium particles has not been studied. The pre
XPS studies complete our previous characterization of th
Re/γ -Al2O3 catalysts by H2 chemisorption, electron mi
croscopy, XRD, and Raman spectroscopy methods[13,32,
47]. The Re/γ -Al2O3 catalysts investigated here were ide
tical to those characterized in Refs.[13,32,47].

2. Experimental

Details of the preparation procedure of the Re/γ -Al2O3
catalysts containing 1.04 and 10.4 wt% Re have been g
elsewhere[13,47]. The catalysts were obtained by wet im
pregnation ofγ -Al2O3 (SBET—220 m2/g) with an aqueous
solution of NH4ReO4. After impregnation the samples we
dried in air at 100◦C for 24 h and next preliminary reduce
in H2 flow at 550◦C for 10 h.

All oxidation experiments were performed on the sa
ples of sintered catalysts. The sintering procedure cons
of repeated reduction in hydrogen flow (heating rate
6 ◦C/min) at 550◦C for 20 h and then reduction at 800◦C
for 5 h. After cooling to room temperature, the catalyst w
carefully passivated by being exposed to air, closed in a g
vessel, and outgassed to 10−2 Torr (1 Torr = 133 N/m2).
Rhenium dispersion in the catalysts was derived from hy
gen chemisorption measurements performed in an all glas
volumetric adsorption system[13,47]. The same system wa
used to determine the oxygen uptake by the sintered c
lyst samples. The oxygen uptake was measured in temp
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ture range of 20–500◦C with the oxygen pressure of 100
200 Torr (for details cf.[13,47]). Prior to measurements th
sample (0.1 or 1 g) was pretreated in situ in H2 at 500◦C,
for 2–4 h, outgassed at the same temperature for 2 h,
cooled to room temperature. Then, oxygen was introdu
and the amount of adsorbed O2 was determined. The samp
was then heated to the desired oxidation temperature, ke
isothermal condition for 1 h, and then cooled under oxy
to room temperature, where the total O2 uptake was mea
sured. The reproducibility of measurements of the amoun
adsorbed was always better than 0.5 µmol.

The BET surface area of the catalysts was measure
nitrogen adsorption on samples dehydrated under vacuu
300◦C for 3 h.

TEM images were recorded with a Philips CM20 Sup
Twin microscope, which at 200 kV provides 0.25 nm reso
tion. Specimens for TEM were prepared simply by dippin
copper microscope grid covered with perforated carbon
a powder sample.

For XPS studies, the catalyst samples reduced at 80◦C
were oxidized with static air in temperature range of 2
800◦C, by heating from room temperature to the desi
one, with a heating rate of 5◦C/min, and holding at this tem
perature for 1 h or in some cases 4 or 20 h. The hot sam
was transferred to the glass container and sealed to e
the collection of the XPS spectra under dehydration co
tions.

XPS was done using a SPECS PHOIBOS-100 hemisp
ical analyzer equipped with a Mg source (1253.6 eV) ope
ing at 100 W (wide-range scan) and 250 W (high-resolu
spectra). The spectra were acquired at room temperature an
narrow scans with rather high 40 eV pass energy for the s
ples with low Re concentrations were recorded. The b
pressure in the UHV chamber was below 1× 10−9 mbar.
The spectrometer energy scale was calibrated with Au 47/2,
Ag 3d5/2, and Cu 2p3/2 lines at 84.2, 367.9, and 932.4 e
respectively. Sample charging was compensated usin
electron flood at 0.5 mA current and 0.1 ± 0.01 eV energy
The detection angle was normal to the sample surface.

The catalyst samples as a fine powder were pressed
a molybdenum sample holder using reproducible pres
conditions, and mounted to the sample manipulator of
chamber. The obtained tablets had a smooth and uni
surface. Due to electric charging effects, XPS peaks w
shifted toward higher energy. Calibration of the energy
sitions of peak maxima was done using binding energ
the 1s peak of contamination carbon at 284.6 eV as a
erence. The energy resolution was±0.1 eV. The spectra
were collected and curve-fitted by using the SpecsLab (
sion 1.8.2) software. A nonlinear least-squares fitting a
rithm was applied using peaks with a mix of Gaussian
Lorentzian shape and a Shirley baseline. The fitting r
tine constrained the area ratio for the spin-orbit split
(4f7/2,5/2) lines to be 1.33. Intensities, peak positions, l
widths, and Gaussian/Lorentzian mix were all optimized
the fitting routine.
t

t

e

-

Re powder (Johnson & Matthey) and Re2O7 oxide
(Aldrich, purity 99.9%) were employed as references fo
Re0 and Re7+ oxidation states, respectively. Before XP
measurement the Re powder was reduced in hydrogen
at 400◦C for 5 h, then passivated on air for a few minut
and finally cleaned by Ar+ sputtering inside the spectrom
ter. The Re2O7 oxide was used as supplied.

Re content in the catalyst samples was determined b
the ICP-AES method, with an accuracy of±0.1 wt% Re.
Concentrations of Na and K, present as impurities in the
alysts, were found to be 0.06 and 0.02 wt%, respectiv
Other impurities as Fe, Cu, Mg, and Si were below 10−3%.
No impurities except carbon were detected on the surfac
both catalysts by XPS.

3. Results

3.1. Overall characteristics of the catalysts

The state of the catalysts before oxidation was cha
terized by H2 chemisorption and high-resolution electr
microscopy (HRTEM). The hydrogen uptake (H/Re) v
ues obtained on the 10.4% Re/γ -Al2O3 and 1.04% Re
γ -Al2O3 catalysts after reduction in H2 at 800◦C were
0.25 and 0.54, respectively. The average particle siz
rhenium evaluated by direct observation by HRTEM w
4.9 nm for high-loaded catalysts (particle sizes in rang
1–9 nm), and 2.1 nm for low-loaded catalysts (particle s
in range of 1–4 nm). TEM results are in good agreem
with chemisorption data and are consistent with our pr
ous studies[13,47]. BET surface areas of the 10.4 and 1.0
Re/γ -Al2O3 catalysts after reduction at 800◦C amount to
153 or 171 m2/g, respectively, i.e., about 30 or 20% le
than the surface area of the bare support. However, re
tion at 800◦C did not cause the support crystallization
was shown by XRD and electron diffraction (SEAD) stud
[13,47]. Hence, the loss of the BET surface area of the s
ples studied is connected with changes in the pore stru
of the catalysts. The basic characteristics of the Re/γ -Al2O3
catalysts after oxidation treatment are given inTable 1. It
appears that oxidation up to 800◦C did not change signifi
cantly the BET surface area of both catalysts. The Re con
in both catalysts did not change upon oxidation up to 600◦C,
but some loss of the Re was detected at higher tempera
At 800◦C, Re loss of about 33 and 10% occurred for 10.
Re/γ -Al2O3 and 1.04% Re/γ -Al2O3 catalysts, respectively

Change in morphology of the reduced catalysts upon
idation was studied by HRTEM.Fig. 1shows representativ
images of the high-loaded catalyst as reduced at 800◦C (a)
and then oxidized at 150◦C (b) and at 500◦C (c), while
Fig. 2 presents the evolution of the size distribution of
particles. It appears that already at 150◦C there is some re
dispersion of Re that manifests as a decrease of the av
particle size and the appearance of very small secondary
ticles. According to HRTEM, there is, however, no eviden
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Table 1
BET surface area, Re content (wt%), and rhenium density for sintered i2
Re/γ -Al2O3 catalysts after oxidation treatments at various temperature

Catalyst Oxidation
T (◦C)/time

BET

(m2/g)
Re contentb

(wt%)
Surface densityc

(atoms Re/nm2)

10.4% 400/4 h 154 10.7 2.2
Re/γ -Al2O3

a 600/4 h 153 10.0 2.1
700/4 h 153 9.2 1.9
800/4 h 151 7.0 1.5
800/20 h 150 6.9 1.5

1.04% 400/4 h 172 1.10 0.21
Re/γ -Al2O3 600/4 h 170 0.98 0.19

700/4 h 170 0.97 0.19
800/4 h 166 0.92 0.18
800/20 h 163 0.89 0.16

a Re content calculated from the amount of NH4ReO4 used for impreg-
nation.

b Measured by ICP-AES, accuracy±0.1 wt% Re.
c Defined as the number of rhenium atoms per square nanometer

catalyst.

of bulk or even surface oxidation of larger Re particles si
the particles exhibit well-defined, sharp outlines (cf. inse
Fig. 1b). The process of the Re redispersion in oxidative
mosphere accelerates at 200◦C, and at 250◦C only sparse
metal particles remain. At even higher temperatures wh
Re is uniformly spread over the support (Fig. 1c).

The Re surface densities calculated from the meas
BET surface area and the actual metal loading are liste
the last column ofTable 1. For the 10.4% Re/γ -Al2O3 cat-
alyst oxidized up to 600◦C the Re surface density is clo
to the monolayer coverage, which according to Ref.[29]
amounts to 2.3 Re atoms/nm2. It can be noted, howeve
that Re2O7 oxide formed by oxidation of the Re at such hi
temperatures is volatile and monolayer surface coverag
ReOx species is never achieved on any oxide support[34].

3.2. Uptake of oxygen

The results of the volumetric measurements of the oxy
uptake by the Re/γ -Al2O3 catalysts sintered in H2 at 800◦C
are presented inTable 2. The O/H and O/Re given inTa-
ble 2 denote the ratios of the number of adsorbed oxy
atoms to the number of hydrogen atoms chemisorbed in
monolayer and to the total number of rhenium atoms in
catalyst, respectively. It appears that at room temperature t
O2 uptake by both catalysts is low and according to literat
data it may be attributed to dissociative chemisorption[17].
The coverage of the rhenium surface with oxygen (expre
as O/H) close to 0.60 for both catalysts is consistent w
that obtained volumetrically on a rhenium powder[48] and
on polycrystalline and single crystals of rhenium[37]. Some
authors suggested that difficulties in obtaining the saturatio
of Re/γ -Al2O3 catalysts with oxygen could be due to a pe
tration of oxygen into the subsurface region of rhenium[18].

Observed rise of the oxygen uptake with increasing t
perature (cf.Table 2) points to a bulk oxidation of the Re
Fig. 1. TEM micrographs of the 10.4% Re/γ -Al2O3 catalyst reduced a
800◦C (a), and oxidized at 150◦C (b), and at 500◦C (c). Magnified
HRTEM image of Re crystallite with no evidence of the surface oxida
is shown as inset to (b).

Some differences in the oxidation behavior of Re were note
dependent on rhenium loading and thus on particle siz
rhenium in the catalyst. For the high-loaded catalyst, w
an average particle size of Re about 5 nm, the oxygen
take reaches a maximum level already at 300◦C and does
not change up to 500◦C. The O/Re ratio equal to 3.31 sug
gests nearly complete oxidation of the Re particles to Re2O7
oxide. For the low-loaded catalyst, with an average part
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Fig. 2. In the size distribution of the 10.4% Re/γ -Al2O3 catalyst after re-
duction at 800◦C (a), and oxidized at 150◦C (b), and 200◦C (c). Average
size of Re particles calculated from thedistributions is 4.9, 4.3, and 3.3 nm
respectively.

Table 2
Uptake of oxygen by the reduced at 800◦C Re/γ -Al2O3 catalysts as a func
tion of oxidation temperature

Catalyst Oxidation
temperature (◦C)

Uptake of oxygen
(µmolO2/gcat)

O/Hc O/Red

10.4% Re/γ -Al2O3
a 20 44.5 0.64 0.16

150 44.8 0.64 0.16
200 184.3 2.64 0.66
250 576.6 8.28 2.07
300 927.5 13.28 3.32
400 917.1 13.20 3.30
500 920.1 13.21 3.31

1.04% Re/γ -Al2O3
b 20 9.1 0.60 0.33

150 24.35 1.61 0.87
200 44.88 2.98 1.61
250 64.65 4.28 2.31
300 68.88 4.57 2.47
400 79.85 5.30 2.86
500 83.20 5.52 2.98

a Catalyst with dispersion of rhenium, H/Re= 0.25. Monolayer uptake
of hydrogen from H2 chemisorption at 300◦C amounts to 70.0 µmolH2/

gcat [13].
b Catalyst with dispersion of rhenium, H/Re= 0.54. Monolayer uptake

of hydrogen from H2 chemisorption at 300◦C amounts to 15.1 µmolH2/

gcat [47].
c Ratio of the number of O atoms adsorbed to the number H a

chemisorbed in the monolayer.
d Ratio of the number of O atoms adsorbed to the total numbers o

atoms in the catalyst.

size of Re about 2 nm, the oxygen uptake does not sat
even at 400◦C. The O/Re ratio of 2.98 obtained at 500◦C is
still 15% lower than the value of 3.5 expected for oxidat
of Re to Re2O7. However, prolonged oxidation of both ca
alysts at 500◦C for 4 h did not result in any increase in O2
Fig. 3. XPS spectra of the Re 4f region of rhenium powder (a), 1.0
Re/γ -Al2O3 catalyst sintered in H2 and oxidized at room temperature (b
10.4% Re/γ -Al2O3 catalyst sintered in H2 and oxidized at room tempera
ture (c), and crystalline Re2O7 oxide (d).

uptake. No loss of rhenium during heating of both catalyst
in O2 up to 500◦C occurred (seeTable 1) and could not be
responsible for the underestimation of the O/Re ratio.

3.3. XPS studies

The XPS technique was applied to establish the ox
tion states of the surface rhenium atoms in the Re/γ -Al2O3
catalysts after various oxidation treatments. A typical w
energy scan of the Re/γ -Al2O3 catalyst gave an XPS spe
trum with clearly resolved O 1s and 2s, Al 2s and 2p, C
and Re 4d and Re 4f peaks (spectrum is not shown). Im
ties other than carbon were not observed in the studied
ples. For quantitative measurements of Re the Re 4f dou
was used.Fig. 3shows the Re 4f region from the Re powd
and Re2O7 oxide, as references for Re0 and Re7+ oxidation
states, respectively, and 1.04% and 10.4% Re/γ -Al2O3 cat-
alysts passivated at room temperature. The spectrum o
powder exhibits two well-resolved spectral lines at 40.5
42.9 eV assigned to the Re 4f7/2 and Re 4f5/2 spin-orbit
components, respectively (Fig. 3a). The spectrum of pur
Re2O7 also exhibits two, but less separated spectral line
46.9 and 49.3 eV (Fig. 3d). Observed line broadening ma
be to some extent due to partial surface reduction of Re2O7

oxide[27]. The XPS spectra of both catalysts exposed to
for a short time show strong broadening of the Re 4f pea
that the splitting of Re 4f7/2 and Re 4f5/2 lines disappears
However, for the high-loaded catalyst the shape and pos
of the peak show clearly the presence of metallic rhen
as a major phase with a small amount of the other ox
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Table 3
Some published Re 4f7/2 binding energies (eV) for metallic Re, various R
oxides, and rhenium supported onγ -Al2O3

Species Re 4f7/2 O 1s Reference
energy (eV)

Reference

Re powder 40.5 C 1s= 284.6 This study
40.7 C 1s= 285.0 [27]

Re foil 40.7 C 1s= 285.0 [27]
40.5 C 1s= 285.0 [39]
39.7 Pt 4f7/2 = 70.9 [28]
40.0 C 1s= 284.6 [49]

ReO2 42.5 C 1s= 285.0 [27]
43.3 531.8 C 1s= 285.0 [39]
42.5 Pt 4f7/2 = 70.9 [28]
43.2 C 1s= 285.0 [38]

ReO3 44.5 C 1s= 285.0 [27]
44.9 Pt 4f7/2 = 70.9 [28]
44.3 C 1s= 285.0 [38]

Re2O7 46.9 532.9 C 1s= 284.6 This study
46.9 C 1s= 285.0 [27]
46.8 532.1 C 1s= 285.0 [39]
46.7 Pt 4f7/2 = 70.9 [28]
46.5 C 1s= 285.0 [38]

HReO4/γ -Al2O3 41.1 C 1s= 285.0 [38]
(H2, 500◦C)

HReO4/γ -Al2O3 45.7–46.0 C 1s= 285.0 [38]
(air, 300◦C)

2.4 Re/γ -Al2O3 46.3 C 1s= 285.0 [38]
(air, 500◦C)

13% Re2O7/Al2O3 46.6 C 1s= 285.0 [42]
(air, 580◦C)

γ -Al2O3 (air, 600◦C) 531.6 C 1s= 284.6 this study
γ -Al2O3 531.7 C 1s= 285.0 [39]

tion states of the Re. For the low-loaded sample a mixtur
various oxidation states of the Re is observed.

Table 3contains some literature XPS data for metallic R
several rhenium oxides, and Re/γ -Al2O3 samples subjecte
to various treatments. It appears that our data for the Re p
der and Re2O7 oxide are in close agreement with literatu
data. InTable 3positions of the O 1s line are also presen
when available. However, according to Tysoe et al.[28] O 1s
spectra do not yield valuable information on the nature of
rhenium oxide.

Figs. 4 and 5show Re 4f spectra for the 1.04 and 10.4
Re/γ -Al2O3 catalysts after oxidation at 20–800◦C. For the
low-loaded catalyst (Fig. 4), each spectrum exhibits only on
broad peak, with an apparent shift of the binding energy w
the increasing oxidation temperature. Such large spe
broadening previously reported for low-loaded Re/γ -Al2O3

catalysts[39,49]was ascribed to the interaction of the rh
nium species with the alumina support. The high-loaded
alyst (Fig. 5) generates better spectra, so that even som
4f7/2 and Re 4f5/2 splitting could be observed for the sam
ples oxidized at 500–800◦C. These spectra resemble th
l

Fig. 4. XPS spectra of the 1.04% Re/γ -Al2O3 catalyst oxidized at room
temperature (a), 150◦C (b), 300◦C (c), 500◦C (d), 600◦C (e), and
800◦C (f).

of pure Re2O7 oxide, indicating clearly the existence of th
Re7+ species. For both catalysts, the oxidation states of
nium increase with the oxidation temperature up to 500◦C
and then remain constant.

The distribution of the Re oxidation states in the o
dized catalysts was estimated by the curve fit of the R
XPS spectra, as is presented inFigs. 4 and 5. In the curve-
fitting routine, the relative intensity and separation of
spin-orbit Re 4f7/2–Re5/2 doublet were fixed for each dou
blet, but linewidth (FWHM) and position were variable
some extent. For both catalysts oxidized at room temp
ture, the best fitting was obtained assuming four differ
oxidation states of rhenium. The deconvoluted peaks at
(or 40.4), 42.8, 44.8, and 46.6 eV (or 46.3 eV) are assigne
Re 4f7/2 lines and confirm the existence of Re0, Re4+, Re6+,
and Re7+ species, respectively (seeTable 3). Some amoun
of the Re may be present also in oxidation states betwe
and 4, but its identification is very difficult or even impo
sible in the Re/γ -Al2O3 system[40]. Treatment at 150◦C
leads to enhanced formation of Re4+–Re7+ species but a cer
tain amount of metallic rhenium is still observed (as the
on the low BE side). At 300◦C only Re6+ and Re7+ species
are present. At 500◦C and above, Re7+ species are the onl
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Fig. 5. XPS spectra of the 10.4% Re/γ -Al2O3 catalyst oxidized at room
temperature (a), 150◦C (b), 300◦C (c), 500◦C (d), 600◦C (e), and
800◦C (f).

product of oxidation, irrespective of the concentration of
Re in the catalyst.

Table 4summarizes curve-fitting results obtained for
both catalysts oxidized at 20–800◦C. It contains the bind
ing energies of the most intense Re 4f7/2 component of eac
doublet, its FWHM (in parentheses), and the distribution
oxidation states of surface Re ions. For the samples oxid
at low temperatures (where large Re particles are pre
Table 4 contains also the distribution of oxidation sta
of Re corrected for the finite “probing depth” of the XP
method. The method of calculation will be explained furt
in this paper. It should be admitted that the relative accu
of such quantitative analysis is about 20%, which acco
ing to Ref.[50] is quite acceptable for the chemical analy
of the extreme surface. Especially, estimation of the di
bution of oxidation states of the rhenium in the low-load
catalyst bears relatively large uncertainty. Nevertheless, th
corrected XPS data for the samples oxidized at low tempera
tures much better fit the results obtained by HRTEM and2
uptake measurements.

In some XPS studies on supported metal particles,
binding energy has been found to be particle size de
dent, increasing by ca 0.5 eV as the particle size decre
from 5 to 1 nm[51,52]. Our results demonstrate that t
Re 4f7/2 binding energy for metallic rhenium supported
γ -Al2O3 was almost independent of the rhenium part
size (40.4–40.5 eV) and was similar to that determined
rhenium powder (40.5 eV). Biloen et al.[53] reported a
similar value of 40.5 eV for reduced rhenium supported
SiO2. In XPS studies of alumina-supported Pt–Re catal
reduced at 500◦C, the Re binding energy was found to
greater than 40.5 eV[39,40]. The binding energy of rhe
nium in Re foil was found to be 40.0 eV[49], while for thin
Table 4
X-ray photoelectron spectroscopy analysis of Re/γ -Al2O3 catalysts oxidized at 20–800◦Ca

Oxidation
temperature (◦C)

Re 4f7/2
b Re/Al

Re0 Re4+ Re6+ Re7+

10.4% Re/γ -Al2O3
20 40.4 (2.8) 67.5% 42.8 (2.7) 11.9% 44.8 (2.7) 7.3% 46.3 (2.6) 13.3% 0.008

(94.5%)c (2.0%)c (1.2%)c (2.3%)c

150 40.4 (2.5) 7.8% 42.8 (2.7) 7.1% 44.8 (2.6) 23.7% 46.3 (2.7) 61.4% 0.034
(33.3%)c (5.3%)c (17.1%)c (44.4%)c

300 44.8 (2.7) 22% 46.3 (2.3) 78% 0.045
500 46.3 (2.6) 100% 0.047
600 46.4 (2.7) 100% 0.044
800 46.4 (2.8) 100% 0.049

1.04% Re/γ -Al2O3
20 40.5 (3.3) 21% 42.8 (3.3) 41% 44.8 (3.3) 4% 46.6 (3.3) 33% 0.0024

(60.5%)c (20.5%)c (2.0%)c (16.5%)c

150 40.5 (3.3) 2% 42.8 (3.3) 24% 44.8 (3.3) 30% 46.6 (3.3) 44% 0.0049
300 42.8 (3.5) 7% 44.8 (3.5) 25% 46.6 (3.5) 68% 0.0050
500 46.6 (4.4) 100% 0.0048
600 46.3 (4.5) 100% 0.0048
800 46.6 (4.6) 100% 0.0050

a All binding energies were referenced to C 1s= 284.6 eV.
b Binding energies (eV) and concentration (%) of Re 4f7/2 species. The numbers in parentheses represent the FWHM values.
c Distribution of Re oxidation states correctedfor the limited “probing” depth of XPS (see text).
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rhenium film deposited on Pt even 39.7 eV[28]. We sup-
pose that higher BE of the Re 4f7/2 line obtained for our
Re/γ -Al2O3 catalysts can be partly explained by a chan
in electronic properties of the rhenium atoms in the partic
induced by the interaction with oxygen atoms of the supp
[47,54].

The Re 4f7/2 binding energy of Re7+ species, formed in
our oxidized samples, was always lower by 0.6–0.3 eV t
the value for bulk Re2O7 oxide (used as the reference f
Re7+). Such BE shift may be explained by a different cha
ing of the alumina support as compared to the unsuppo
Re2O7 oxide. It was also found that the BE of Re 4f7/2 in
various compounds depends upon both the “formal” ox
tion state and the nearest neighbors of the Re ions[38]. We
suppose that increasing oxidation temperature causes
migration of Re7+ species over alumina and the enviro
ment of the Re ions and/or strength of the interaction w
the support, which clearly depends on the amount of the
in the sample, may be slightly changed. Additionally, rat
large FWHM values of the Re 4f doublet components in
cate that the Re species may be present in more than
environment in the surface region. Similar broadening of
Re 4f7/2 peaks was observed by Cimino et al.[43] in silica-
supported rhenium catalyst treated in air at 300–750◦C. The
authors concluded that Re7+ species could be located o
SiO2 support in nonhomogeneous environments. Rece
Daniell et al.[55] proposed on the basis of TPR study of t
9% Re2O7/Al2O3 catalyst that various Re7+ species migh
exist on the alumina surface. The authors admitted the p
ence of a small amount of oligomeric rhenium, although
their Raman spectra only one monomeric tetrahedra sp
was detected[55]. Our recent Raman data for Re/γ -Al2O3
catalysts oxidized at 300–800◦C showed that rhenium in
the oxidized state is present as two slightly different Re4
monomeric species[32]: one occurring for both loadings
and the other, with a weaker Re–O–Al bond, occurring
high loading only. Moreover, we postulated that during
idation of the high-loaded catalyst at 300–500◦C, ReO4
monomers may form a kind of surface compound with a A
O–(ReO3)3 structure[13,32]. Salvati et al.[56] obtained a
XPS spectrum of the bulk Al(ReO4)3 compound with the Re
4f7/2 binding energy (46.5 eV) approximately equal to t
value reported for Re2O7 oxide. Because of this, XPS re
sults of this study could not validate or dismiss our ear
suggestions based on Raman and other data[13,32].

From XPS analysis, the atomic concentrations of Re
Al were obtained and the Re/Al atomic ratios were calcu
lated (last column inTable 4). Atomic ratios were calculate
taking into consideration the sensitivity factors of eleme
The elemental sensitivity factors for Re 4f7/2, Re 4f5/2, and
Al 2p were 2.95, 2.21, and 0.249, respectively. In the sam
of the 10.4% Re/γ -Al2O3 catalyst oxidized at room tem
perature, the XPS-determined Re/Al atomic ratio is about
4 times lower than the bulk atomic ratio, (Re/Al)bulk =
0.032, calculated from the overall chemical composition
the catalyst. It should be noted, however, that atomic r
e

e

-

s

given in Table 4 refers to very simple approximation a
suming a homogeneous, semi-infinite slab of Re–Al al
This approximation is obviously not fulfilled for the high
loaded catalyst where the presence of large Re particl
the surface of alumina is evidenced by TEM. In addition
the very nonuniform Re distribution the inelastic mean f
path (IMFP) of Re 4f7/2 photoelectron with kinetic energ
of 1205 keV in Re metal, calculated according to the S
and Dench formula[57] as 1.73 nm, is much smaller tha
the mean particle size of Re of about 5 nm so we may
sume that not the whole amount of Re is probed by XPS
the sample of the 1.04% Re/γ -Al2O3 catalyst after the sam
treatment, the Re/Al atomic ratio is closer to the bulk atom
ratio, since Re particles are smaller. It is observed, that a
oxidation of the both catalyst at 150◦C or at higher temper
atures, the XPS-determined Re/Al atomic ratios are alway
greater than (Re/Al)bulk, what indicates that the rhenium
redispersed over the alumina surface. Additionally, the
crease in XPS-determined Re/Al atomic ratio with loading
in fully oxidized samples is in accordance with the mod
proposed by Kerkhof and Moulijn[41] suggesting the pres
ence of well-dispersed surface species.

Recently, the linear increase in the surface XPS sig
was observed for the 4.1–11.3% Re2O7/Al2O3 catalysts cal-
cined at 500◦C and for the 0.7–4.8% Re2O7/TiO2 catalysts
calcined at 450◦C [44]. The authors assign this behavior
the highly dispersed nature of the supported rhenium
ide phase on the surface of these supports. In our s
after oxidation at 150◦C, the Re/Al atomic ratios are 2–
4 times higher in both catalysts than the initial one. For
high-loaded catalyst after oxidation at 300◦C, there is fur-
ther growth of the Re/Al atomic ratio and then it remain
constant for oxidation temperatures up 800◦C. Thus, the
XPS results suggest that the rhenium oxide species, for
by oxidation of metallic rhenium particles, is present a
well-dispersed surface phase and all rhenium in our s
ples is detected in range of 300–800◦C. HRTEM study also
shows that under these conditions whole rhenium is uni
formly spread over the alumina support. In fact, in s
ported rhenium catalysts after oxidation at enhanced t
peratures, crystallites of rhenium oxide are never produce
since Re2O7 oxide is volatile just above 150◦C. Our pre-
vious Raman study[32] indicates that Re2O7 is adsorbed
on the surface of the support as ReO4 tetrahedra. More
over, the sensitivity of the surface rhenium oxide Ram
signal to moisture further confirms that rhenium oxide
present as a two-dimensional phase adsorbed on the alu
support surface[32]. XPS results confirm this observatio
since for the samples oxidized at 300–800◦C, the measured
Re/Al ratio is constant. Under such conditions the mo
of Kerkhof and Moulijn (KM) [41] should be applicable
In our case the IMFPs for Re 4f7/2 and Al 2p photoelec
trons in Al2O3 (kinetic energy 1205 and 1179 eV, respe
tively) are very close and equal toλs = 1.53 nm[57]. IMFP
for the same photoelectrons in Re2O7 is 0.9 nm[57] and
is much larger than the thickness of the Re2O7 overlayer
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(0.155 nm as calculated for 10.4% catalyst assuming
face area of the alumina support 153 m2/g). Attenuation of
the XPS signal in the Re oxide overlayer may therefore
neglected. Within the KM model, if no attenuation occ
within the overlayer, the experimentally measured inten
ratio (IRe/IAl )exp = (Re/Al)b(SRe/SAl )z, where (Re/Al)b
is bulk atomic ratio, (SRe/SAl ) is the ratio of atomic sen
sitivity factors, andz is the correction function dependin
on the dimensionless geometrical parameterβ = t/λs de-
scribing the structure of the support (t = 2/ρS0, whereρ is
density andS0 is surface area). In our casez amounts to 1.38
and 1.30 for high- and low-loaded catalyst, respectively.
means that Re/Al ratios in Table 4should be divided byz
to be compared with (Re/Al)b. For the samples oxidized
500◦C we obtained therefore values of 0.047/1.38= 0.034
and 0.0048/1.30= 0.0036 for high- and low-loaded sam
ples, respectively. These values are quite close to 0.032
0.0029 ratios calculated from overall chemical composit

The situation becomes much more complex for the s
ples oxidized at low temperatures where both metallic
oxidized rhenium is present. Moreover, we have to rem
ber that some Re0 (within the bulk of larger particles) i
probed since IMFP for Re 4f7/2 photoelectron in Re i
1.74 nm, less than the mean particle size of Re part
(5 nm for high-loaded sample). To tackle the problem
use a very simple approximation. Since in the samples
idized at 500◦C the whole amount of Re is probed
XPS, then we assume that the ratio(Re/Al)T /(Re/Al)500
gives the fraction of Re probed at lower temperatureT .
For example, for the high-loaded catalyst oxidized at 20◦C
we have(Re/Al)20/(Re/Al)500 = 0.008/0.047= 0.17; i.e.,
only 17% of the whole Re is probed. The remaining p
83%, is obviously Re0, because at low temperatures large
particles may only be oxidized at the surface. Of this 17%
the probed rhenium 67.5% is Re0 (Table 4column 2); there-
fore, the total amount of Re0 is 83%+ (17%× 0.675) =
94.5%. It should be admitted that the relative accuracy s
“quantitative” analysis is rather poor, especially for the lo
loaded catalyst, where estimation of the distribution of
idation states of Re bears relatively large uncertainty. Nev
ertheless, the corrected XPS data for the samples oxidize
at low temperatures much better fit the results obtaine
HRTEM and O2 uptake measurements.

The values of binding energies of Al 2p and O 1s lin
in our samples generally are close to those observe
γ -Al2O3 [58]. The Al 2p peak shifted continuously to high
BE with increasing temperature, e.g., from 73.74 to 74.63
for high-loaded samples while such dependence was
observed for low-loaded samples. The O 1s feature in
samples was a single symmetric peak occurring at 530.8
531.36 eV (spectra for Al and O are not shown). Such
shift is probably not due to a different charging of the sa
ples, because the separation of the binding energies of A
and O 1s,�(Al–O), also undergoes changes as a func
of temperature. The�(Al–O) values were in the range o
457.12 to 456.76 eV at temperature oxidation of 20–800◦C.
d

t

Similar Al 2p peak shifts observed in the Au/Al2O3 system
treated in air at 300–900◦C were explained by an increasin
interaction between Au and Al2O3 [59]. Zaera and Somorja
[60] found that oxygen chemisorbed on the Re film sho
the O 1s peak at 530 eV. However, in our study the O
peak could not be used to the analysis of Re–oxygen sp
because of overlapping with the strong O 1s signal from
alumina support. It is commonly accepted that O 1s pea
about 531–532 eV are due to adsorbed oxygen species
as O−, OH−, or H2O.

4. Discussion

Our XPS results on oxidation of supported rhenium p
ticles can be compared with existing limited literature d
obtained by XPS but only for unsupported rhenium. Duc
et al.[37] reported that at room temperature oxygen is dis
ciatively adsorbed on Re(0001) single crystal with poss
formation of a superficial oxide with composition betwe
Re2O and ReO. The conclusion was based on the obse
shift of 1.1 eV in the Re 4f XPS signal upon oxygen dosa
Similar Re 4f line shifts was observed more recently
Ramstad et al.[35] for the oxidation of thin Re islands o
Pt(111). Very recently, Liu and Shuh[36] showed for poly-
crystalline rhenium, that such small changes in the R
binding energy may be assigned with both molecular
dissociative adsorption ofoxygen and that there is little, if
any, Re oxide formed on the surface. The authors explaine
the apparent discrepancies between the previous resu
the slow rate of the Re oxidation at room temperature.
era and Somorjai[60] found that several oxides of rheniu
were formed on thin Re film exposed at room tempera
for 1 atm of O2. Alnot and Ehrhard[61] identified ReO2,
ReO3, and Re2O7 oxides on the surface Re ribbons oxidiz
at 427◦C in 1 Torr O2. Oxidation of thin Re film deposite
on Pt foil above 200◦C in 1 atm of O2 caused formation o
a mixture of rhenium oxides, and above 300◦C loss of rhe-
nium due formation of the volatile Re2O7 was observed[28].

From the literature survey and our results obtained
supported rhenium[13,47] it appears that oxidation of rhe
nium at room or higher temperature depends strongly
the size of rhenium particles, i.e., on dispersion of
Re. At room temperature dissociative or partly molecu
chemisorption of oxygen occurs on the surface of Re w
very low dispersion[36]. Dissociative chemisorption of oxy
gen with possible formation of a superficial (few monola
ers thick) Re oxide also takes place on large Re part
in our Re/γ -Al2O3 catalysts. According to XPS the sma
est particles (to 1 nm) and clusters of Re were oxidize
Re4+, Re6+, and even to Re7+ species. The amount of the
species is particularly large for the passivated low-loa
catalyst, where XPS data showed that only 60% of Re
left in a zero-valence state. This also indicates a high a
ity of the highly dispersed Re to oxygen. Fung et al.[40]
found that passivation of the 1% Re/γ -Al2O3 catalyst pre-
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pared from salt precursor (NH4ReO4) had led to a complet
oxidation of metallic Re to Re7+ instead of a partial oxida
tion to Re2+. The authors explained the complete oxidat
of the highly dispersed rhenium by the high affinity of R
for oxygen. Extensive oxidation of small rhenium partic
explains the difficulties we encountered in detecting Re
TEM images of a low-loaded nonsintered catalyst[47]. On
the contrary, in the sample containing Re particles with
average size of about 5 nm, the majority (94.5%) of rhen
is in the metallic state. Low oxygen uptake at room and
higher temperatures, still lower than expected for total
idation of Re0 to Re7+ (Table 2), especially in low-loaded
catalyst, suggests that part of Re exists in a low positive
idation state already before oxidation treatment. We fo
previously[47] that partial reoxidation of rhenium may o
cur during the evacuation of the catalyst at 520◦C applied
after the H2 reduction treatment. This agrees well with fin
ing of Solymosi and Bansagi[62] that isolated Re species
reduced 1% Re/γ -Al2O3 catalyst could be oxidized to mon
or higher valence metal ions by the OH groups of the s
port.

Upon oxidation at 150◦C, enhanced formation of th
surface Re4+–Re7+ species was observed by XPS and
mount of metallic Re quickly decreased especially in th
low-loaded catalyst (only 2% of Re0 was left). At this
temperature, the Re/Al atomic ratio was 2–4 times highe
than the initial one, indicating a large spreading of the
ide species on the surface ofγ -alumina support. It is evi
denced by TEM (Fig. 2) that upon oxidation of the 10.4%
Re/γ -Al2O3 catalyst at 150◦C and at 200◦C the average
particle sizes of Re decreased from 4.9 to 4.3 nm an
3.3 nm, respectively. This indicates the transport of Re fro
the surface of the Re particles to the support by volatiliza
of Re2O7 oxide. This dispersed phase is seen in HRTE
images as very small amorphous particles (∼ 0.6 nm) uni-
formly distributed on the support (Figs. 1b and c), [13]. High
volatilization of Re2O7 oxide even at 150◦C may explain
why we could not found by HRTEM any oxide layer on t
surface of supported Re particles as well as in Re pow
annealed at 150◦C [13].

At 300◦C, the process of oxidation of Re accelerates,
according to XPS only Re4+, Re6+, and Re7+ species are
present in both catalysts. Measurements of O2 uptake sug-
gest nearly complete oxidation of Re to Re2O7 for the high-
loaded catalyst (O/Re = 3.31), while for the low-loaded
catalyst O/Re amounts to 2.5 only, indicating that stro
interaction of partly oxidized Re with the support preve
its oxidation to Re2O7 oxide. This result is in accord wit
XPS data, where only 68% of Re was in+7 oxidation state
(Table 4). Our recent Raman study[32] also showed that ox
idation of the 10.4% Re/γ -Al2O3 catalyst already at 300◦C
for 1 h is enough to obtain a monomoleculary dispersed
ide phase. For the 1.04% Re/γ -Al2O3 catalyst the Rama
signal was not detected at this temperature. Probably fo
low-loaded catalyst, due to diversity of the Re ions, the s
face concentration of individual Re ions was to low to
experimentally observed.

For both catalysts oxidized at or above 500◦C, XPS,
HRTEM, and our previous Raman data show complete
dation of Re to Re2O7 oxide and its dispersion over alumin
support as monomeric ReO4 species. Large broadening
the Re XPS peaks indicates thatthis species is present o
the surface in various environments. A similar conclus
was drawn from the Raman spectra, showing that dep
ing on the Re loading, ReO4 monomer species of slightl
different kind could form[32]. Moreover, we found previ
ously that high-temperature treatment caused some diffu
of ReO4 groups over the surface of the alumina[32]. Such
temperature-induced surface diffusion of the rhenium
face oxide may be facilitated by an extensive dehydroxy
lation of the alumina support during prolonged calcinat
at high temperature as was proposed by Spronk et al.[63].
Since the rhenium oxide is mobile at higher oxidation te
peratures a nearly random distribution of ReO4 units over all
types of sites on the alumina surface occurs[63]. Hardcastle
et al. [64] and also Spronk et al.[63] showed that rhenium
does not react with alumina at temperatures as high as 9
1000◦C and is still present as stabilized, surface-coordina
ReO4 groups.

A large influence of the heat treatment in air on the
tensity of XPS Re 4f peak was found in the Re/SiO2 system
[43]. The authors observed a decline of Re 4f peak with
creasing temperature and explained this by the Re2O7 loss
due to volatilization. It is well known that the surface rh
nium oxide species supported on SiO2, in contrast to tha
on the Al2O3, are not thermally stable. In physical mixtur
of the Re2O7/SiO2 system with other oxide supports, nea
complete migration of the surface rhenium oxide spe
from SiO2 to other oxide support (e.g., Al2O3) upon ther-
mal treatment was observed[65]. Our XPS data indicate
that the Re/Al atomic ratios do not change for both cat
lysts even after oxidation at the highest temperatures.
is a surprising result because chemical analysis showed th
some loss of rhenium was observed especially at 80◦C
(seeTable 1). It can be noted that the surface area of
samples remained nearly constant in the temperature r
400–800◦C, although surface structure of the alumina s
port has probably been modified slightly. An extensive
hydroxylation of the alumina support during prolonged c
cination at high temperatures was found by Spronk e
[63] for the 6% Re2O7/Al2O3 catalyst. The authors foun
by hydrogen consumption in a TPR study that all rheni
oxide remained in the catalyst up to 900◦C as stabilized
surface-coordinated ReO4 groups. We suppose that in o
case, slightly different treatment procedures of the sampl
before chemical analysis and XPS measurements, as w
as limitations of quantitative XPS analysis of porous sa
ples with high surface area[66], would partly explain our
results. Another explanation forthe apparent contradictio
between XPS and ICP results could be some encap
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tion of the small Re particles in micropores of the supp
during high-temperature reduction. BET surface area of
both catalysts after H2 treatment at 800◦C was about 30–
20% lower than that after reduction at 550◦C. This support-
encapsulated rhenium, not accessible to chemical ana
made in our case by the procedure given in[67], could be de-
tected by XPS. In this procedure rhenium is extracted f
the catalyst by contact with H2O2 solution, without disso
lution of the support. It is known that H2O2 can oxidize
to Re2O7 both metallic rhenium and rhenium oxide wi
oxidation number less than 7. It is also possible that a
high-temperature oxidation/reduction treatment a small
of rhenium so strongly interacts with the surface ofγ -Al2O3

support that is not available to further oxidation by H2O2 to
water-soluble Re2O7 oxide. It should be noted, however, th
the EDX analysis of the support after extraction of Re fr
the sample of the 10.4% Re/γ -Al2O3 catalyst oxidized a
800◦C did not detect the presence of Re. This result dem
strates that the amount of Re could be eventually be
1 wt%, because the EDX analysis of Re in 1.04% Reγ -
Al2O3 catalyst gave reasonable results. Further, more
tailed and well-controlled experiments are needed to res
the problem of the apparent discrepancy between the re
of XPS and chemical analysisof the samples oxidized at th
highest temperatures.

5. Conclusions

Oxidation of rhenium in the sintered 1.04 and 10.
Re/γ -Al2O3 catalysts was studied from 20 to 800◦C. Rhe-
nium in these catalysts is present as a highly nonunif
phase, consisting of very small clusters and metallic p
cles with the size from 1 to 9 nm. Extent of oxidation
rhenium depends strongly on temperature and on par
size of Re. At room temperature clusters and small parti
of Re (below 1 nm) are completely oxidized to Re4+–Re7+
species, indicating on high affinity of highly dispersed Re
oxygen. On larger Re particles dissociative chemisorptio
oxygen occurs with the formation of a superficial Re oxi
At 150◦C, spreading of the rhenium oxide species over
alumina support accompanied with a decrease of the avera
particle size of Re was observed. Particles of rhenium w
sizes of 1–4 nm undergo nearly complete redispersion fo
ing a surface oxide phase detected by XPS. At 300◦C, the
process of oxidation acceleratesand all rhenium transform
into a highly dispersed surface phase with chemical com
sition between Re4+ and Re7+. At or above 500◦C rhenium
undergoes complete oxidation to Re7+ species. These rhe
nium oxide surface species are probably mobile at hig
oxidation temperatures and are located on the surface in
equivalent positions.
s
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