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In situ EXAFS spectroscopy was used for identifying the surface
species involved in the sintering of alumina-supported Pt catalysts
under dried oxidizing atmospheres. A Pt/γ -Al2O3 catalyst (0.62 wt%
Pt, 0.88 wt% Cl) was heated in a 2% O2/N2 gaseous mixture from
300 to 525◦C for about 120 min and then kept at this temperature
for up to 720 min. The main observation, which is in good agree-
ment with ex situ TPR experiments, was that chlorine is always
present in the surrounding of platinum during the oxidizing treat-
ment. The metal sintering process involved three successive steps
during which the chlorine and oxygen coordinations passed through
a maximum, whereas platinum coordination exhibited a minimum.
Formation of Pt(OH)4Cl2 species was detected at the end of the first
step, i.e., when the temperature reached 500◦C. After about 4 h
of treatment, we deduced that platinum species are made up of a
metal platinum core surrounded by a double coating of oxychlori-
nated species. More precisely, EXAFS experiments suggested that
surface platinum oxide is made of rigid PtO6 octahedra, but their
assembly led to a largely disordered structure. The absence of a
long-range order allows the location of residual chlorine species ei-
ther between the PtO6 octahedra or at the Pt-oxidized surface shell.
c© 1999 Academic Press
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1. INTRODUCTION

Under industrial conditions, sintering of Pt-based naph-
tha reforming catalysts occurs mainly during the in situ
catalyst regeneration, which is performed under oxidizing
atmospheres. When coke burning is carried out, both the
high exothermicity of the reaction and the formation of wa-
ter cause the platinum crystallites to grow. The low oxygen
pressure used to avoid a dangerous increase in the reactor
temperature favors the sintering of the metallic fraction (1).
1 To whom correspondence should be addressed. Fax: +(54)-42-
(531068). E-mail: aborgna@fiqus.unl.edu.ar.
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To prevent platinum particle growth, chlorided compounds
are usually added to the oxidizing mixture (2). The chemi-
cal nature of surface intermediate species plays a key role
in determining the kinetics of platinum sintering (3). How-
ever, very few studies have employed in situ characteriza-
tion techniques, which are required to follow the formation
kinetics of intermediate oxy- or hydroxychlorided species
during metal sintering. Knowledge on the exact chemical
nature of these species and on their formation mechanism,
especially under industrial conditions, is still lacking. It is
therefore of both fundamental and practical interest to un-
dertake in situ studies using modern spectroscopy to iden-
tify the surface species responsible for sintering.

Extended X-ray absorption fine structure (EXAFS)
spectroscopy is a powerful tool to characterize metallic sup-
ported catalysts, being especially useful for determining the
local environment around metal atoms and the evolution
of the local structure of chemical species formed during a
dynamic process. In a previous paper (4), we investigated
the sintering of unchlorinated Pt/Al2O3 catalysts in oxygen-
containing atmospheres using EXAFS spectroscopy. We
observed the existence of Pt–Pt metal distances after the
oxidizing treatments and proposed that the oxidation of Pt
particles only involves the outermost metal shells in a dis-
torted PtO2 arrangement. Recently, in an in situ EXAFS
study (5), we investigated the redispersion of sintered
Pt/Al2O3 catalysts, at 500◦C and under HCl/H2O/O2/N2 at-
mospheres, and found that [Pt(OH)4Cl2]2− species, which
are formed by the attack of surface chlorided species on
partially oxidized Pt particles, are responsible for Pt redis-
persion. The EXAFS analysis indicated that, at the end of
the redispersion process, small rafts of Pt containing Cl and
O in an octahedral environment and Pt particles consisting
of a metallic core coated by [Pt(OH)4Cl2]2− species coexist.
In this paper, we use in situ EXAFS spectroscopy to inves-
tigate the sintering kinetics of a fresh chlorinated Pt/Al2O3

catalyst in a 2% O2/N2 gaseous mixture. The aim was to
identify the chemical nature of surface intermediate species
formed during the metal sintering process.
3
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2. EXPERIMENTAL

2.1. Catalyst Preparation

A catalyst containing 0.62% Pt and 0.88% Cl (catalyst
A) was prepared as previously described (6). A high-purity
γ -Al2O3 powder (Cyanamid Ketjen CK-300) was impreg-
nated at 30◦C with an aqueous solution containing H2PtCl6
and HCl. After impregnation, the sample was dried for 12 h
at 120◦C and heated in an air stream to 500◦C. Then, the
chlorine content was regulated using a gaseous mixture of
HCl, water, and air. Finally, the sample was purged with
N2 and reduced in flowing H2 for 8 h at 500◦C. In order to
prepare an unchlorinated catalyst (catalyst B), a portion of
catalyst A was treated with a solution of NH4OH (1 N) at
50◦C and then washed with distilled water. After drying at
120◦C, the sample was calcined in air and reduced in H2

at 500◦C. It was checked by chemical analysis that chlorine
was completely removed from the sample by such ammonia
treatment.

2.2. Hydrogen Chemisorption

Accessible platinum fractions were determined by hydro-
gen chemisorption. Prior to Pt dispersion measurements,
the samples were reduced under flowing hydrogen for 2 h
at 500◦C and then evacuated at the same temperature. The
double isotherm method was used (7): the first isotherm
gave the total gas uptake and the second, obtained after
1 h of evacuation at room temperature, the weakly ad-
sorbed gas. By the difference, the amount of strongly ad-
sorbed H2, (HC)i, was determined. A stoichiometric ratio
of (HC)i/PtS= 1, where PtS implies a Pt atom on the surface,
was used. The volumetric adsorption experiments were per-
formed in a conventional glass vacuum apparatus equipped
with an MKS Baratron pressure gauge. The pressure range
of isotherms was 0–50 Torr, and extrapolation to zero pres-
sure was used as a measure of the gas uptake on the metal.

2.3. TPR Measurements

The thermoprogrammed reduction (TPR) experiments
were performed as described in (8), using a 5% H2/Ar gas-
eous mixture at 20 cm3/min. Prior to TPR experiments, sam-
ples were treated in situ in a 2% O2/N2 mixture at different
temperatures for 30 min. Samples were heated at 5◦C/min
within the temperature range 25–600◦C. Gases were care-
fully purified to remove water and oxygen traces. The water
formed during reduction of the samples was eliminated by
passing the gases exiting from the reactor through a cold
trap before they entered the thermal conductivity cell.

2.4. EXAFS Spectroscopy
EXAFS experiments were carried out by using the syn-
chrotron radiation emitted by the DCI storage ring at
LURE. All the measurements were performed on the
ET AL.

XAFS3 station in transmission mode by using a Si(111)
double-crystal monochromator and two ion chambers filled
with pure argon at atmospheric pressure. Raw data were
recorded by using a special in situ cell equipped with alu-
minum windows (9), which allows work from room tem-
perature up to 600◦C in flowing controlled atmospheres.
All the spectra were recorded in fast acquisition mode with
an acquisition time of about 3 min for the complete spec-
trum (1000 eV). The energy range was about 850 eV above
the Pt-LIII edge (11564 eV). Several spectra (4 to 10) were
added before a complete analysis.

The EXAFS signal was extracted from raw data by a
conventional procedure (10). A linear background was de-
termined from the lower energy part of the spectrum be-
low the edge and then extrapolated to higher energies. The
atomic-like absorption coefficient calculated by a polyno-
mial fit was used as spectrum normalization. The k1 and k3

weighted EXAFS functions were Fourier transformed (FT)
over a 3–10.5 Å−1 Kaiser window (τ = 9). Then, a Fourier
filtering was applied to produce the k3χ(k) functions corre-
sponding to the first coordination sphere, which were mod-
eled by using an optimization program which computes co-
ordination numbers (n), bond lengths (R), and variations
of the Debye–Waller-like factors (1σ 2). Finally, a reliability
factor, Q, is obtained which allows the comparison of var-
ious fits (11, 12). To take into account the possibility that
three different back-scatterer atoms, Pt, Cl, and O, could
exist around Pt, the range in R selected to perform the in-
verse FT was 1–3.5 Å. During the fitting process the k range
was limited between 3 and 10.5 Å−1 (1k= 7.5 Å−1), and
thereby the maximum number of adjustable parameters
given by the Shannon criterion (13) was 12. The fitting pro-
cedure was performed on both k1 and k3 weighted EXAFS
functions. The calculated EXAFS parameters did not dif-
fer significantly whatever the weight functions, k1 and k3,
used.

3. RESULTS

3.1. TPR Characterization

The TPR profiles obtained after heating catalyst A in a
2% O2/N2 mixture for 30 min at 300, 400, 500, and 530◦C are
shown in Fig. 1. From inspection of Fig. 1, the presence of
three reduction peaks in the TPR curves is inferred. A low-
temperature peak, corresponding to the reduction of PtO2

species, appears at ca. 100◦C (4). The middle-temperature
peak, which presents a maximum at about 230◦C, arises
from the reduction of oxy- or hydroxychlorinated Pt species
(3, 5). Finally, and on the basis of previous work (14, 15), we
attribute the H2 consumption peak at ca. 360◦C to a strong

H2 chemisorption at high temperature on metallic Pt. Thus,
only the low- and middle-temperature peaks are related to
the reduction of oxidized Pt species.
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FIG. 1. TPR profiles of catalyst A following consecutive oxidizing
treatments in a 2% O2/N2 mixture at increasing temperatures. The values
of parameter q measured at each oxidation temperature are also included
(see the text for definition of parameter q).

To obtain a quantitative comparison between the re-
duction peaks at 100 and 230◦C we decomposed the TPR
profiles in three reduction bands (Fig. 1) and measured
by integration the relative contribution of each individual
reduction peak. The obtained values of ratio q [q= (peak
area)230◦C/(peak area)100◦C] are shown in Fig. 1 as a func-
tion of the calcination temperature. It is observed that q
increases with increasing oxidation temperature from 0.5
(300◦C) to 10.7 (500◦C), thereby suggesting that the rel-
ative concentration of hydroxychlorinated Pt species pro-
gressively increases by heating the sample up to 500◦C. Fur-
ther increase in the oxidation temperature causes a steep
drop in ratio q values. Thus, after heating at 530◦C the value
of q diminished to 3.9.

3.2. Sintering of Catalyst A: H2 Chemisorption Results

Catalyst A was sintered in a 2% O2/N2 mixture at differ-
ent temperatures, from 510 up to 575◦C. The evolution of
the relative metallic Pt dispersion, Dr, as a function of time

is shown in Fig. 2. The relative Pt dispersion is defined as
Dr=Dt/D0, where D0 and Dt are the values of metallic dis-
persions measured by H2 chemisorption at zero time and
ED Pt/γ -Al2O3 CATALYSTS 435

time t, respectively. The curves representing the Dr decay as
a function of time reached pseudo-steady-state values dif-
ferent from zero. For temperatures higher than 530◦C, the
Pt dispersion rapidly decreased, reaching asymptotic values
after about 5 h (sintering at 575◦C) and 10 h (sintering at
550◦C) of sintering treatment. Sintering kinetics at 530 and
510◦C were significantly slower and, as a consequence, Dr

steady-state values were obtained only after about 15 and
20 h on stream, respectively.

3.3. EXAFS Results

3.3.1. Characterization of reduced catalysts A and B.
Catalysts A and B, both previously reduced in pure H2 at
300◦C, were characterized by EXAFS spectroscopy. To de-
termine the Pt–Pt, Pt–O, and Pt–Cl distances in the first
coordination sphere, we used the phase shifts and back-
scattering amplitudes extracted from reference compounds.
Table 1 gives the mean coordination numbers around plat-
inum (n) and the distances between platinum and back-
scattering atoms (R) in the reference compounds (Pt foil,
PtO2, and K2PtCl6), calculated from crystallographic data
available in the literature (see references in Table 1). In
the case of platinum oxide we considered a mean Pt–O
FIG. 2. Relative Pt dispersion (Dr) vs time curves. Sintering treat-
ments in a 2% O2/N2 mixture at different temperatures.
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TABLE 1

Structural Data of the Reference Compounds

Compound Back-scatterer n R (Å) Ref.

Pt foil (4 µm thick) Pt 12 2.772 (25)
PtO2 O 2+ 4 1.984, 2.004 (26)
K2PtCl6 Cl 6 2.341 (27)

distance of 1.987 Å for the extraction of phase-shift and
back-scattering amplitude. Figure 3 shows the FTs of refer-
ence compounds. Peak (a) corresponds to the first coordi-
nation sphere in bulk metal whereas peak (b) is attributed
to the first Pt–Pt distances in PtO2.

The FT plots and the EXAFS parameters obtained on
reduced catalysts A and B are presented in Fig. 4 and
Table 2, respectively. Table 2 shows that the values of n,
R, and1σ 2 determined on catalyst A were similar to those
calculated on catalyst B, thereby suggesting that reduction
of Pt/Al2O3 catalysts in pure H2 at 300◦C leads to the same
type of metal phase, irrespective of the chlorine content
on the support. The parameter values given in Table 2 for
reduced catalyst A (R= 2.75 Å, n= 7.6, 1σ 2= 0.0036) are
taken as the initial values in the sintering treatment of this
catalyst, just before introduction of the 2% O2/N2 mixture
at 300◦C.

3.3.2. In situ sintering of catalyst A. To obtain insight
on the sintering mechanism, an in situ EXAFS study in fast
acquisition mode was carried out. Because a rather slow
sintering rate is required to monitor catalyst changes by
EXAFS spectroscopy, and taking into account the results
in Fig. 2, we selected a temperature of 525◦C for perform-
FIG. 3. Fourier transforms of model compounds used as references
for the EXAFS analysis: Pt foil (dotted line); PtO2 (dashed line); K2PtCl6

(full line).
ET AL.

FIG. 4. Fourier transforms of reduced catalysts A (full line) and B
(dotted line) compared with that of Pt foil (dashed line).

ing the in situ sintering of catalyst A. The EXAFS results
are presented in Table 3 and Figs. 5 to 7. Due to the diffi-
culty of performing EXAFS analysis at high tempreature,
the coordination values reported in Table 3 must be taken
with care. The errors are estimated to 15–20%, especially
for Pt–O and Pt–Cl coordinations. The first spectrum re-
ported in Table 3, spectrum at zero time, corresponds to
the spectrum registered just before the sintering treatment
under oxidizing mixture was started. To define the nature
of the chemical species formed in the sintering process, we
first attempted to detect the presence of chlorine in the im-
mediate Pt surroundings. In Fig. 5 we compare the experi-
mental results with the predictions of modeling the Pt first
coordination sphere in the absence (Fig. 5a) or in the pres-
ence (Fig. 5b) of chlorine in the immediate surroundings
of platinum, after 50 min of sintering treatment. The dif-
ferences in the quality of the fits, as well as the Q values,
clearly suggest that a good fit is only obtained by modeling
the Pt first coordination sphere in the presence of chlorine.
The same conclusion was reached by modeling the EXAFS
results obtained at different periods of time-on-stream.

The FTs obtained on catalyst A for several sintering
times, from 0 up to 360 min, are shown in Fig. 6 and illustrate
the evolution of the radial distribution around platinum in
this initial period. The 2% O2/N2 mixture was introduced
over reduced catalyst A at 300◦C, after it was flushed with

TABLE 2

EXAFS Parameters for Reduced Pt/Al2O3 Catalysts

Catalyst n R (Å) 1σ 2
Catalyst A 7.6 2.75 0.0036
Catalyst B 7.4 2.76 0.0025
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TABLE 3

Parameters Deduced from EXAFS Analysis during the Sintering Process

Pt–O Pt–Cl Pt–Pt

Time (min) T (◦C) n R 1σ 2 n R 1σ 2 n R 1σ 2 Q (%)

0 300 — — — — — — 7.6 2.75 0.0036 6.03
5 413 2.2 2.04 0.0198 0.8 2.50 0.0151 4.9 2.73 0.0149 9.81

15 474 3.3 1.99 0.0289 1.9 2.46 0.0149 5.9 2.70 0.0906 6.27
30 498 4.4 2.01 0.0436 2.0 2.59 0.0146 4.7 2.73 0.0827 3.34
50 510 3.4 1.98 0.0366 1.2 2.55 0.0148 4.0 2.67 0.0853 7.88
90 — 3.9 1.99 0.0390 0.8 2.69 0.0153 2.4 2.68 0.0865 7.27

120 — 3.5 1.99 0.0387 0.5 2.80 0.0182 3.2 2.70 0.0742 7.00
150 523 3.9 2.01 0.0351 0.4 2.77 0.0150 2.9 2.69 0.0847 6.33
180 — 3.5 2.01 0.0389 0.3 2.72 0.0145 3.9 2.71 0.0854 3.15
220 524 3.8 2.00 0.0440 0.2 2.74 0.0255 3.3 2.71 0.0723 11.40
360 527 3.6 2.01 0.0450 0.7 2.68 0.0380 3.0 2.69 0.0649 9.48
420 — 3.5 1.98 0.0390 0.7 2.59 0.0387 4.1 2.70 0.0629 14.64
480 — 3.2 1.99 0.0363 0.7 2.62 0.0439 4.5 2.70 0.0634 6.98

540 — 4 2.03 0.0420 0.7 2.55 00450 3.8 2.68 0.0663 7.64
600 528 3.1 1.98 0.0451 0.4 2.67 0.0394 4.2 2.69 0.0639 11.02
720 — 3.6 2.00 0.0409 0.5 2.66 0.0417 4.7 2.72 0.0672 3.34
. Experimental (triangles) and modeled (full line) EXAFS con-
s around Pt atoms after 50 min of sintering treatment: (a) fit with-
b) fit with Cl atoms introduced in the first coordination shell of
 FIG. 6. Evolution of radial distribution functions around platinum as

a function of time.
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FIG. 7. Evolution of Pt, Cl, and O coordinations around platinum as
a function of time.

dried helium. The temperature was then rapidly raised
from 300 up to 510◦C in 50 min and finally slowly stabilized
at about 525–528◦C. The platinum surroundings in reduced
catalyst A were deeply modified by the oxidizing treatment
at increasing temperatures. Once the catalyst reached the
stabilization temperature, after about 80 min, the surroun-
dings of platinum appeared qualitatively stabilized and did
not undergo further significant modifications during the
run.

In Table 3 and Fig. 7 we present the evolution of the
EXAFS parameters and of the coordination numbers in Pt,
O, and Cl as a function of time. The variation of adjustable
parameter1E0 (not reported here) was within 5 eV around
the values taken for the reference compounds. The preci-
sion of the coordination numbers is about 15–20%, as illus-
trated by the error bars in Fig. 7. At the beginning of the
sintering treatment, the system is in constant evolution due
to the increase of temperature and the formation of partially

oxidized Pt particles. These facts could produce a large im-
precision on both coordination number and disorder factor
(Debye–Waller factor). Moreover, the effect of the system
ET AL.

evolution may be emphasized by the summation of 4–5 suc-
cessive spectra. Hence the EXAFS parameters determined
during the first 50 min could be overestimated and must
be taken with care. From the data in Table 3 and Fig. 7 we
can distinguish three successive steps during the oxidation
and sintering of catalyst A. In the initial step, from 300 to
500◦C, the Pt–Pt coordination largely decreases from 7.4 to
4.7 while the Pt–Cl and Pt–O coordinations increase from
0 to 2 and from 0 to about 4, respectively. At the end of this
first step of ca. 30 min the nPt–O/nPt–Cl ratio is nearly 2. The
second step ranges from 30 min up to about 120 min, and is
characterized by a clear diminution in the Pt–Cl coordina-
tion, from 2 to about 0.5. The Pt–Pt coordination monoton-
ically decreases, reaching a value of about 3 after 120 min
on stream. In the final step, from 120 min up to the end
of the run, the temperature is stabilized (525–528◦C). The
Pt–Cl coordination remains nearly constant (0.5) whereas
the Pt–O coordination slightly decreases and the Pt–Pt co-
ordination monotonically increases.

During the sintering treatment, the Pt–O and Pt–Pt dis-
tances measured on catalyst A do not largely differ from
those of reference compounds. The Pt–O distance appears
very stable at 2.0 Å, close to that observed in PtO2. The
mean value for the Pt–Pt distance is about 2.71 Å, which is
slightly shorter than that calculated in Pt foil (2.77 Å). In
contrast to the Pt–Pt and Pt–O distances, the Pt–Cl distance
during the sintering treatment significantly differs from that
in K2PtCl6 (2.34 Å), varying between 2.46 and 2.80 Å.

4. DISCUSSION

A main observation of this study is that chlorine was
present in the first shell around platinum during the entire
sintering process. As is shown in Fig. 5, the experimental
data were well fitted only by including chlorine in the first
coordination sphere of platinum. Since the oxidizing mix-
ture used here did not contain chlorided compounds, this
result indicates that chlorine originating from the support
was always in the immediate surroundings of Pt during the
metal sintering.

The EXAFS results allowed us to distinguish three con-
secutive steps during the oxidizing treatment of catalyst
A. In the first step, from 300 to 500◦C, the continuous in-
crease in Pt–O and Pt–Cl coordinations suggests the pro-
gressive formation of hydroxychlorided complexes such as
[Pts(OH)xCl(6−x)]2−. Consistently, the Pt–Pt coordination
decreases from 7.6 in the reduced catalyst to 4.7 at the
end of this first step. When the temperature reached 500◦C
the nPt–O/nPt–Cl ratio was 2. Such a nPt–O/nPt–Cl ratio cor-
responds to a value of x= 2 and strongly suggests the for-
mation of [Pt(OH)4Cl2]2−, which is a more stable species

in the series of [Pts(OH)xCl(6−x)]2− complexes (16, 17). For-
mation of [Pt(OH)4Cl2]2− is consistent with previous stud-
ies on redispersion of Pt/Al2O3 catalysts which showed that
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[Pt(OH)4Cl2]2−was the exclusive species formed during the
redispersion process under oxychlorinated atmospheres
(5). The progressive formation of hydroxychlorinated
species with increasing temperature is also revealed by the
TPR results. Figure 2 shows that the sequential heating of
catalyst A at 300, 400, and 500◦C in 2% O2/N2 atmospheres
increased the TPR peak at 230◦C resulting from reduction
of hydroxychlorinated Pt species at the expense of the low-
temperature peak which corresponds to Pt oxide species.

In the second step, the temperature was slowly raised
from 500 up to 525◦C. This 90-min period was character-
ized by a significant decrease in Pt–Cl coordination, from
2 to about 0.5, together with an enlargement of the Pt–
Cl distance. A probable explanation for these EXAFS re-
sults, which show the modification of the Pt–Cl bonding for
temperatures higher than 500◦C, is that the gradual heat-
ing from 500 to 525◦C partially removes chlorine from the
catalyst and thereby diminishes the concentration of chlo-
rine on the alumina support. This assumption is supported
by the TPR results. Figure 2 shows, in fact, that upon the
catalyst treatment at 530◦C the reduction peak at 230◦C
decreases and that at 100◦C increases, as compared with
the corresponding peaks in the TPR profile of the sample
oxidized at 500◦C. This is consistent with a retransforma-
tion of [Pt(OH)4Cl2]2− into oxidized Pt species caused by
a diminution in the Cl concentration on the support. On
the other hand, low values of the Debye–Waller-like factor
associated with the Pt–O bond were observed during this
second step (Table 3). This strongly suggests that even at
temperatures as high as 500–525◦C the oxygen octahedron
around a platinum atom is stable and rather well ordered.
If ordered PtO2 around the platinum core exists, the Pt–Pt
distance would be the average of distances in metal Pt and
in bulk PtO2 (3.15–3.18 Å), and, as a consequence, the Pt–Pt
distance computed by EXAFS would be larger than 2.77 Å.
Therefore, since the Pt–Pt distance determined by EXAFS
(2.71 Å) is much lower than in bulk metal, we could reject
the occurrence of ordered PtO2 around the platinum core.
The absence of a long-range order allows the location of
residual chlorine species either between the PtO6 octahedra
or at the Pt-oxidized surface shell. In this period, the Pt–Cl
distance increased from 2.55 to 2.80 Å. These large RPt–Cl

values suggest that the chlorine atoms were more weakly
bonded to platinum in catalyst A as compared to a sto-
ichiometric compound such as K2PtCl6 (RPt–Cl= 2.341 Å,
Table 1). A progressive formation of disordered nonstoi-
chiometric oxychlorinated species at the expense of stoi-
chiometric [Pt(OH)4Cl2]2− complexes may explain the Pt–
Cl distance enlargement observed in this period.

In the final step, performed at 525–528◦C, the Pt–Pt co-
ordination monotonically increases with time-on-stream

while the nPt–O value slightly decreases. The Pt–Cl coordi-
nation remains essentially constant (nPt–Cl∼= 0.5). In parallel
ex situ experiences we followed the evolution of the Pt dis-
ED Pt/γ -Al2O3 CATALYSTS 439

persion as a function of time and observed that treatment of
catalyst A at 510 or 530◦C in a 2% O2/N2 mixture strongly
sinters the metallic component (Fig. 2). Similarly, the nPt–Pt

increase observed in this third step presumably reflects a
progressive increase in the mean Pt crystallite size. To ob-
tain insight on the Pt chemical species involved during this
Pt particle growth process, we attempted to model our EX-
AFS results based in the evolution of the mean Pt particle
size with time (sintering curve at 530◦C in Fig. 2). The mod-
eling of the results was performed by assuming that, at a
given sintering time, all the partially oxidized Pt particles
have the same size and shape (cubo-octahedra or truncated
octahedra); we also assumed that the particle shape is not
significantly changed by the reduction treatment needed for
measuring the mean Pt particle size by H2 chemisorption in
Fig. 2. Relying on a previous work (4), we assumed that in
the sintering process the oxidized Pt particles are covered
by a coating of oxychlorinated species. The coat thickness
should be consistent with both the mean Pt particle size
deduced from the sintering curve in Fig. 2 and the Pt–Pt
coordination number extracted from in situ EXAFS exper-
iments (Table 3). Formation of this oxychlorinated coat is
equivalent to removing one or several shells of platinum
from the Pt particle surface. In Fig. 8 we compare the ex-
perimental results with the modeling predictions obtained
by considering that the Pt particles are covered by either a
single or a double shell of oxychlorinated species. It is ob-
served that, after about 4 h of treatment, the experimental
nPt–Pt values are in good agreement with those determined
by assuming that the Pt particles are covered by a double-
coating of oxychlorinated species.

Previous work on sintering of supported metal catalysts
has shown that the metal particle growth on a substrate
occurs mainly by migration of crystallites (18) and single-
atom diffusion (19, 20). Both these mechanisms are known
to take place simultaneously (21). In the experimental con-
ditions used in this work, the Pt migration occurs in the
presence of oxygen in the gas phase and of Cl− and OH−

groups on the support. The oxychlorinated Pt species de-
tected by TPR and EXAFS are probably formed then by
migration of oxidized Pt species over a partially hydroxy-
lated and chlorided alumina surface. Our previous works (2,
5, 22) and the results reported in the present study suggest
that the nature and the amount of oxychlorinated species
formed on the oxidized Pt particle surface depend on both
the sintering temperature and the chlorine concentration
on the support. In Scheme 1 we give a simplified repre-
sentation of the oxychlorided species that we proposed to
form during oxidation (end of the first step, at 500◦C) and
sintering (third step, at 525◦C) of catalyst A.

In the third step, the Pt–Pt metal coordination increased

from 2.5 to 5 at the end of the run. On basis of the above-
proposed cherry model, these nPt–Pt values imply that the
metallic Pt core diameter increased from 12–15 Å to about
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e
FIG. 8. Evolution of Pt–Pt coordination as a function of time: experim
(1) surface shells of oxychlorided species.

30 Å. On the other hand, during this third step the Pt–
Pt distance remained essentially constant (RPt–Pt∼= 2.71 Å)
and shorter than that in the bulk metal (RPt–Pt= 2.77 Å).
Although similar Pt–Pt distance shortenings have been re-
ported in very small Pt particles (10, 23), i.e., lower than
15 Å, we observe here RPt–Pt contractions in Pt particles
as large as 30 Å. It appears that the double-coating of oxi-
dized platinum species induces constraints on the metallic
Pt core, which results in the shortening of the Pt–Pt dis-
tance. In a earlier study, we found that during redispersion
of Pt/Al2O3 catalysts in HCl/H2O/O2/N2 atmospheres the
mean Pt–Pt distance is about 2.80 Å (5). This large discrep-
ancy between the RPt–Pt values determined in sintering and
redispersion phenomena may be explained by the fact that
during the redispersion process two kinds of Pt species are
formed (5). A part of the Pt atoms forms particles consist-
SCHEME 1
ntal EXAFS data (j); modeling of Pt particles covered by one (h) or two

ing of a metallic Pt core covered by oxychlorinated species.
The other part forms small rafts containing Cl and O in
an octahedral environment. These two forms (particles and
rafts) are in equilibrium. In the raft structures the Pt–Pt
distance is about 3.18 Å (24), and this large RPt–Pt value ex-
plains the large mean Pt–Pt distance deduced from EXAFS
experiments during redispersion.

Finally, we noted that the general behavior of a chlori-
nated Pt/Al2O3 catalyst during an oxidizing treatment ap-
pears different from that observed on an unchlorinated
catalyst. In a previous work (4), we found that only a sin-
gle coating of PtO2 is formed on the metallic Pt particle
when a nonchlorided Pt(0.6 wt%)/Al2O3 catalyst is treated
in pure O2 at 300◦C. On chlorinated catalysts, the presence
of chlorine on the carrier at the beginning of the oxidizing
treatment is likely responsible for a more deep attack of
platinum particles, causing the formation of a double coat-
ing of [Pt(OH)4Cl2]2− complexes.

These results, as well as the data presented in Ref. (5),
provide some insight into the subtle frontier between the
sintering and redispersion processes of platinum particles.
The occurrence of chlorine and water, either adsorbing
from the gas phase or diffusing onto the surface, is the key
to switching towards growth (sintering) rather than depop-
ulation (redispersion) of Pt particles. In the presence of
chlorided as well as hydroxyl groups, the occurrence of Cl−-

or OH−-terminated surface inhibits the surface diffusion of
the deeply oxygenated platinum particles. The equilibrium
between the raft and particle morphologies determines a



T
SINTERING OF CHLORINA

drop of the mean particle size, subsequently to the reduc-
tion of the catalyst. Otherwise, the absence of Cl−- or OH−-
terminated surface enhances the surface diffusion of the less
deeply oxychlorinated particles, and coalescence does oc-
cur, determining now a sintering process. In the case of the
treatment of a chlorinated catalyst by a dried and unchlo-
rided oxidizing atmosphere, the transient chlorided surface
allows first a redispersion, followed by sintering as soon as
the chloride is removed.

5. CONCLUSIONS

In the sintering of Pt/Al2O3-Cl catalysts under dried
oxygen-containing atmospheres, oxychlorided Pt species
are formed by migration of oxidized Pt particles over the
partially chlorided support. Initially, during the catalyst
heating up to 500◦C, Pt particles consisting of a metal-
lic Pt core covered by [Pt(OH)4Cl2]2− species are formed.
Increasing the temperature further to 525◦C partially re-
moves chlorine from the support, causing the progressive
formation of disordered nonstoichiometric oxychlorinated
species at the expense of stoichiometric [Pt(OH)4Cl2]2−

complexes. Finally, during the Pt crystallite growth at 525◦C,
the Pt metallic core is covered by a double-coating of stable
and well-ordered PtO6 octahedra. However, no long-range
order exists in the Pt-oxidized surface shell which allows
the location of residual chlorine species between the PtO6

octahedra.
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