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Abstract

Pt (3 wt%)/sulfated zirconia (Pt/SZ) was treated withiSfH, (10% v/v mixture) in the “fresh” (dried) as well as in the “used” state (after
calcination and use in an autoclave run under 20 beauhtl 300 Torr-hexane). Morphological and structural changes as well as the chemical
state of sulfur were studied by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM). XPS detected sulfate (BEL695 eV) as the only chemical form of S in the unsulfided catalysts. A sulfidg S 2
component (BE- 1625 eV) appeared in the S2region after sulfidation of both samples. Its amount correlated with the Pt content. Almost
all “sulfide” components disappeared from the X-ray photoelectron spectra quasi in situ hydrogen treatment. lon scattering spectroscopy (ISS)
uncovered partly “embedded” Pt in sulfided catalysts and increased the sulfur signahShe&tment almost completely removed surface
carbon impurities. Simulation of the Pif4peaks by artificial composite spectra of metallic PPJPPtO,qs and PtS showed that Pt was
present as a mixture of ®in close interaction with support oxygens (and/or with an adsorbed O overlayer) and PtS after sulfidation. Using
HRTEM several small flat Btparticles were detected in unsulfided catalysts. After sulfidation distinct flaret PtS particles coexisted.
Sulfided catalysts were inactive in benzene and cyclohexene hydrogenation but hydrogen treatment at 573 K reactivated the catalyst for the
latter reaction. Thus, the platinum surface accommodated some deactivating chemisorbed sulfur; more S did not, however, form, a compact
surface overlayer but appeared as a crystalline PtS phase with discernible lattice distances. Separate PtS particles seen by HRTEM wer
produced either by total sulfidation of smalPRiarticles or by migration of surface PtS entities from larger Pt crystallites to the support.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Active Pt/sulfated zirconia (Pt/SZ) catalysts contain most
probably acid sites in close vicinity to Pt sites, both interact-
Sulfated zirconia (SZ) catalysts represent a family of ing in dissociating hydrogen and transferring hydride ions
highly acidic catalysts exhibiting high selectivity in alkane to the carbenium-type intermediates of isomerization [9,10].
isomerization [1-3]. Their high activity is short-lived but ad- There are counterclaims, however, as for the state of Pt.
dition of certain elements, e.g., Fe Mn [4] or Pt [1-7], It was claimed on the basis of X-ray photoelectron spec-
may hinder the activity loss. Catalyst activation requires cal- troscopy (XPS) and the binding energy (BE) shift of the
cination in air at 800—900 K. SZ catalysts are active in the Pt 4f peak that a fraction of Pt in the working catalyst
presence of hydrogen only [5-7], with isomerization selec- must be in the sulfided state [11,12]. The role of differen-
tivities up to 100% in the range 400-600 K [6,8]. tial electrostatic charge in the BE shift has also been pointed
out [13]. This is caused partly by the presence of insulat-

Era— , ing overlayers (oxide and/or sulfide) covering the metallic
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by the dramatic drop in hydrogen chemisorption ability of 1l electron microscope. Raw HRTEM images with magni-
reduced Pt/SZ catalyst [14]. Counterclaims were made with fications of 330,000 and 470,000 were recorded on classic
respect to the oxidic or sulfidic character of this overlayer. 6 x 9-cm negatives (about six high-resolution micrographs
Sulfur arising from reduction of sulfate groups was reported were studied for each sample). These were numerized using
to poison the platinum function [19]. The pronounced hydro- a ThetaScan Umax scanner at a resolution of 2000 ppi. The
gen spillover and isomerization by the close cooperation of acquired images were processed (magnified and contrasted)
acid—metal sites [7,18,19] would, however, require maintain- with Photoshop software. The interfringe distances could
ing some H chemisorption ability, on Pcenters. A fraction  be measured directly on these magnified micrographs. The
of sulfate groups seem to undergo reduction #6 8y an measurements were confirmed by Fourier transform images
“oxidative” start of alkane reaction [20] and can be reduced obtained using a local software on numerized parts of the
further to $~. A sulfide peak appeared in the $ 2ore- negatives. The lattice distances were compared with JCPDS
level spectra of a Pt/SZ catalyst after treatment of it with H  files (or with interfringes calculated from JCPDS files) of the
in the preparation chamber of the spectrometer, most pro-species possibly present in the chemical system considered.
nounced on a calcined Pt/SZ after several runs-bExane Two sulfided samples (“fresh/S,” “used/S”) were studied
reactions but still far from complete deactivation [21]. by X-ray diffraction (XRD), as well as by XPS and ion scat-
The present article attempts to approach the problem fromtering spectroscopy (ISS), as described earlier [21-23, A H
the other route. We intentionally sulfided samples containing treatment was also possible in the preparation chamber of the
3% Pt on sulfated Zr@ In this way a surface was created electron spectrometer; representing a quasi in situ reduction
where there was certainly some sulfide present. Pt/SZ cat-in a sense that no air exposure took place between hydro-
alysts before calcination [22], as well as a calcined sample genation and subsequent XPS measurement. This was done
used im-hexane isomerization reactions [23], were sulfided. at 653 K. No XPS study was possitdering contact of the
Similar treatments created Pt sulfide entities on the surfacesample with H. The code %4H,” was added to the code
of various Pt catalysts [24,25]. Thus, the amount of this of these samples. Samples after ISS are denoted by adding
added sulfide and its stability under a reductive treatment“+|SS” to their code.
could be studied. Results of electron spectroscopy (XPS) and
high-resolution transmission electron microscopy (HRTEM) 5 1. Catalytic tests
are reported. Lattice interfringe measurements were used to

identify small Pt and PtS particles and the (sulfated) zirconia Hydrogenation of benzene and cyclohexene was used to

“support.” Transmission electron microscopy allowed us to . L .
” : " test catalytic propensities. Three milligrams of catalyst was
observe the entities obtained and could confirm and even ex- . .
loaded into a pulse reactor and pulses of 0.5 ul were intro-

tend the conclusions drawn on the basis of electron and ion . .

T . . duced into a hydrogen flow of 60 mL mif between 325
Spectroscopy, giving rise to new suggestions. By compansonand 383 K, in the “as received” state as well as after bein
of these results with those of catalytic tests, a completely heated in H flo 10573 K 9
new approach to describing the state of partially sulfided ' wup '
Pt/SZ catalysts is proposed.

3. Results

2. Experimental . :
Xperi 3.1. X-ray diffraction

Samples containing ca. 3% Pt were prepared as described
earlier [22] and used without calcination (code: “fresh”). An- The X-ray diffraction pattern of the “fresh” catalyst
other sample (code: “used”) was calcined at 900 K and then showed rather poorly crystallized Zs(together with well-
broughtinto contact with a mixture efhexane (nH) and developed Pt lines indicating a Pt crystallite size of ca.
(1:10) in a flow reactor at 1 bar at 373 K for several hours 10 nm [22]. Heating up to 673 K during sulfidation repre-
followed by a run of hours in a nonstirred autoclave at 20 sented obviously a sort of “low-temperature calcination” and
bar H, and the same nH pressure [23]. Fractions of both cat- improved the crystallinity of zirconia, forming its tetragonal
alysts were treated isothermally in a flow system at 673 K, modification. The “used” catalyst appeared as a tetragonal
as described earlier [24], with a mixture of 10%%$iplus zirconia but the Pt lines were less pronounced, as reported
90% H, (codes: “fresh/S” and “used/S”"). The samples were earlier [22]. The Pt lines showed hardly any changes on
stored in air between different tests. sulfidation and no lines attributable to Pt sulfide phase(s)

All sulfided Pt/SZ samples were investigated by HRTEM, appeared, in agreement with the low sensitivity of XRD
and compared with their unsulfided precursors. A few mil- to components present in small amounts (Fig. 1). The sit-
ligrams of powder samples was ultrasonically dispersed in uation was different for Pt/MoQAI,O3, where the ap-
absolute ethanol. A drop of this suspension was deposited topearance of PtS crystallites in electron microscopy—uwith
evaporation on a metallic grid covered by a holey amorphous well-identifiable electron diffraction—was accompanied by
carbon film. The samples were observed in a JEOL 100CX a minor XRD shoulder of PtS phase [26].
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* Table 1
Particle size and interfringe measurements of Pt particles in unsulfided sam-
ples from high-resolution transmission electron micrographs

Sample Particle size Lattice interfringe(nm) Identification Comment

«
2 (nm) Measured Literature
% value
ﬁ Fresh 15¢< 5 0.228 Q2272 PP(111) Ref. [22]
= 45 0275 027720 PP(110)
4x2 0.278 a272b  pO(110)
Used 12x 5 0.195 Q1968  P0(020) Ref. [23]
85x6 0.225 Q2272 pPP(111)
85x55 0191 196t PL(020)
20 40 erl? 80 100 4x3 0226 Q227 PR(111)
6 x 4 0.228 Q2272 pPP(111)

)

@ Referred to and calculated from JCPDS 4-802.
b As observed by Roberts and Gorte [30].

Gorte [30] and noted a$(—220) reflection in flat Pt parti-
cles. In the same way, on sulfated zirconia, interfringes with
a periodicity of 0.277 nm and corresponding to these for-
bidden reflections were detected in flat Pt particles. These
forbidden reflections could be due to the “lack of complete
Pt unit cell” [30]. These small Ptparticles do not produce
XRD reflections.

The zirconia particles were sintered, as opposed to other
preparation processes [31] where Zr@mained as small
individual particles. Tetragonal ZrGs the main crystallo-
graphic species (as detected by XRD). Nevertheless, since
the support appeared nonhomogeneous and formed col-
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Fig. 1. X-ray diffraction patterns of unsulfided (curves a) and sulfided

(curves b) catalysts. Asterisks denote the diffraction lines of tetragonal
ZrOo (JPCD 17-0923), and vertical lines, those of Pt metal (JPCD 4-0802).
PtS could not be detected. The crystallinity of zirconia was higher in the
case of “used” catalyst, but the intensity of Pt was much lower. (A) “Fresh”

lapsed crystal particles, its heating was probably not uni-
form. This is why remaining monoclinic domains exhibited
planes of (111)4210) could be detected at the zirconia sur-
face. The coexistence of monoclinic and tetragonabZ@u

catalysts; (B) “Used” catalysts. their interconversion at different heating temperatures were

reported by Vera et al. [32]. Local warming by the electron
beam might generate monoclinic zirconia as a microscopic
surface species undetectable by XRD (Fig. 1).
Calcination caused no dramatic Pt particle size growth
The current study revealed two kinds of metallic Pt par- [22]. The electron micrographs of the “used” catalyst—
ticles. Some particles were large and dense [e-g50 x subjected ton-hexane reactions—revealed no changes in
140 nm, lattice plane: (111)]. This result agrees well with Pt particle sizes published earlier [23]. Thus, the “using”
Pt reflections observed by XRD. These particles displayed process did not appear at the ultrastructural level, i.e., re-
a characteristic half-moon shape, as shown earlier [22]. Thegarding particle size and distribution or chemical transfor-
other type of particle was thinner and smaller. It appeared flat mations.
and rounded (diameter: 5 nm) or elongated{ 10x 5 nm).
Their size is in agreement with measurements reported by3.2.2. Sulfided samples
Smith et al. [27] and Chang et al. [28] on P#2g, but Analysis of electron micrographs of the sulfided “fresh”
somewhat larger than those reported by van Gestel et al. orsample revealed two kinds of thin particles: metalli€ Pt
Pt/SZ [29]. In the latter study the lower Pt loading (0.025 to (110) and PtS (101). Both are shown in Fig. 2, together with
0.8 mass%) could explain the smaller Pt partictes.(nm). some monoclinic Zr@ The PtS particles could be flat and
The lattice fringe measurement has led us to identify sev- elongated (5 x 5 nm) or rounded~ 7 nm).
eral crystallographic planes—(110), (111) and (020)—infcc ~ The “used” sample after sulfidation showed the same type
metallic Pt. Table 1 also contains results for larger parti- of PtS particles [planes (101) and (100)] (Table 2). On the
cles described in earlier articles [22,23] and subjected to right-hand side of Fig. 3 a rounded particle exhibits two sets
the present image processing. Detection of Pt(110) forbid- of fringes belonging to PtS and Pt crystallographic lattices.
den reflections has already been reported by Roberts andrhe fringes of PtS are connected to those of Pt and con-

3.2. High resolution transmission electron microscopy

3.2.1. Unsulfided samples
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Fig. 2. High-resolution transmission electron micrographs of Pt and PtS particles detected at the surface of the “fresh” sulfided Pt/zircor(@) $datple
elongated PtS (101) of.3 x 4.4 nm resting on monoclinic Zrg§111) [JCPDS 37-1484]. (b) Flat rounded metallic Pt (110) of 4.2 nm diameter lying on
monoclinic ZrQ (—210) [JCPDS 37-1484]. The insets show the Fourier transform patterns of the different particles.

Table 2 3.3. X-ray photoelectron spectroscopy
Particle size and interfringe measurements of Pt particles in sulfided sam-
ples from high-resolution transmission electron micrographs Table 3 summarizes the surface compositions of the sam-
Sample Particle size Lattice interfringg(nm) Identification Comment ples studied after various stages of their life. ThgQ@ratio
(nm)  Measured Literature increased on sulfidation due to removal of water and/or hy-
value droxyl overlayer after heat treatments: during calcination
Fresh/S 4 x3 0.275 0277b  PO(110) at 900 K (“fresh” vs “used” sample), and even during the
36x38 0302 030  PtS(101) moderate heating in sulfidation. Hydrogen treatment in the
93x44 0303 Q302  PtS(101)  Fig.2a spectrometer resulted in segregation of carbon on the surface
42 275 277" PO(110) Fig. 2b and in a slight enrichment of Pt and depletion of S (removal
Used 112x51 0302 Q30Z  PtS(101)  Fig.3 of the sulfide component from Pt). The Héons of 2 keV
1 0271 027#b  PO(110)  Figs. 3,4 d in ISS exerted a mild sputtering effect [24]. They re-
6x5 0.300 030X  PtS(101) Figs. 3,% usedin P 9 . Y ,
5 0302 Q30  PtS(101) moved almost all surface carbon from the sulfided fresh
45 0303 030X  PtS(101) catalyst, whereas the amounts of S and Pt component—Iying
~4 0.348 Q347  PtS(100) obviously in positions not visible by XPS [33]—increased
a Calculated from JCPDS 4-802. slightly more than what was expected based on the concen-
b As observed by Roberts and Gorte [30]. tration change of carbon. The “used” catalyst had a much
Z Referred to JCPDS 18-972. lower surface Pt concentration (Table 3), due to precalci-
Mixed particle (Figs. 3 and 4). nation before nH reactions. Its sulfidation (involving heat

treatment) and reduction caused fewer composition changes

trasted at the same level, that is, stayed in the same planethan in the case of “fresh” Pt/SZ catalyst.
Moreover, the PtS part exhibits crystallographic defects sug-  The O I line had a peak at ca. 530.5 eV binding energy
gesting that the PtS network is developing (Fig. 4). Figs. 2 (BE) corresponding to oxygen in zirconia. Another compo-
and 3 demonstrate that metallic Pt remains distributed as thinnent at ca. 532 eV [22] may correspond to sulfate [34] or
particles throughout the support, despite Z&ggregation, zirconium hydroxide [35]. The abundance of the latter com-
and that sulfidation can develop progressively in situ from ponent decreased on sulfidation and increased after subse-
thin metallic Pt. guent hydrogen treatment. Similar conclusions were drawn

Aggregation of zirconia was observed in all samples and from the changes in the ZiZ3doublet during various treat-
this could induce embedding of some metallic Pt parti- ments [21,22]. The narrower Ze#3loublet on ISS treatment
cles [22,29], as shown also by ISS (see below). In addition, pointed to a decrease in the ZrOH component. Th&Za-
seems that Pt particles did not grow oriented on Zc€ys- tio increased during these stages (Table 3). The @dion
tals, since three different interfringe planes have been mea-of the “used” catalyst showed smaller changes during sulfi-
sured for P. dation and subsequent reduction. The preceding agrees well
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Fig. 3. High-resolution transmission electron micrograph of Pt and PtS particles in the “used” sulfided Pt/zirconia sample. On the left, twiogetshaiie

been measured belonging to the PtS crystallographic system. As the angfelidt@@en the two sets of fringes is incompatible with the tetragonal lattice,
these sets do not belong to the same but rather to two different particles. Inset: Fourier transform pattern of the particle. On the lower rightRt$nireed P
been detected. Two sets of fringes have been measured in the same patrticle area. Some Pt(110) interfringes are connected to the PtS(101) interfringes

Table 3
Surface composition of the samles

Sample Composition (%) 10
(@) Zr S Within S Pt C Si ratio
Sulfate Sulfide

Frest? 57.4 182 33 3.3 - 25 123 54 032
Fresh/S 66.5 23.7 47 3.3 14 1.8 09 24 0.36
Fresh/S/H 60.8 24.0 25 2.2 03 23 65 37 0.39
Fresh/S/ISS 64.0 26.0 39 25 14 28 01 3.2 040

Used 675 221 40 4.0 - 04 30 29 032

Used/S 68.9 246 3.0 24 06 04 06 22 036
Used/S/H 65.7 265 23 22 01 05 19 31 040

@ Based on XPS line intensities of Q,1Zr 34, S 2p, Pt 4f, C 1s, and
Si 2p. Sample identification, see Experimental.

b Ref.[22].

¢ Ref. [23].

Sulfate with a BE maximum at 169.5 eV was the only
component in the S 2region of both “fresh” and “used”
samples in the “as received” state. As indicated in the lit-
erature [11,14,19,21] contact withoHat 653 K partly re-
duced this sulfate to% . This reduction was minor on both
“fresh” and “used” samples, but a more pronounced sulfide
Fig. 4. Higher magnification of the mixed particle shown in Fig. 3. Se- peak appeared when a Pt/SZ used previously in hexane reac-
Iectgd area contrasting using Pho_toshop software_ allOWS enhancemen_t anqionS between 420 and 600 K was treated in the preparation
confirmation of the structurg of this complex configuration. Inset: Fourier chamber with H at 653 K [21]. We can assume a rela-
transform pattern of the particle. g . - .

tively small amount of sulfide in the “normal” state in the

period of “quasi-steady” activity of Pt/SZ after regeneration
with the coexistence of two crystalline phases of zirconium with hydrogen between catalytic runs. The Pt/SZ catalyst
oxide found by HRTEM, including, the possible presence of showed higher isomerization selectivity versus cracking in
a hydroxide component. this state [21].
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The lower S concentration after treatment withSHTa- used+Hy w
ble 3) is concomitant with the increase in Zr percentage and, : 2
thus, can be connected to aggregation/recrystallization of uladet,s £ g
zirconia. The appearance of sulfide peaks in thepS& S
gion in both catalysts (Fig. 5) agrees with the presence of 0 gg;“;’j,:gsmz 4
the PtS component found by HRTEM. Its amount was much " e 70 e

less on the “used” catalys't. Heating in hyglrogen up to 650K Binding Energy (eV)
removed most of the sulfide component in both cases, leav- ®)
ing the sulfate peak unchanged. The abundance of sulfide
increased again after ISS treatment of the sulfided “fresh” Fig- 6. Pt“4f re?ion of samples after different treatments: _(a) “fresh” cgtg-
catalyst, presumably due to the reductive effect of Hin '(ftti; g?oal;ifj Pfg;agiit:'bce:flijéz(é T;Osghcgggsteift; arlous composition
bombardment, as also described for other systems [36].

The Pt 4f region for the “fresh” catalyst after the treat-
ments specified above is shown in Fig. 6A, and that for the spectra to the very different Pt intensities of the “fresh” and
“used” catalyst, in Fig. 6B. Experimental curves are shown “used” samples.
together with results of model calculations. For the latter  Two factors must be considered when the calculated and
purpose the Pt A peak of a purified Pt black catalyst [24] measured spectra are compared. First, close model composi-
was used. Shifting its BE by 0.8 eV would correspond to the tions often gave rather similar shapes (e.g., foP@yg4s=
position of Pt containing chemisorbed oxygen [37]. The BE 1:1 or 1.5:1). Second, the shape of the measured spectra
shift for PtS was taken to be 1.2 eV [38,39]. Model spec- is typical of disperse supported Pt particles, showing line
tra corresponding to various mixtures of Pt, Ri©and PtS broadening [25,40]. The separation of the Ft/4 and Pt
were calculated. Mixed spectra resembling the experimen-4f7,» components is, therefore, poorer than in the model
tal curves were selected. We adjusted the size of the modelspectra. The BE shift due to particle size effect [41] should
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play a minor role with particle sizes of a few nanometers ISS  Fresh, H,S treated
(corresponding to a few hundred Pt atoms, as calculated also o) S Sample Zr Pt
from transmission electron micrographs) (Table 2). holder (x 5)

The state of Pt in the untreated “fresh” sample may cor-
respond to the mixture of Pt and R4 the latter being in
excess. In fact, Btparticles were detected by HRTEM. Af-
ter HoS treatment, the composition was approximated with
a mixture of Pt with much less Pgg;plus PtS. Hydrogena-
tion removed the sulfide component from the & r2gion
(Fig. 6); the model spectrum containing Pt with even less
PtO,gswas selected to represent this state. ISS brought back
the sulfide component and shifted the Bt geaks also to-
ward higher BE values. No actual model is given to simulate Fig. 7. on scattering spectra of sulfided “fresh” Pt/sulfated zirconia catalyst
this state. in three different stages of sputtering. The increasing Pt intensity during

The partial “embedding” of Pt into bulk zirconia [22,29] _subsequept scans indicates_its uncovering b_y the sputtering effect+0f_He
may be the main reason Why the intensity of thePipeaks ions. The intensity of the Pt signal was multiplied by a factor of 5 for clarity.
is much lower in the “used” sample. The tentative simulation
with model spectra was given asPPtOygsin the untreated
sample to which PtS is added after sulfidation. The higher Table 4
co'n'Frlbutlon of the ”P,tq" componentin the Slmmatlor_] May  Residual activity (X/g) of various catalysts in hexane test reaction after
originate from an oxidic overlayer [12] or from the inter- ifferent pretreatmenfs
action of the small and partly embedded Pt particles with
support oxygen atoms [42].

2+10% 1

Intensity (cps)

—

600 800 1000 1200 1400 1600 1800
Kinetic Energy (eV)

Catalyst Conversion (%)

. Benzene hydrogenation Cyclohexene hydrogenation
The untreated catalysts contain rather large amounts of
d ) 343K 363K 383K 343K 363K 383K

carbon (Table 3) as an impurity, as also found for other sup-
ported catalysts [40,43]. It comprises adventitious carbon E::E < 22(3) Sg 43 4; 551 662
accumulated during storage in air, as well as residues fromg .cp/s/n 0 0 6 10 30 20
previous reactions in the case of “used” samples [23]. The |, 4 16 34 0 33 f 458
peak for carbon impurity contained a main component at ca. ysed/H 0 ~1 ~2 0 10 34
284.8 eV and also a smaller shoulder at ca. 289 eV (oxidized Used/s 0 0 0 0 0 0
carbon, e.g., carboxyl groups). This “oxidized carbon” com- Used/S/iH 0 0o ~3 38 47 55

ponent may belong partly to carbonaceous residues attached 2 Traces of methylcyclopentane 0.3%).

to strongly acidic centers, i.e., “acidic coke” [44],Sitreat-

ment removed surface carbon almost completely (Table 3).

This effect was more pronounced with the “fresh” sample

than with the used catalyst, corresponding to the different sputtering effect of the Heions gave rise to sample holder
origins of carbon; polymerized residues after hexane reac-signal (stainless steel).

tion were more resistant. More carbon was observed after
hydrogen treatment: Himust have mobilized C in positions
invisible by XPS, as reported, e.qg., for Pt/Sif20]. ISS re-
moved carbon from the outer surface rather efficiently.

3.5. Catalytic tests

Test reactions can be the best method to characterize the

3.4. lon scattering spectroscopy catalytic propensities of a surface. Benzene hydrogenation
was used to probe the metallic state of Pt/SZ catalysts [19].

The sulfided “fresh” catalyst sample was studied by the Table 4 compares the results obtained in this reaction as well

very surface-sensitive but semiquantitative method [45]: ion as in the hydrogenation of cyclohexene. The unsulfided cat-
scattering spectroscopy under quasi-steady-state conditions2lysts were active in both reactions; the higher Pt content
The ion scattering spectra showed a rather intense Zr peakof the “fresh” Pt/SZ was more active. Sulfided catalysts in
together with oxygen of lower intensity (Fig. 7). The carbon the “as received” state were, however, inactive in the hydro-
region was outside the range studied. The Pt signal increased@yenation of both benzene and cyclohexene. Benzene formed
during subsequent scans, indicating the removal of surfacetraces of cyclohexane after treatment inftdw up to 353 K.
impurities and release of platinum “embedded” under zir- The same treatment, however, totally re-activated the cat-
conia layers [22,23,29]. The Pt intensities of sulfided and alyst in the cyclohexene reaction. Similap kfeatment of
unsulfided samples were close. The sulfur signal was ratherthe parent, unsulfided Pt/SZ decreased somewhat the hydro-
weak. Thinning of the layer of powdered samples under the genation activity in both reactions.
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4. Discussion Catalytic tests could decide if the formation of PtS phase
and its detachment would leave behind clean or partly sul-
XPS provided information as to the chemical state of fided Pt. Sulfidation effectively poisoned benzene hydro-
Pt/SZ catalysts under reaction conditions. Zirconia contain- genation (Table 4), requiring three Pt-atom ensembles with
ing much sulfate was detected, and, optkeatment, some  (111) symmetry [53]. This catalyst was also inactive in cy-
S in the sulfidic state appeared [21,22]. XRD revealed most clohexene hydrogenation which could also take place on
zirconia in the tetragonal form [22], reported to be nec- smaller Ptensembles [54]. High-temperature hydrogentreat-
essary to anchor sulfate groups in a catalytically active ment removing most sulfide (Fig. 5) reactivated the sites
form [46,47]. The amount of sulfate seemed to have an op- necessary for this latter reaction, but the overwhelming ma-
timum [48] for the best catalytic activity. At lowertpres- jority of sites for benzene hydrogenation were still inactive
sures, a positive hydrogen order appeared, reaching in mos(Table 4). This might be attributed to the presence of “dis-
cases a maximum, followed by a negative hydrogen order perse” surface sulfur. The situation is similar to P®4
section [6,7,9,10,22]. There is no agreement in the literature containing ¥8 monolayer Ge [55] active in cyclohexene and
on the reason for the activity decay at higher ptessures.  inactive in benzene hydrogenation. The poisonous species
One reason may be excess hydrogen promoting the reducmay contain 8 as well as . This latter species was a
tion of sulfate, thus decreasing the activity of the metallic major component on sulfided supported Pt [25]. These “sul-
sites. Removal of sulfate from 573 K upward caused, indeed, fate” entities are independent of the acidic sulfate groups
lower overall activity [49]. Similar treatment decreased the on zirconia and, because their amount is small, they can-
rate of n-octane hydrocracking isomerization [19]. Hydro- not be observed separately: theatment of unsulfided Pt/SZ
gen flow may have also removed surface sulfide, as shownalso caused some deactivation, confirming the possibility of
by the activity in benzene hydrogenation [19]. The relative reduction of some sulfate groups [14,19]. The acidic sites
amount of &~ produced by quasi in situ Hreatment of a  exhibited minimal activity, as shown by the formation of al-
calcined Pt/SZ [21] was close to that arising after sulfidation most negligible traces of methylcyclopentane formed from

(Fig. 5). cyclohexene.

Previous models suggested that Pt would existinthe form  XPS, as a macroscopic method averaging information
of PtO and PtS with a smaller amount o Pt1,12], possi- from several billion atoms, would not distinguish (i) Pt with
bly as ametallic “core” covered by oxide and sulfaverlay- chemisorbed S, (ii) a PtS phaeeer Pt particles, and (iii)

ers[13,14]. The present XPS study provides evidence that separate PtS entities in their vicinity, since the line broad-
the state of Pt can be well described as a mixture 8f Pt ening due to electrostatic charging and particle size effects
with oxidized Pt and PtS (Figs. 6a and b). The oxygenated would cover all these finer effects. HRTEM allowed obser-
component can be present as a chemisorbed O layBE( vation of species iii. EXAFS showed PtS formation and Pt
~ 0.8 eV [37] rather than PtO compound BE ~ 2.3 eV). agglomeration on sulfur poisoned P#@8l; [28], but sep-
H>S interacts directly with Pt particles, forming PtS, appear- arated Pt and PtS particles (Figs. 2 and 3) have not been
ing in XPS as &~ and confirmed by EM. Where the amount reported before the present study. Catalytic measurement, in
of Pt is smaller, the intensity of the?S peak is also lower  turn, pointed to the presence of type i species.

(Fig. 5). The “balance” betweer?S and Pt (Table 3) indi- Interaction with the hydrocarbon reactant could also de-
cates, however, that some sulfur must be attached to zirconiastroy PtS sites, as found with repeated runs:diexane
sites (as shown also by the increasing@rratios). reactions on sulfided Pt black, resulting in gradual recovery

HRTEM of sulfided Pt/SZ provides information on an ad- of the catalytic activity with a concomitant decrease in the
vanced stage of the interaction between Pt and sulfur. Thissulfided Pt component [24]. The decrease in carbon content
process could transform smaller Pt particles quantitatively after H;S treatment (Table 3) also indicates a mutual interac-
into PtS which could be detected as a separate phase by EMion of H,S and hydrocarbons, even if the latter species form
(Figs. 2 and 3). Fig. 4 shows a remarkable example of the a residual hydrocarbonaceous overlayer, mainly on acidic
coexistence of Pt metal and PtS demonstrating this ongoingSZ sites [56]. The hypothetical migration of Pt sulfide con-
process. As no big PtS particles could be detected and as ndributes to the destruction of surface C layers. This effect
thin PtS fringes could be observed on the coarse Pt particlesjs in agreement with the lower coke content of prereduced
the “nascent” PtS phase could detach from their mother Pt Pt/SZ catalysts [19]. Further investigation could clarify the
particles. They might migrate (“surf”) onto zirconia (Fig. 8), interaction(s) between surface carbon and hydrogen sulfide.
because of the better “solid—solid wetting” [50] between PtS
and the oxide support. This kind of “surfing” has been pro-
posed as the initial step in detachment of PtO frof[&1]. 5. Conclusions
XPS (Fig. 6) indicates that oxygen is present as adsorbed
entities on Pt; thus no separate “PtO” phase [37] is present:  Treating Pt/sulfated zirconia catalysts with a mixture of
no PtO fringers are seen in HRTEM. A similar phenomenon H>S and H gave rise to sulfide entities, detectable by XPS:
was reported for the mobility of the PtO overlayer migrating as a “sulfide” component in the S2Zegion and an appar-
on oxidative treatment of metallic Pt to the support [52]. ent “PtS component” in the Ptfdregion. The latter shows
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PtS formation

- :
migration

Fig. 8. Scheme of hypothetical PtS formation on coarerHlticIes. HS induces the formation of flat PtS particles at the surface of coarse Pt crystallite. PtS
could then detach from thePsurface and migrate (“surf”) onto the zirconia support.

incomplete sulfidation of Pt, Paind “PtO” components al-
ways being present.

Sulfidation must have started as forming surface (“chemi-
sorbed”) sulfur. No PtS component was detectable by XRD,
indicating that even if produced, PtS particles were too
small.

High-resolution electron microscopy showed the pres-
ence of thin flat particles on the zirconia surface with lattice

distances corresponding to that of PtS. They were probably

produced, after the initial surface interaction of$+with Pt,
reorganizing it gradually into a PtS lattice. We attributed the

[4] S. Rezgui, R.E. Jentoft, B.C. Gates, Catal. Lett. 51 (1998) 229.
[5] J.C. Yori, J.C. Luy, J.M. Parera, Appl. Catal. 46 (1989) 103.
[6] F. Garin, D. Andriamasinoro, A. Abdulsamad, J. Sommer, J. Catal. 131
(1991) 199.
[7] S.Y. Kim, J.G. Goodwin, S. Hammache, A. Auroux, D. Galloway,
J. Catal. 201 (2001) 1.
[8] R.A. Comelli, R. Finelli, S.R. Vaudagna, N.S. Figoli, Catal. Lett. 45
(1997) 227.
[9] E. Iglesia, S.L. Soled, G.M. Kramer, J. Catal. 144 (1993) 238.
[10] J.C. Duchet, D. Gulliaume, A. Monnier, C. Dujardin, J.P. Gilson, J.
van Gestel, A. Szabo, P. Nascimento, J. Catal. 198 (2001) 328.
[11] K. Ebitani, H. Konno, T. Tanaka, H. Hattori, J. Catal. 135 (1992) 60.
[12] T. Shishido, T. Tanaka, H. Hattori, J. Catal. 172 (1997) 24.

appearance of flat Pt and PtS in the same patrticle to this inter{13] z. Paal, M. Muhler, R. Schigl, J. Catal. 143 (1993) 318.

action. No “PtS overlayer” could be observed over metallic
Pt particles. The loss of catalytic activity, however, points
to poisoning of the residual Pt surface, likely by dispersed

[14] K. Ebitani, H. Konno, T. Tanaka, H. Hattori, J. Catal. 143 (1993) 322.

[15] T. Tanaka, T. Shishido, H. Hattori, K. Ebitani, S. Yoshida, Physica
B 208/209 (1995) 649.

[16] A. Sayari, A.J. Dicko, J. Catal. 145 (1994) 561.

surface sulfur entities. The thinness of PtS particles could [17] 3. zhao, G.P. Huffman, B.H. Davis, Catal. Lett. 24 (1994) 385.

facilitate their reduction to metallic Pt.
XPS showed no sulfide component after quasi in situ hy-

[18] H. Liu, H. Lei, W.M.H. Sachtler, Appl. Catal. A 137 (1996) 167.
[19] J.M. Grau, C.R. Vera, J.M. Parera, Appl. Catal. A 227 (2002) 217.

drogen treatment. This treatment reactivated the (smaller)[20] A. Ghenciu, D. Farcasiu, Catal. Lett. 44 (1997) 30.

ensembles for €C double-bond hydrogenation but the

three-atom arrays necessary for hydrogenating benzene reps)

mained inactive.
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