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Abstract

The oxidation of Re/-Al,03 catalysts, containing 1 and 10 wt% of rhenium, sintered in hydrogen was examined in the temperature range
of 20-800°C. The structures of the catalysts were investigated by XPS spectroscopy, TEM; aipda®e measurements. The low-loaded
catalyst comprises metallic particles with sizes of 1-4 dgy & 2.1 nm), while the high-loaded catalyst comprises particles with sizes of
1-9 nm @av = 4.9 nm). Even short exposure to air at roormfeerature causes compeatxidation of small clugrs of metallic Re, while
larger particles are covered with very thin Re€kin (undetected by TEM). XPS shows that thghhloaded catalystts#l contains 94.5% of
metallic Re, while the low-loaded catalyst contains only 60.5%. The remaining part of the Re is oxidiz&d 1&R&&", and Ré™ species.
Oxidation at 150 C causes enhanced formation of*ReRe/t species and the amount of metallic Re quickly decreases to 33 and 2% for
high- and low-loaded catalysts, respectively. This indicates a high affinity of the highly dispersed Re to oxygen. At this temperature, the
Re/Al atomic ratio increases 2—4 times, indicating a large spreading of the oxide species on the support surface. Simultaneously, the averag
size of Re particles decreased as determined by TEM. AP@)@hole Re was oxidized mainly to R®7, though some amount to Ke
and R&ET species remained. The;@iptake measurements confirm oxidation of rhenium particles. For the high-loaded catalysta®e
attained a maximum level (Re= 3.3) already at 300C, while for the low-loaded catalyst even at 5@ the uptake (PRe= 2.98) is
below the maximum level. XPS data showed, however, that at 600xidation of rhenium to R€7 occurs for both catalysts. The Rd
atomic ratio remains nearly constant after oxidation of both catalysts at 308€800dicating that RE" species are firmly bonded to
alumina surfaces even at 800. A detailed mechanism of oxidati@f Re particles with different sizes is proposed based on a quantitative
analysis of the XPS, @uptake, TEM, and previous Raman results.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction the presence of poisons in the reagents, and the deposition
of carbonaceous species. Thermal treatment in oxygen or
The practical importance of Pt—-Ref&sz-reforming cat- in air is usually used to remove the effects of catalyst de-

alysts and recently also Re—Co#@; catalysts[1,2] has activation, and it is also an important step in the activation
created interest in catalytic chemistry on the Re-containing or regeneration procedures of rhenium-containing catalysts.
catalysts. Generally, Re addition promotes diesel and gaso-Regeneration of the spent (reducedy@gAl,03 catalyst
line production[3]. Supported rhenium catalysts have been by oxidation at elevated temperatures brings about the redis-
tested for hydrocarbon conversion crakjdg6], hydrogena-  persion of rhenium crystals and the formation of the well-
tion of benzeng6,7], n-heptane reforminB], and recently dispersed oxide pha§&2—14]
as promising catalysts for methaj# and ethangl0] arom- However, the interaction between supported rhenium and
atization and also for ammonia synthefdig]. Catalytic hy-  oxygen has not been well characterized and only few studies
drocarbon reactions are always accompanied by the catalyshaye reported on the oxidation behavior of the supported Re
deactivation, which results from the sintering of the catalyst, particles|13-19] On the contrary, for the Pt—Re/#ADs cat-
alyst, the effects of oxidation—reduction or oxychlorination—
* Corresponding author. Fax: + 48 71 441 029, .reduction cycles on the structure and a.ctivi.ty are often stud-
E-mail addressjana@int.pan.wroc.pl (J. Okal). ied [8,20-24] It is well known that oxidation of the Pt—
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Re/AlLbO3 catalyst above 30TC leads to segregation of Pt  occurs between the Re metal and the highest rhenium ox-
and Re oxid¢15,20,21Jand as a consequence causes impor- ide, ReOy; therefore, rhenium is particularly amenable to
tant changes in the catalytic behavior of the system. XANES this method of analysis. Rhenium—oxygen interactions were
and TPR studies of a Pt—Re/8)3 catalyst subjected to oxy-  studied by XPS mainly in simple systems such as thin films
chlorination also showed that redispersion of both active [28,35], foils and ribbong36], and single crystali37]. For
components into their singl monometallic oxides occurs supported rhenium catalysts, XPS was used to examine the
[22,23] IR study of CO adsorption for calcined, oxidized, oxidation states of rhenium after reductii@8—40]or more

and oxychlorinated Pt—Re/#D3 catalysts also confirmed often after oxidation at high temperatydd—46] Shpiro et
that Re and Pt components were segregated after such treatl. [38] employed this method to determine differences in
ment[24]. Botman et al[25] showed that hydrogenolysis the reduction behavior of Re/SiCand Rej-Al,O3 cata-
activity of the Ref-Al,03 catalyst decreased significantly lysts. Cimino et al[43] applied XPS and other techniques
after calcination in air at 450C. In contrast, Rochester to identify the interaction between rhenium species and sil-
and co-worker$8] found for Re/AbOs that oxidation treat-  ica heated in air at 200-75C. Yuan et al[45] used XPS
ments at 550C had little effect on activity and selectivity  to determine the redox capiéty of Re oxides supported on

for heptane—K reactions. Prestvik et a[20] and earlier a-Fe O3 in order to explain the high performance of this sys-
Isaacs and Peters¢?6] found that the reduction tempera- tem for the selective methanol oxidation. Similarly, Yide et
ture of Re in Re/AdlO3 catalysts is influenced by the tem- al. [46] presented XPS evidence for the existence of differ-

perature of calcination/oxidation pretreatmenta@iyhski ent valence states of rheniurfiex propane methatesis over
and Kubickg 18] established the increased resistance of the Re,0O7/Al ,03 catalyst.

oxidized Rej-Al,03 catalyst with low Re content to re- In this work, we report a detailed study of rhenium ox-
reduction by hydrogen. idation in the sintered RgtAl,O3 catalysts over a wide

On the other hand, Raty and Pakkar{é@] found re- temperature range, 20-8%00, by using XPS spectroscopy,
cently, using temperature-programmed oxidation method TEM, and volumetric @ uptake measurements. To our
(TPO), that at 20-500C no oxygen consumption occurred knowledge, no XPS results on the formation of the Re-
on the 1% Re/-Al,0O3 catalyst and explained this by a oxide phases occurring during the oxidation of supported
strong interaction betweereduced rhenium particles and rhenium are available in the literature. Especially, the effect
the support. At higher rhenium loading the interaction weak- of particle size on the progressive oxidation of nanometer
ens and oxidation becomes possible. It was prop§sép size rhenium particles has not been studied. The present
that rhenium existing on the surface gfalumina as a  XPS studies complete our piieus characterization of the
well-dispersed phase may be oxidized at 500only to Refy-Al,03 catalysts by H chemisorption, electron mi-
Re*t species, whereas three-dimensional particles to'Re croscopy, XRD, and Raman spectroscopy metta8s32,
species. Other data demonstrated that Re@he productof  47]. The Ref-Al,03 catalysts investigated here were iden-
oxidation of Re in Ref-Al,03 catalyst above 400C [16]. tical to those characterized in Ref$3,32,47]

It was also reported that at or above 3@rhenium hep-

taoxide is the main product of oxidation of Re supported on

alumina[15,21] as well as rhenium powddgR7] and thin 2. Experimental

Re films[28]. As can be seen, the interaction of oxygen

with Refy-Al 03 catalyst is a complex process and depends  Details of the preparation procedure of the R&{l .03
mainly on the temperature and the rhenium loadit®j14, catalysts containing 1.04 and 10.4 wt% Re have been given
16,18,19] elsewherd13,47] The catalysts were obtained by wet im-

Many physical techniques have been employed to study pregnation ofy-Al,0s (SgeT—220 nt/g) with an aqueous
the molecular structures of akized rhenium catalysts. Ra-  solution of NH;ReQy. After impregnation the samples were
man and IR spectroscopi§$2,29-32]revealed that rhe-  dried in air at 100C for 24 h and next preliminary reduced
nium in the fully oxidized state opr-alumina forms a two-  in Hz flow at 550°C for 10 h.
dimensional surface phase of monomoleculary dispersed All oxidation experiments were performed on the sam-
Re(Q; species. Also XANES analysis confirms that after cal- ples of sintered catalysts. The sintering procedure consisted
cination Re is present in an oxidation state close t6'Re of repeated reduction in hydrogen flow (heating rate of
[22,23] Wachs and co-workers suggested additionally that 6°C/min) at 550°C for 20 h and then reduction at 800
the dehydrated surface ReGspecies may be polymeri- for 5 h. After cooling to room temperature, the catalyst was
zed[33,34] carefully passivated by being exposed to air, closed in a glass

X-ray photoelectron spectroscopy (XPS) provides a valu- vessel, and outgassed to£0Torr (1 Torr = 133 N/m?).
able technique for assigning oxidation states and stoichiom-Rhenium dispersion in the catalysts was derived from hydro-
etry of the oxides. There are a few XPS studies on vari- gen chemisorption measurenteiperformed in an all glass
ous Re oxides, including ReOReG;, and ReO; [27,28] volumetric adsorption systeft3,47] The same system was
These oxides could possibly form during oxidation of the used to determine the oxygen uptake by the sintered cata-
Refy-Al,03 catalyst. A large chemical shift of about 7 eV  lyst samples. The oxygen uptake was measured in tempera-
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ture range of 20-500C with the oxygen pressure of 100— Re powder (Johnson & Matthey) and f& oxide
200 Torr (for details cf[13,47). Prior to measurements the (Aldrich, purity 99.9%) were mployed as references for
sample (0.1 or 1 g) was pretreated in situ ip & 500°C, Re? and Ré*t oxidation states, respectively. Before XPS

for 2-4 h, outgassed at the same temperature for 2 h, andneasurement the Re powder was reduced in hydrogen flow
cooled to room temperature. Then, oxygen was introducedat 400°C for 5 h, then passivated on air for a few minutes,
and the amount of adsorbed @as determined. The sample and finally cleaned by Afr sputtering inside the spectrome-
was then heated to the desired oxidation temperature, kept ater. The ReO7 oxide was used as supplied.
isothermal condition for 1 h, and then cooled under oxygen  Re content in the catalysasples was determined by
to room temperature, where the totap} Gptake was mea- the ICP-AES method, with an accuracy #0D.1 wt% Re.
sured. The reprodilality of measurements of the amounts Concentrations of Na and K, present as impurities in the cat-
adsorbed was always better than 0.5 pmol. alysts, were found to be 0.06 and 0.02 wt%, respectively.
The BET surface area of the catalysts was measured byOther impurities as Fe, Cu, Mg, and Si were below3%.
nitrogen adsorption on samples dehydrated under vacuum afNo impurities except carbon were detected on the surface of
300°C for 3 h. both catalysts by XPS.
TEM images were recorded with a Philips CM20 Super-
Twin microscope, which at 200 kV provides 0.25 nm resolu-
tion. Specimens for TEM were prepared simply by dipping a 3. Results
copper microscope grid covered with perforated carbon into

a powder sample. 3.1. Overall characteristics of the catalysts
For XPS studies, the catalyst samples reduced at @00
were oxidized with static air in temperature range of 20—  The state of the catalysts before oxidation was charac-

800°C, by heating from room temperature to the desired terized by kb chemisorption and high-resolution electron
one, with a heating rate of8/min, and holding atthistem-  microscopy (HRTEM). The hydrogen uptake (H/Re) val-
perature for 1 h or in some cases 4 or 20 h. The hot sampleues obtained on the 10.4% ReAl,O3 and 1.04% Re/
was transferred to the glass container and sealed to enable’-Al,03 catalysts after reduction in Hat 800°C were
the collection of the XPS spectra under dehydration condi- 0.25 and 0.54, respectively. The average particle size of
tions. rhenium evaluated by direct observation by HRTEM was
XPS was done using a SPECS PHOIBOS-100 hemispher-4.9 nm for high-loaded catalysts (particle sizes in range of
ical analyzer equipped with a Mg source (1253.6 eV) operat- 1-9 nm), and 2.1 nm for low-loaded catalysts (particle sizes
ing at 100 W (wide-range scan) and 250 W (high-resolution in range of 1-4 nm). TEM results are in good agreement
spectra). The spectra wereqaired at room temperature and  with chemisorption data and are consistent with our previ-
narrow scans with rather high 40 eV pass energy for the sam-ous studie§13,47] BET surface areas of the 10.4 and 1.04%
ples with low Re concentrations were recorded. The baseRef/-Al,03 catalysts after reduction at 890G amount to
pressure in the UHV chamber was below110~° mbar. 153 or 171 mM/g, respectively, i.e., about 30 or 20% less
The spectrometer energy scale was calibrated with ApAf  than the surface area of the bare support. However, reduc-
Ag 3ds/2, and Cu 2py; lines at 84.2, 367.9, and 932.4 eV, tion at 80C°C did not cause the support crystallization as
respectively. Sample charging was compensated using arwas shown by XRD and electron diffraction (SEAD) studies
electron flood at 0.5 mA current and1Gt 0.01 eV energy. [13,47] Hence, the loss of the BET surface area of the sam-
The detection angle was normal to the sample surface. ples studied is connected with changes in the pore structure
The catalyst samples as a fine powder were pressed intoof the catalysts. The basic characteristics of the/R&l>,O3
a molybdenum sample holder using reproducible pressurecatalysts after oxidation treatment are givenTable 1 It
conditions, and mounted to the sample manipulator of the appears that oxidation up to 800 did not change signifi-
chamber. The obtained tablets had a smooth and uniformcantly the BET surface area of both catalysts. The Re content
surface. Due to electric charging effects, XPS peaks werein both catalysts did not change upon oxidation up to8D0
shifted toward higher energy. Calibration of the energy po- but some loss of the Re was detected at higher temperatures.
sitions of peak maxima was done using binding energy of At 800°C, Re loss of about 33 and 10% occurred for 10.4%
the 1s peak of contamination carbon at 284.6 eV as a ref-Rel/-Al,03 and 1.04% Re/-Al O3 catalysts, respectively.
erence. The energy resolution wa®.1 eV. The spectra Change in morphology of the reduced catalysts upon ox-
were collected and curve-fitted by using the SpecsLab (ver-idation was studied by HRTEMrig. 1shows representative
sion 1.8.2) software. A nonlinear least-squares fitting algo- images of the high-loaded catalyst as reduced af80(@)
rithm was applied using peaks with a mix of Gaussian and and then oxidized at 15@ (b) and at 500C (c), while
Lorentzian shape and a Shirley baseline. The fitting rou- Fig. 2 presents the evolution of the size distribution of Re
tine constrained the area ratio for the spin-orbit split Re particles. It appears that already at 2&0there is some re-
(4f7/2,5/2) lines to be 1.33. Intensities, peak positions, line dispersion of Re that manifests as a decrease of the average
widths, and Gaussian/Lorentzian mix were all optimized by particle size and the appearance of very small secondary par-
the fitting routine. ticles. According to HRTEM, there is, however, no evidence
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Table 1
BET surface area, Re content (wt%), and rhenium density for sinteregl in H
Rel -Al, O3 catalysts after oxidation treatments at various temperatures

Catalyst Oxidation ~ BET Re conterlt Surface densify

T (°C)ftime  (m2/g) (wt%) (atoms R¢nm?)
10.4% 400/4 h 154 10 22
Refy-Al,033  600/4 h 153 1m 21

700/4 h 153 P 19

800/4 h 151 ol 15

800/20 h 150 [¢’] 15
1.04% 400/4 h 172 10 021
Ref-Al,03  600/4 h 170 ®8 019

700/4 h 170 ®7 019

800/4 h 166 ®2 018

800/20 h 163 B9 016

@ Re content calculated from the amount of NkeQ, used for impreg-
nation.

b Measured by ICP-AES, accuragy0.1 wt% Re.

€ Defined as the number of rhenium atoms per square nanometer of the
catalyst.

of bulk or even surface oxidation of larger Re particles since
the particles exhibit well-defined, sharp outlines (cf. inset to
Fig. 1b. The process of the Re redispersion in oxidative at-
mosphere accelerates at 2@) and at 250C only sparse
metal particles remain. At even higher temperatures whole
Re is uniformly spread over the suppd¥id. 10.

The Re surface densities calculated from the measured
BET surface area and the actual metal loading are listed in
the last column offable 1 For the 10.4% Re/-Al 03 cat-
alyst oxidized up to 600C the Re surface density is close
to the monolayer coverage, which according to 2]
amounts to 2.3 Re atomsn?. It can be noted, however,
that ReO; oxide formed by oxidation of the Re at such high
temperatures is volatile and monolayer surface coverage of
ReQ; species is never achieved on any oxide supj3dit

3.2. Uptake of oxygen

The results of the volumetric measurements of the oxygen
uptake by the Re/-Al .03 catalysts sintered in #at 800°C
are presented iffable 2 The O’H and O/'Re given inTa-
ble 2 denote the ratios of the number of adsorbed oxygen
atoms to the number of hydrogen atoms chemisorbed in the
monolayer and to the total number of rhenium atoms in the gi)%olc' I;Ma';‘g:rgg:jai‘i‘j ‘; t;‘;éois;% :rﬁj“azto;og&gagft ﬁguﬁﬁi‘l dat
catalyst, respectively. It apprs that at room ter_nperat.ure the HRTEM im‘age of Re crystallite with no‘ evidence of the sun‘ace:EJ oxidation
O uptake by both catalysts is low and according to literature is shown as inset to (b).
data it may be attributed to dissociative chemisorpfior].
The coverage of the rhenium surface with oxygen (expressed
as O/'H) close to 0.60 for both catalysts is consistent with Some differences in the oxitlan behavior of Re were noted
that obtained volumetrically on a rhenium powd48] and dependent on rhenium loading and thus on particle size of
on polycrystalline and single crystals of rheni{8@]. Some rhenium in the catalyst. For the high-loaded catalyst, with
authors suggested that difficukii;n obtaining the saturation  an average particle size of Re about 5 nm, the oxygen up-
of Rek -Al,03 catalysts with oxygen could be due to a pene- take reaches a maximum level already at 30(and does
tration of oxygen into the subsurface region of rhen[as. not change up to 50CC. The JRe ratio equal to 3.31 sug-
Observed rise of the oxygen uptake with increasing tem- gests nearly complete oxidation of the Re particles tgQre
perature (cf.Table 2 points to a bulk oxidation of the Re.  oxide. For the low-loaded catalyst, with an average particle
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Fig. 2. In the size distribution of the 10.4% ReAl,03 catalyst after re-
duction at 800C (a), and oxidized at 150C (b), and 200C (c). Average

size of Re particles calculated from tlistributions is 4.9, 4.3, and 3.3 nm, Fig. 3. XPS spectra of the Re 4f region of rhenium powder (a), 1.04%

Refy-Al,0O3 catalyst sintered in pland oxidized at room temperature (b),

respectively. 10.4% Rey -Al,03 catalyst sintered in pland oxidized at room tempera-
ture (c), and crystalline R©7 oxide (d).
Table 2
Uptake of oxygen by the reduced at 80D Re} -Al,O3 catalysts as a func-
tion of oxidation temperature uptake. No loss of rhenium dag heating of both catalysts
Catalyst Oxidation Uptake of oxygenO/HE O/Ré? in Oz up to 500°C occurred (sed&able 1) and could not be
temperatureC) (Umolo,/Jead responsible for the underestimation of thgR® ratio.
10.4% Rep-Al,032 20 445 0.64 016
150 448 064 016 3.3. XPS studies
200 1843 264 066
250 5766 828 207
300 9275 1328 332 The XPS technique was applied to establish the oxida-
400 9171 1320 330 tion states of the surface rhenium atoms in theyR&l,03
500 9201 1321 331 catalysts after various oxidation treatments. A typical wide
1.04% Rep-Al,03P 20 a1 060 033 energy scan of the RefAl,O3 catalyst gave an XPS spec-
150 2435 161 087 trum with clearly resolved O 1s and 2s, Al 2s and 2p, C 1s,
200 4488 298 161 and Re 4d and Re 4f peaks (spectrum is not shown). Impuri-
ggg gggg jég ;i% ties other than garpon were not observed in the studied sam-
400 7985 530 286 ples. For quantitative measurements of Re the Re 4f doublet
500 8320 552 298 was usedFig. 3shows the Re 4f region from the Re powder
a Catalyst with dispersion of rhenium,/Re— 0.25. Monolayer uptake ~ and ReOz oxide, as references for Rend Ré* oxidation
of hydrogen from H chemisorption at 308C amounts to 70.0 pmgl,/ states, respectively, and 1.04% and 10.4%/R&l,03 cat-
eat [13]. alysts passivated at room temperature. The spectrum of Re
P Catalyst with dispersion of thenium,/Re=0.54. Monolayer uptake  powder exhibits two well-resolved spectral lines at 40.5 and
of hy[/:;(])gen from H chemisorption at 300C amounts to 15.1 pmg),/ 42.9 eV assigned to the Reﬁﬁ and Re 46/2 spin-orbit
gcact Ratio of the number of O atoms adsorbed to the number H atoms COMPONents, respectivelfig. 39. The spectrum of pure
chemisorbed in the monolayer. ReO7 also exhibits two, but less separated spectral lines at
d Ratio of the number of O atoms adsorbed to the total numbers of Re 46.9 and 49.3 eVKig. 3d). Observed line broadening may
atoms in the catalyst. be to some extent due to partial surface reduction efRe

oxide[27]. The XPS spectra of both catalysts exposed to air
size of Re about 2 nm, the oxygen uptake does not saturatefor a short time show strong broadening of the Re 4f peak so
even at 400C. The O/'Re ratio of 2.98 obtained at 50C is that the splitting of Re 4f, and Re 4§, lines disappears.
still 15% lower than the value of 3.5 expected for oxidation However, for the high-loaded catalyst the shape and position
of Re to ReOy. However, prolonged oxidation of both cat- of the peak show clearly the presence of metallic rhenium
alysts at 500C for 4 h did not result in any increase inO  as a major phase with a small amount of the other oxida-
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+7 +6 +4 0
Table 3 Rey72 Regszio Reysrp Reyepn
Some published Re #f, binding energies (eV) for metallic Re, various Re —
oxides, and rhenium supported prAl,03 g ; ; ’
Species Re 4§, O 1ls Reference Reference
energy (eV)

Re powder le3) C 1s=284.6 This study

407 C1s=285.0 [27]
Re foil 407 C1s=2850 [27]

405 C1s=285.0 [39]

39.7 Pt4f, =70.9 [28]

40.0 C1s=284.6 [49]
ReO 425 C1s=285.0 [27]

433 5318 C1s=285.0 [39]

425 Pt4f, =70.9 [28]

432 C1s=285.0 [38] 2

7]

ReQ; 445 C1s=2850 [27] S

44.9 Pt4f;, =70.9 [28] =

443 C1s=285.0 [38]
ReO7 46.9 5329 C 1s=284.6 This study

46.9 C1s=285.0 [27]

46.8 5321 C1s=285.0 [39]

46.7 Pt4f;, =70.9 [28]

465 C1s=285.0 [38]
HReQy/y-Al03 411 C1s=285.0 [38]
(Hy, 500°C)
HReQy/y-Al»03 45.7-460 C1s=285.0 [38]
(air, 300°C)
2.4 Ref/-Al,03 46.3 C1s=285.0 [38]
(air, 500°C) Binding Energy, eV

0, —
(1;@52%%&'203 466 Cls=2850 [42] Fig. 4. XPS spectra of the 1.04% ReAl,03 catalyst oxidized at room
’ temperature (a), 150C (b), 300°C (c), 500°C (d), 600°C (e), and

y-Al,03 (air, 600°C) 5316 C1s=284.6 this study 800°C ().
y-Al203 5317 C1s=285.0 [39]

of pure ReO; oxide, indicating clearly the existence of the
_ _ Re'* species. For both catalysts, the oxidation states of rhe-
tion states of the Re. For the low-loaded sample a mixture of njum increase with the oxidation temperature up to D0
various oxidation states of the Re is observed. and then remain constant.

Table 3contains some literature XPS data for metallic Re, The distribution of the Re oxidation states in the oxi-
several rhenium oxides, and RReAl 203 samples subjected  dized catalysts was estimated by the curve fit of the Re 4f
to various treatments. It appears that our data for the Re pow-XPS spectra, as is presentedFigs. 4 and 5In the curve-
der and RgO7 oxide are in close agreement with literature fitting routine, the relative intensity and separation of the
data. InTable 3positions of the O 1s line are also presented spin-orbit Re 4§,-Res2 doublet were fixed for each dou-
when available. However, according to Tysoe ef28] O 1s blet, but linewidth (FWHM) and position were variable to
spectra do not yield valuable information on the nature of the some extent. For both catalysts oxidized at room tempera-
rhenium oxide. ture, the best fitting was obtained assuming four different

Figs. 4 and $how Re 4f spectra for the 1.04 and 10.4% oxidation states of rhenium. The deconvoluted peaks at 40.5
Refy-Al>03 catalysts after oxidation at 20-800. For the  (or40.4),42.8,44.8,and 46.6 eV (or 46.3 eV) are assigned to
low-loaded catalystig. 4), each spectrum exhibits only one  Re 4f;> lines and confirm the existence of RRe", R,
broad peak, with an apparent shift of the binding energy with and Ré* species, respectively (s@able 3. Some amount
the increasing oxidation temperature. Such large spectralof the Re may be present also in oxidation states between 0
broadening previously reported for low-loaded R&Xl 203 and 4, but its identification is very difficult or even impos-
catalystg39,49]was ascribed to the interaction of the rhe- sible in the Ref-Al,O3 system[40]. Treatment at 150C
nium species with the alumina support. The high-loaded cat- leads to enhanced formation of Re-Re’+ species but a cer-
alyst (Fig. 5 generates better spectra, so that even some Retain amount of metallic rhenium is still observed (as the tail
4f7,2 and Re 44, splitting could be observed for the sam- on the low BE side). At 300C only R&E* and Rét species
ples oxidized at 500-80. These spectra resemble that are present. At 500C and above, Re species are the only



504

J. Okal et al. / Journal of Catalysis 225 (2004) 498-509

+7 +6 +4 0
Reserio Resrrn ReyrrnReysr

Intensity

f)

e)

d)

c

54 52

Fig. 5. XPS spectra of the 10.4% ReAl,O3 catalyst oxidized at room
temperature (a), 150C (b), 300°C (c), 500°C (d), 60C°C (e), and
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product of oxidation, irrespective of the concentration of the
Re in the catalyst.

Table 4summarizes curve-fitting results obtained for the
both catalysts oxidized at 20—800. It contains the bind-
ing energies of the most intense Rg/4fcomponent of each
doublet, its FWHM (in parentheses), and the distribution of
oxidation states of surface Re ions. For the samples oxidized
at low temperatures (where large Re particles are present)
Table 4 contains also the distribution of oxidation states
of Re corrected for the finite “probing depth” of the XPS
method. The method of calculation will be explained further
in this paper. It should be admitted that the relative accuracy
of such quantitative analysis is about 20%, which accord-
ing to Ref.[50] is quite acceptable for the chemical analysis
of the extreme surface. Especially, estimation of the distri-
bution of oxidation states of the rhenium in the low-loaded
catalyst bears relatively large certainty. Nevertheless, the
corrected XPS data for the sptas oxidized at low tempera-
tures much better fit the results obtained by HRTEM and O
uptake measurements.

In some XPS studies on supported metal particles, the
binding energy has been found to be particle size depen-
dent, increasing by ca 0.5 eV as the particle size decreases
from 5 to 1 nm[51,52] Our results demonstrate that the
Re 4f;,7 binding energy for metallic rhenium supported on
y-Al,03 was almost independent of the rhenium particle
size (40.4-40.5 eV) and was similar to that determined for
rhenium powder (40.5 eV). Biloen et gb3] reported a
similar value of 40.5 eV for reduced rhenium supported on
SiO,. In XPS studies of alumina-supported Pt—Re catalysts
reduced at 500C, the Re binding energy was found to be
greater than 40.5 eVy39,40] The binding energy of rhe-

800°C (0. nium in Re foil was found to be 40.0 eM9], while for thin
Table 4
X-ray photoelectron spectroscopy analysis ofyRél O3 catalysts oxidized at 20-80C?
Oxidation Re 4f7/2b Re/Al
temperature {C) R ReH RS+ Re/+
10.4% Reyp-Al,03
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% .0080
(94.5%F (2.0%F (1.2%) (2.3%f
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% .0340
(33.3%F (5.3%Ff (17.1%F (44.4%F
300 44.8 (2.7) 22% 46.3 (2.3) 78% @5
500 46.3 (2.6) 100% m47
600 46.4 (2.7) 100% m44
800 46.4 (2.8) 100% 49
1.04% Rep-Al,03
20 40.5 (3.3) 21% 42.8 (3.3) 41% 44.8 (3.3) 4% 46.6 (3.3) 33% .00
(60.5%F (20.5%F (2.0%) (16.5%F
150 40.5 (3.3) 2% 42.8 (3.3) 24% 44.8 (3.3) 30% 46.6 (3.3) 44% .0049
300 42.8 (3.5) 7% 44.8 (3.5) 25% 46.6 (3.5) 68% .0050
500 46.6 (4.4) 100% 048
600 46.3 (4.5) 100% m048
800 46.6 (4.6) 100% 050

a All binding energies were referenced to C2£284.6 eV.
b Binding energies (eV) and concentration (%) of Rg/4fspecies. The numbers in parentheses represent the FWHM values.
¢ Distribution of Re oxidation states correctfa the limited “probing” depth of XPS (see text).



J. Okal et al. / Journal of Catalysis 225 (2004) 498-509 505

rhenium film deposited on Pt even 39.7 §8]. We sup- given in Table 4refers to very simple approximation as-
pose that higher BE of the Re# line obtained for our ~ suming a homogeneous, semi-infinite slab of Re—Al alloy.
Refy-Al,03 catalysts can be partly explained by a change This approximation is obviously not fulfilled for the high-

in electronic properties of the rhenium atoms in the particles loaded catalyst where the presence of large Re particles at
induced by the interaction with oxygen atoms of the support the surface of alumina is evidenced by TEM. In addition to

[47,54]
The Re 4§, binding energy of RE" species, formed in

the very nonuniform Re distribution the inelastic mean free
path (IMFP) of Re 4f/> photoelectron with kinetic energy

our oxidized samples, was always lower by 0.6-0.3 eV than of 1205 keV in Re metal, calculated according to the Seah

the value for bulk RgO; oxide (used as the reference for

and Dench formuld57] as 1.73 nm, is much smaller than

Re’*). Such BE shift may be explained by a different charg- the mean particle size of Re of about 5 nm so we may as-
ing of the alumina support as compared to the unsupportedsume that not the whole amount of Re is probed by XPS. In

ReO7 oxide. It was also found that the BE of Rez4fin

various compounds depends upon both the “formal” oxida-

tion state and the nearest neighbors of the Re [88F We

the sample of the 1.04% Re/Al,O3 catalyst after the same
treatment, the R&Al atomic ratio is closer to the bulk atomic
ratio, since Re particles are smaller. It is observed, that after

suppose that increasing oxidation temperature causes somexidation of the both catalyst at 15C or at higher temper-

migration of Ré* species over alumina and the environ-
ment of the Re ions and/or strength of the interaction with

atures, the XPS-determined d atomic ratios are always
greater than (RE&Al) puik, What indicates that the rhenium is

the support, which clearly depends on the amount of the Reredispersed over the alumina surface. Additionally, the in-

in the sample, may be slightly changed. Additionally, rather
large FWHM values of the Re 4f doublet components indi-

crease in XPS-determined R atomic ratio with loading
in fully oxidized samples isn accordance with the model

cate that the Re species may be present in more than ong@roposed by Kerkhof and Mouliji1] suggesting the pres-
environmentin the surface region. Similar broadening of the ence of well-dispersed surface species.

Re 4f;,, peaks was observed by Cimino et[d3] in silica-
supported rhenium catalyst treated in air at 300-°1&0rhe
authors concluded that Re species could be located on

Recently, the linear increase in the surface XPS signal
was observed for the 4.1-11.3%JR8/Al ;03 catalysts cal-
cined at 500C and for the 0.7-4.8% R©-/TiO, catalysts

SiO; support in nonhomogeneous environments. Recently, calcined at 450C [44]. The authors assign this behavior to

Daniell et al.[55] proposed on the basis of TPR study of the
9% Re07/Al,03 catalyst that various R& species might

the highly dispersed nature of the supported rhenium ox-
ide phase on the surface of these supports. In our study,

exist on the alumina surface. The authors admitted the pres-after oxidation at 150C, the RgAIl atomic ratios are 2—

ence of a small amount of oligomeric rhenium, although in

4 times higher in both catalysts than the initial one. For the

their Raman spectra only one monomeric tetrahedra speciesigh-loaded catalyst after oxidation at 30D, there is fur-

was detectedb5]. Our recent Raman data for ReAl 203
catalysts oxidized at 300-80Q showed that rhenium in
the oxidized state is present as two slightly different ReO
monomeric specief32]: one occurring for both loadings,
and the other, with a weaker Re—O—Al bond, occurring for
high loading only. Moreover, we postulated that during ox-
idation of the high-loaded catalyst at 300-3@) ReQ
monomers may form a kind of surface compound with a Al-
O—(ReQ)3 structure[13,32] Salvati et al[56] obtained a
XPS spectrum of the bulk Al(Refs compound with the Re
4f7/2 binding energy (46.5 eV) approximately equal to the
value reported for R&€; oxide. Because of this, XPS re-
sults of this study could not validate or dismiss our earlier
suggestions based on Raman and other [d&32]

ther growth of the REAl atomic ratio and then it remains
constant for oxidation temperatures up 8@ Thus, the
XPS results suggest that the rhenium oxide species, formed
by oxidation of metallic rhenium particles, is present as a
well-dispersed surface phase and all rhenium in our sam-
ples is detected in range of 300—-8@) HRTEM study also
shows that under these catidns whole rhenium is uni-
formly spread over the alumina support. In fact, in sup-
ported rhenium catalysts after oxidation at enhanced tem-
peratures, crystallites of rheum oxide are never produced
since ReO7 oxide is volatile just above 15@. Our pre-
vious Raman study32] indicates that RegD; is adsorbed

on the surface of the support as Ret@trahedra. More-
over, the sensitivity of the surface rhenium oxide Raman

From XPS analysis, the atomic concentrations of Re and signal to moisture further confirms that rhenium oxide is

Al were obtained and the RAl atomic ratios were calcu-
lated (last column ifTable 4. Atomic ratios were calculated

taking into consideration the sensitivity factors of elements.

The elemental sensitivity factors for Rez4f, Re 4§,,, and

present as a two-dimensional phase adsorbed on the alumina
support surfacg32]. XPS results confirm this observation
since for the samples oxidized at 300—-8Q0 the measured
Re/Al ratio is constant. Under such conditions the model

Al 2p were 2.95, 2.21, and 0.249, respectively. In the sample of Kerkhof and Moulijn (KM) [41] should be applicable.

of the 10.4% Re/-Al,0O3 catalyst oxidized at room tem-
perature, the XPS-determined /¢ atomic ratio is about

4 times lower than the bulk atomic ratio, (Rd)puk =
0.032, calculated from the overall chemical composition of

In our case the IMFPs for Re 46 and Al 2p photoelec-
trons in AbO3 (kinetic energy 1205 and 1179 eV, respec-
tively) are very close and equal g = 1.53 nm[57]. IMFP

for the same photoelectrons in & is 0.9 nm[57] and

the catalyst. It should be noted, however, that atomic ratio is much larger than the thickness of theoRe overlayer
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(0.155 nm as calculated for 10.4% catalyst assuming sur-Similar Al 2p peak shifts observed in the Au&s system
face area of the alumina support 153 ). Attenuation of treated in air at 300—-90@ were explained by an increasing
the XPS signal in the Re oxide overlayer may therefore be interaction between Au and AD3 [59]. Zaera and Somorjai
neglected. Within the KM model, if no attenuation occurs [60] found that oxygen chemisorbed on the Re film shows
within the overlayer, the experimentally measured intensity the O 1s peak at 530 eV. However, in our study the O 1s
ratio (Ire/Ia)exp = (Re/A)p(Sre/Sa)z, where (ReAl)p peak could not be used to the analysis of Re—oxygen species
is bulk atomic ratio, §re/Sal) is the ratio of atomic sen-  because of overlapping with the strong O 1s signal from the
sitivity factors, andz is the correction function depending alumina support. It is commonly accepted that O 1s peaks at
on the dimensionless geometrical parametet ¢/\s de- about 531-532 eV are due to adsorbed oxygen species such
scribing the structure of the support£ 2/p So, Wherep is as O, OH™, or HxO.
density andSp is surface area). In our cas@amounts to 1.38
and 1.30 for high- and low-loadecatalyst, respectively. It
means that REAI ratios in Table 4should be divided by 4. Discussion
to be compared with (R&\l)p. For the samples oxidized at
500°C we obtained therefore values aDa@7/1.38= 0.034 Our XPS results on oxidation of supported rhenium par-
and 00048/1.30= 0.0036 for high- and low-loaded sam- ticles can be compared with existing limited literature data
ples, respectively. These values are quite close to 0.032 andbtained by XPS but only for unsupported rhenium. Ducros
0.0029 ratios calculated from overall chemical composition. et al.[37] reported that at room temperature oxygen is disso-
The situation becomes much more complex for the sam- ciatively adsorbed on Re(0001) single crystal with possible
ples oxidized at low temperatures where both metallic and formation of a superficial oxide with composition between
oxidized rhenium is present. Moreover, we have to remem- ReO and ReO. The conclusion was based on the observed
ber that some Fe(within the bulk of larger particles) is  shift of 1.1 eV in the Re 4f XPS signal upon oxygen dosage.
probed since IMFP for Re 4f photoelectron in Re is  Similar Re 4f line shifts was observed more recently by
1.74 nm, less than the mean particle size of Re particlesRamstad et al[35] for the oxidation of thin Re islands on
(5 nm for high-loaded sample). To tackle the problem we Pt(111). Very recently, Liu and ShJB6] showed for poly-
use a very simple approximation. Since in the samples ox- crystalline rhenium, that such small changes in the Re 4f
idized at 500C the whole amount of Re is probed by binding energy may be assigned with both molecular and
XPS, then we assume that the ratRe/Al)r/(Re/Al)so0 dissociative adsorption afxygen and that #re is little, if
gives the fraction of Re probed at lower temperatiire any, Re oxide formed on the gace. The authors explained
For example, for the high-loaded catalyst oxidized atQ0  the apparent discrepancies between the previous results by
we have(Re/Al)2o/(Re/Al)sgo = 0.008/0.047=0.17; i.e., the slow rate of the Re oxidation at room temperature. Za-
only 17% of the whole Re is probed. The remaining part, era and Somorjg60] found that several oxides of rhenium
83%, is obviously R& because at low temperatures large Re were formed on thin Re film exposed at room temperature
particles may only be oxidized at the surface. Of this 17% of for 1 atm of Q. Alnot and Ehrhard61] identified ReQ,
the probed rhenium 67.5% is R€Table 4column 2); there- Re(;, and ReOy oxides on the surface Re ribbons oxidized
fore, the total amount of Reis 83%+ (17% x 0.675) = at 427°C in 1 Torr Q. Oxidation of thin Re film deposited
94.5%. It should be admitted that the relative accuracy such on Pt foil above 200C in 1 atm of G caused formation of
“quantitative” analysis is rather poor, especially for the low- a mixture of rhenium oxides, and above 3@loss of rhe-
loaded catalyst, where estimation of the distribution of ox- nium due formation of the volatile R®7 was observe{8].
idation states of Re bears ralatly large uncertainty. Nev- From the literature survey and our results obtained for
ertheless, the corrected BRlata for the samples oxidized supported rheniurfiL3,47]it appears that oxidation of rhe-
at low temperatures much better fit the results obtained by nium at room or higher temperature depends strongly on
HRTEM and @ uptake measurements. the size of rhenium particles, i.e., on dispersion of the
The values of binding energies of Al 2p and O 1s lines Re. At room temperature dissociative or partly molecular
in our samples generally are close to those observed inchemisorption of oxygen occurs on the surface of Re with
y-Al203 [58]. The Al 2p peak shifted continuously to higher very low dispersiorf36]. Dissociative chemisorption of oxy-
BE with increasing temperature, e.g., from 73.74to 74.63 eV gen with possible formation of a superficial (few monolay-
for high-loaded samples while such dependence was noters thick) Re oxide also takes place on large Re particles
observed for low-loaded samples. The O 1s feature in ourin our Ref/-Al,03 catalysts. According to XPS the small-
samples was a single symmetric peak occurring at 530.86 toest particles (to 1 nm) and clusters of Re were oxidized to
531.36 eV (spectra for Al and O are not shown). Such BE Re*, Ré+, and even to Re" species. The amount of these
shift is probably not due to a different charging of the sam- species is particularly large for the passivated low-loaded
ples, because the separation of the binding energies of Al 2pcatalyst, where XPS data showed that only 60% of Re was
and O 1s,A(Al-0), also undergoes changes as a function left in a zero-valence state. This also indicates a high affin-
of temperature. The\(Al-O) values were in the range of ity of the highly dispersed Re to oxygen. Fung et[4D]
457.12 t0 456.76 eV at temperature oxidation of 20-8D0 found that passivation of the 1% ReAl,Os3 catalyst pre-
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pared from salt precursor (NfReQy) had led to a complete  low-loaded catalyst, due to diversity of the Re ions, the sur-
oxidation of metallic Re to Re instead of a partial oxida-  face concentration of individual Re ions was to low to be
tion to R&t. The authors explained the complete oxidation experimentally observed.
of the highly dispersed rhenium by the high affinity of Re ~ For both catalysts oxidized at or above 5@ XPS,
for oxygen. Extensive oxidation of small rhenium particles HRTEM, and our previous Raman data show complete oxi-
explains the difficulties we encountered in detecting Re in dation of Re to RgO7 oxide and its dispersion over alumina
TEM images of a low-loaded nonsintered cataf#st]. On ~ SUpport as monomeric RaGpecies. Large broadening of
the contrary, in the sample containing Re particles with an the Re XPS peaks indicates thhts species is present on
average size of about 5 nm, the majority (94.5%) of rhenium the surface in various environments. A similar conclusion
is in the metallic state. Low oxygen uptake at room and at Was drawn from the Raman spectra, showing that depend-
higher temperatures, still lower than expected for total ox- ing on thg Re loading, Remonomer species of sllght!y
idation of R€ to R&'* (Table 9, especially in low-loaded different kind could form{32]. Moreover, we found previ-
catalyst, suggests that part of Re exists in a low positive ox- ously that high-temperature treatment causeq some diffusion
idation state already before oxidation treatment. We found of ReQ groups over the surfacg of _the alumifgz2]. S.UCh

. . S . temperature-induced surface diffusion of the rhenium sur-
previously[47] that partial reoxidation of rhenium may oc- . - .
cur during the evacuation of the catalyst at 320applied face oxide may be facilitateby an extensive dehydroxy-
after the Ei reduction treatment. This aérees well VF\)/Eh find lation of the alumina support during prolonged calcination

: " at high temperature as was proposed by Spronk ¢63)].

ing of Solymosi and Bansa$2] that isolated Re species in g P prop Y Sp 463]

. - Since the rhenium oxide is mobile at higher oxidation tem-
reduced 1% Re/-Al2Os catalyst could be oxidized to mono  yeratyres a nearly random distribution of Reits over all

or higher valence metal ions by the OH groups of the sup- types of sites on the alumina surface ocd6@j. Hardcastle
port. et al.[64] and also Spronk et al63] showed that rhenium
Upon oxidation at 150C, enhanced formation of the  does not react with alumina at temperatures as high as 950 or
surface R&"—Re* species was observed by XPS and the 1000°C and is still present as stabilized, surface-coordinated
mount of metallic Re quickly eécreased especially in the ReQ, groups.
low-loaded catalyst (only 2% of Rewas left). At this A large influence of the heat treatment in air on the in-
temperature, the R&l atomic ratio was 2—4 times higher tensity of XPS Re 4f peak was found in the Re/SE)stem
than the initial one, indicating a large spreading of the ox- [43]. The authors observed a decline of Re 4f peak with in-
ide species on the surface pfalumina support. It is evi-  creasing temperature and explained this by the(Rdoss
denced by TEMFig. 2) that upon oxidation of the 10.4%  due to volatilization. It is well known that the surface rhe-
Refy-Al,03 catalyst at 150C and at 200C the average  nhium oxide species supported on $jan contrast to that
particle sizes of Re decreased from 4.9 to 4.3 nm and to on the AbOgz, are not thermally stable. In physical mixtures
3.3 nm, respectively. This incites the transport of Re from  Of the ReO7/SiO; system with other oxide supports, nearly
the surface of the Re particles to the support by volatilization cOmplete migration of the surface rhenium oxide species
of Re;O7 oxide. This dispersed phase is seen in HRTEM from Si0; to other oxide support (e.g., #03) upon ther-
images as very small amorphous particlesd(6 nm) uni- mal treatment was.obse'rveEGS]. Our XPS data indicate
formly distributed on the supporigs. 1b and }; [13]. High that the RgAl atomlc r.atlos do nqt change for both cata-'
volatilization of ReO7 oxide even at 156C may explain !ysts even gfter oxidation at the.h|ghest temperatures. This
why we could not found by HRTEM any oxide layer on the is a surprising result becauseechical analysis showed that

surface of supported Re particles as well as in Re powderSome loss of rhenium was observed especially at*800
annealed at 15 [13]. (seeTable ). It can be noted that the surface area of the

At 300°C, the process of oxidation of Re accelerates, and Zgg]fé%%rgrgﬁasj r;]esa;lxa(;%n:ijnctul]r;;hoef :ﬁ?gﬁﬁ%?gﬁn?e
according to XPS only R, Ré€*, and Ré* species are ' 9 P

tin both catalvsts. M ¢ ik port has probably been modified slightly. An extensive de-
present in both catalysts. Measurements gfuptake sug- hydroxylation of the alumina support during prolonged cal-
gest nearly complete oxidation of Re toR¥ for the high-

, cination at high temperatures was found by Spronk et al.
loaded catalyst ((Re = 3.31), while for the low-loaded (53] for the 6% R@O7/Al, 03 catalyst. The authors found
catalyst QRe amounts to 2.5 only, indicating that strong by hydrogen consumption in a TPR study that all rhenium
interaction of partly oxidized Re with the support prevents oyjge remained in the catalyst up to 90D as stabilized

its oxidation to ReO7 oxide. This result is in accord with  gyrface-coordinated ReQ@roups. We suppose that in our
XPS data, where only 68% of Re was-+HY oxidation state  case, slightly different treatent procedures of the samples
(Table 4. Our recent Raman stud$2] also showed that ox-  before chemical analysis drXPS measurements, as well
idation of the 10.4% Re/-Al ;03 catalyst already at 30@ as limitations of quantitative XPS analysis of porous sam-
for 1 h is enough to obtain a monomoleculary dispersed ox- ples with high surface aref#6], would partly explain our
ide phase. For the 1.04% ReAl,O3 catalyst the Raman  results. Another explanation fahe apparent contradiction
signal was not detected at this temperature. Probably for thebetween XPS and ICP results could be some encapsula-
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