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The poisoning effect of Cl on the activity of Pt-supported cata-
lysts for CO, methane, and ethane oxidation has been investigated
by kinetic studies and in situ IR and controlled atmosphere EXAFS
spectroscopies. Catalysts containing 1.5% Pt/Al2O3 were prepared
by incipient wetness from H2PtCl6 and Pt(NH3)4(NO3)2 precur-
sors. The reduced catalysts have similar dispersion (0.8) as esti-
mated by H2 chemisorption. The Cl-free catalyst was 10 times more
active than the Cl-containing catalyst during CO and ethane oxi-
dation. Addition of HCl to the Cl-free catalyst rendered its activity
identical to the catalyst prepared from Cl-containing precursors.
The presence of Cl also affects the activity of 2% Pt/SiO2 catalysts,
but to a lower extent. On the Cl-free oxidation catalyst, Pt–Pt and
Pt–O bonds were detected using EXAFS, suggesting that the re-
duced metal particles are not fully oxidized under the reaction con-
ditions. Additionally, chemisorption of CO by the oxidized cata-
lyst indicates that a portion of the reduced Pt atoms is exposed to
the reactants. On the Cl-containing catalyst, there are also Pt–Cl
as well as Pt–Pt and Pt–O bonds. The later catalyst, however, does
not chemisorb CO, indicating that there are no reduced surface Pt
atoms. The effect of Cl poisoning on the oxidation activity of Pt
supported on silica is similar to that on alumina. IR results show
that chlorine significantly reduces the amount of CO adsorbed on
metallic Pt sites. At low temperature there is little CO adsorbed on
the Cl-containing Pt/silica catalyst, while at higher temperature the
amount of adsorbed CO increases, likely due to reduction of the oxi-
dized surface. The catalyst activities correlate well with the amount
of reduced surface sites, and a model is proposed to explain the
mechanism of chloride poisoning, which is shown to occur mainly
by site blocking. c© 2002 Elsevier Science (USA)
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bon oxidation; EXAFS; IR of adsorbed CO.
1. INTRODUCTION

The complete combustion of methane by Pt and Pd cata-
lysts has been studied in relation to the control of polluting
emissions from natural gas vehicles (NGV) (1), as well as
1 To whom correspondence should be addressed. Fax: (1-219) 631-8366.
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to the oxidation of methane in turbines for power gener-
ation (2). Supported Pt catalysts are often prepared from
Cl-containing precursors such as H2PtCl6, and it has been
reported (3–14) that Cl poisons the oxidation activity of Pt.
The state of the active catalyst’s surface and the effect of
Cl poisoning on the activity, however, have not been eluci-
dated.

Lieske et al. (15) were among the first to propose a model
of the various phases that could be present in a Pt/Al2O3

catalyst prepared from Cl precursors as a function of pre-
treatment conditions. These phases, however, were not cor-
related with the catalyst’s activity. Based on temperature-
programmed reduction (TPR) of Pt catalysts oxidized at
different temperatures, Hwang and Yeh (16) concluded that
four types of oxide species could be formed depending on
the oxidation temperature. The formation of PtOx Cly com-
plexes has also been suggested when catalysts are prepared
from Cl-containing precursors (17–19). Burch and Loader
(20) and Yang et al. (21) concluded that the oxidation activ-
ity of Pt and Pd catalysts is optimal for a partially oxidized
and reduced surface.

Farrauto and coworkers (3), among others, reported that
the presence of Cl on the catalyst reduced the methane
oxidation activity of Pd/Al2O3, and that removal of Cl in-
creased the catalyst’s activity. Similarly, Marceau et al. (4, 5)
found that elimination of Cl from Pt/Al2O3 catalysts at
450◦C led to higher activity. Roth et al. (6) also confirmed
that removal of Cl from a Pd/Al2O3 catalyst led to the same
activity as Cl-free Pd catalysts and suggested that the active
sites are PdO that slowly deactivates to form a less active
Pd(OH)2.

The objective of this work is to conduct a comprehensive
study of the state of the surface on Cl-free and Cl-containing
Pt-supported catalysts during oxidation reactions and to
correlate the activity with the structure of the active Pt
species under oxidizing reaction conditions. EXAFS spec-
troscopy is used to probe the local structure around the Pt
atom, and in situ IR spectroscopy is used to analyze the
state of the catalytic surface and adsorbed species under
reaction conditions.

1

0021-9517/02 $35.00
c© 2002 Elsevier Science (USA)

All rights reserved.



342 GRACIA

2. EXPERIMENTAL

2.1. Catalyst Preparation

To investigate the effect of chlorine on the activity of Pt-
supported catalysts, samples were prepared from H2PtCl6
(with Cl) and Pt(NH3)4(NO3)2 (no Cl) on alumina and silica
supports.

1.5%Pt/Alumina(with Cl). To 11.7 g of Catapal alumina
calcined at 500◦C (SA = 203 m2/g, pore volume = 0.42 cc/g)
was added 0.467 g of H2PtCl6 (37.5% Pt) in 9 ml of H2O. The
catalyst was dried and calcined at 500◦C for 2 h. Elemental
analysis indicated 2.1% Cl, and the hydrogen chemisorp-
tion (T = 25◦C) of the reduced catalyst was 0.71 cm3/g, or a
dispersion of 0.82.

1.5% Pt/Alumina (no Cl). To 15.0 g of Catapal alumina
was added 0.60 g of Pt(NH3)4(NO3)2 in 11 ml of H2O. The
catalyst was dried overnight and calcined at 250◦C for 2 h.
The hydrogen chemisorption of the reduced catalyst (T =
25◦C) was 0.70 cm3/g, or a dispersion of 0.81.

2.0% Pt/SiO2 (no Cl). To 40.0 g of Davison grade 644
silica (SA = 284 m2/g, pore volume = 1.12 c3/g) was added
1.6 g of Pt(NH3)4(NO3)2 in 65 ml of H2O. The catalyst was
dried overnight and calcined at 225◦C for 3 h. This cata-
lyst showed a dispersion of 0.36 as measured by hydrogen
chemisorption.

After calcinations, the catalysts were reduced in flowing
H2 (200 cc/min) at 300◦C for 2 h. The prereduced catalysts
were pretreated in air prior to activity, IR, EXAFS, and CO
chemisorption measurements.

Fractions of the Cl-free catalysts were treated with HCl
using wet impregnation followed by overnight drying at
110◦C to analyze the effect of Cl addition to the Cl-free
catalyst from sources different than the precursor.

2.2. Catalytic Activity

Catalyst activities were determined in a tubular-flow mi-
croreactor with recycle at atmospheric pressure. The cata-
lyst (100 mg) was placed in a quartz tube (12 in. long, 0.5-
in. diameter) equipped with an external recycle pump. A
thermocouple was set in the center of the catalyst bed to
monitor the temperature of the bed. The effluent flow rate
was 130 cm3/min, and the recycle ratio was about 20 to
ensure complete mixing. Only small differences in activ-
ity were obtained for (prereduced) catalysts pretreated in
air or in H2 followed by calcination in air. Hence, prior to
each run, the catalysts were pretreated in air at 300◦C for
2 h. The catalysts were then cooled to room temperature
and switched to the reaction mixture, and the temperature
was increased to about 450◦C. (Hydrogen chemisorption
of metallic Pt particles oxidized up to 500◦C showed no

significant change in dispersion.) Catalyst activities were
measured under diluted reactant concentrations: 0.3% CO,
ET AL.

CH4, or C2H6 and an oxidizing atmosphere with 16% O2,
balanced in He. The product gases were analyzed by gas
chromatography (Varian 920) equipped with a thermal con-
ductivity (TC) detector using a Hayasep Q column at room
temperature. The conversion data were reproducible within
5% accuracy. Reaction rates were calculated at various tem-
peratures directly from the conversion assuming complete
mixing due to the large recycle ratio used. Turnover fre-
quencies were calculated from rate, and dispersion values
were obtained for the freshly reduced catalysts and plotted
vs 1/T to obtain activation energies.

2.3. EXAFS Experiment

Measurements using extended X-ray absorption fine-
structure (EXAFS) spectroscopy were made on the
insertion-device beamline of the Materials Research Col-
laborative Access Team (MR-CAT) at the Advanced Pho-
ton Source, Argonne National Laboratory. Measurements
were made in the transmission mode with ionization
chambers optimized for the maximum current with lin-
ear response (∼1010 photons detected/s). A cryogenically
cooled double-crystal Si(111) monochromator with resolu-
tion (�E) better than 2.5 eV at 11.564 keV (Pt L3 edge) was
used in conjunction with a Rh-coated mirror to minimize
the presence of harmonics (22).

The samples were pressed into a cylindrical holder
with a thickness chosen to give an absorbance (� µx) of
about 1.0 in the Pt edge region, corresponding to approxi-
mately 100 mg of catalyst. The sample holder was cen-
tered in a continuous-flow EXAFS reactor tube (18 in.
long, 0.75-in. diameter) fitted at both ends with polyimide
windows and valves to isolate the reactor from the at-
mosphere after a pretreatment had been conducted. The
catalysts were pretreated outside the EXAFS data ac-
quisition room by flowing gases or reactants at temper-
atures similar to those used for pretreatment or reac-
tion during the catalytic activity measurements. After the
prescribed treatment, the sample was cooled to room tem-
perature and, then, the cell was isolated and moved to
the EXAFS instrument room, with the catalysts kept ex-
posed to the same reactant mixture in which the pretreat-
ment was made. This prevented changes in the chemical
state of the catalytic surface after the pretreatments and
during the EXAFS runs, so the experiments were equiv-
alent to being under in situ conditions since the cata-
lysts were never taken off the reactor tube. Thus, the state
of the surface probed during EXAFS should be the same
as after pre-treatment.

The EXAFS of calcined (300◦C, air) catalysts were first
measured in air at room temperature. These catalysts were
then reduced in 5% H2 (balance He) at 300◦C for 1 h and
cooled to room temperature, and EXAFS data were col-

lected in H2 (reduced). Thereafter, the prereduced catalysts
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were purged with He at room temperature, then heated to
300◦C in 5% O2 (balance He) for 1 h (oxidized). After the
oxidizing pretreatment, the EXAFS data were collected at
room temperature in O2.

2.4. FTIR Spectroscopy

Transmission infrared spectra of pressed disks (14 mg)
of Pt/SiO2 with and without Cl were collected in a FTIR
spectrometer (Mattson, Galaxy 6020) at a resolution of
2 cm−1 and 30 scans/spectrum. The self-supporting disks
were placed in an IR cell equipped with NaCl windows and
a temperature controller. The samples were pretreated in
air at 200◦C for 1 h prior to measurement of CO adsorption,
oxidation, and desorption. After calcination, the catalyst
was cooled to room temperature in He and 0.3% CO was
added to the feed to measure CO adsorption. During the
CO oxidation experiments, 16% O2 was added to the CO-
containing feed. In both experiments, the heating rate was
1◦C/min with a total flow of 120 cm3/min. Before CO des-
orption studies, the cell containing the pretreated catalyst
was purged with pure He at 200◦C for 1 h and 0.3% CO in
He was then added. The saturation level for CO adsorption
was rapidly reached. The spectra were collected as a func-
tion of time at 200◦C under a flow of pure He. The spectra
were obtained in the absorbance mode after subtraction of
the background spectrum of each catalyst disk under He
atmosphere at the corresponding temperature.

3. RESULTS

3.1. Catalytic Activity

The effect of Cl on CO, methane, and ethane oxidation
reactions on Pt/Al2O3 catalysts is shown in Fig. 1. The plots
in the left panels correspond to the conversion at different
temperatures and those in the right to the Arrhenius plots.
The TOF values used in the Arrhenius plots were obtained
at low conversion (<15%) to minimize the effect of reactant
concentration.

During CO oxidation (Fig. 1A), even though both cata-
lysts have nearly identical Pt loading and particle size, the
catalyst prepared from H2PtCl6 (2.0 wt% Cl) requires about
50◦C higher temperature to obtain the same CO conver-
sion. This corresponds to a 10-fold change in reaction rate
(units of moles of CO2 produced per second per mole of
surface Pt) at 100◦C. From the Arrhenius plots, activation
energies of 87.1 and 59.9 kJ/mol for the Cl-containing and
Cl-free catalyst, respectively, were obtained. The broken
line reflects TOF values recalculated using IR corrections.
These results are discussed later, in Section 4.

For CH4 oxidation, the lighting off temperature (LOT,
temperature at which 50% conversion is reached) is much

higher than for CO oxidation. In this case, the Cl-free cata-
lyst is also more active than the Cl-containing catalyst. As
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shown in Fig. 1B, the presence of chlorine results in an in-
crease of 100◦C in the temperature at which a CH4 con-
version of 50% is reached. At 350◦C, the reaction rate of
the Cl-containing catalyst is 20 times slower than that of
the catalyst with no Cl. In this case, the corresponding acti-
vation energies are 107.5 kJ/mol (with Cl) and 90.9 kJ/mol
(no Cl).

For the complete oxidation of ethane (Fig. 1C), when
chlorine is present, there is an 80◦C shift of the conversion
curve compared to that of the Cl-free catalyst. This corre-
sponds to a 10-fold difference in the reaction rate at 330◦C.
Calculations from the Arrhenius plots yield similar activa-
tion energies of 68.6 kJ/mol (with Cl) and 68.2 kJ/mol (no
Cl). The results presented in Fig. 1 clearly show that Cl de-
creases the activity of Pt/alumina catalysts during CO, CH4,
and C2H6 oxidation reactions.

To further demonstrate the effect of Cl on the oxidation
activity, HCl was added at room temperature to the Cl-free
catalyst to give a Cl content of about 2 wt%, which is similar
to the Cl present on the catalyst prepared from chloropla-
tinic acid. After impregnation with HCl, the catalyst was
dried overnight at 110◦C and subjected to different pre-
treatments in air prior to reaction. Figure 2 shows the CO
conversion curves as a function of the pretreatment tem-
perature for these catalysts. When the impregnated cata-
lyst underwent reaction without any calcination treatment,
there was only a minor decrease in the activity compared to
the Cl-free catalyst (Fig. 2A). This suggested that Cl was ad-
sorbed mainly on the alumina support without affecting the
Pt surface. When the same catalyst was calcined at 250◦C,
the activity decreased significantly (Fig. 2B), indicating that
during the calcination pretreatment, Cl migrated from the
support and readsorbed on the Pt surface, poisoning its ac-
tivity. A further increase in the calcination temperature of a
freshly impregnated catalyst gave a catalytic activity closer
to that of the Cl-containing catalyst (Fig. 2C).

The amount of Cl (added as HCl) is also a factor in de-
creasing the CO oxidation activity of the Cl-free catalyst, as
shown in Fig. 3. After impregnation with an HCl solution
containing about 5 wt% followed by calcination, the activity
of the catalyst with no Cl decreased below that of the cata-
lyst prepared from a Cl-containing precursor. Calcination
in air at 300◦C (Fig. 3B) lowers the LOT compared to the
same catalyst pretreated at 250◦C (Fig. 3A), i.e., increases
the activity. This indicates that when present beyond a cer-
tain saturation value, the excess chlorine is removed from
the Pt particles by pretreatment in air at 300◦C. For methane
oxidation, however, the calcination treatment after HCl ad-
dition had little effect on the catalyst activity (Fig. 4). In this
case, the reaction starts at a temperature higher than the cal-
cination temperature of 300◦C (Figs. 4C and 4D); therefore,
heating the catalyst to the reaction temperature is equiva-

lent to pretreating it in air. Addition of excess Cl (5 wt% Cl)
had no additional effect on the methane oxidation activity
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FIG. 1. Oxidation reactions on Pt/alumina catalysts with and without Cl. (Left panel) Conversion vs temperature; (right panel) Arrhenius plots.

(A) CO oxidation. Broken line indicates TOF recalculated using IR corrections. (B) CH4 oxidation. (C) C2H6 oxidation. Feed composition: 0.3% CO,

r
CH4, or C2H6; 16% O2; balance He. Total flow rate, 130 cm3/min. Recycle

(Fig. 4E), also indicating a saturation of the Cl coverage of
the Pt surface.

The poisoning effect of chlorine shown for Pt supported
on alumina catalysts also occurs in the case of Pt supported
on silica (Fig. 5). After addition of Cl by impregnation with
HCl, the LOT for CO oxidation on the Pt/silica catalyst is
45◦C higher than with the Cl-free catalyst. At 120◦C the
reaction rate of the Cl-containing catalyst is 30 times lower

than that of the Cl-free one. A direct quantitative compar-
ison of the effect of chlorine on silica and alumina cannot
eactor.

be made because of the different dispersion of Pt on each
support. After prolonged treatments of the catalysts the ef-
fect of Cl is different on the silica support than on alumina.
As shown in Fig. 5, after reduction in H2 at 300◦C for 10 h,
the activity of the Cl-containing Pt/silica catalyst increases
and recovers to a level similar to that of the Cl-free cata-
lyst. This indicates that on the silica support most of the
Cl has been removed by the reduction treatment. In con-

◦
trast, after treatment in H2 for 40 h at 450 C, the activity
for CO oxidation on the Cl-containing Pt/Al2O3 catalyst
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FIG. 2. Effect of calcination temperature after impregnation with
HCl during CO oxidation of Pt/alumina catalyst. (A) No calcination treat-
ment. (B) Calcination at 250◦C. (C) Calcination at 300◦C. Feed composi-
tion: 0.3% CO, 16% O2, balance He. Total flow rate, 130 cm3/min. Recycle
reactor.

showed no improvement. These results indicate that Cl is
more strongly adsorbed on the surface of the alumina sup-
port than on silica.

Figure 6 shows the effect of other pretreatments on
the activity of Pt/alumina catalysts. Both catalysts, Cl-free
(Fig. 6A) and with Cl (Fig. 6B), were subjected to reduction/
oxidation pretreatments before CO oxidation. After the
initial impregnation with the corresponding Pt-containing
salt and overnight drying, fractions of each sample were ei-
ther calcined in air (calcined) or reduced in H2 (reduced)
at 300◦C for 2 h. For the Cl-free catalyst, the activity of

FIG. 3. Effect of calcinations temperature after impregnation in ex-
cess with HCl during CO oxidation of Pt/alumina catalyst. (A) Calcination

◦ ◦
at 250 C. (B) Calcination at 300 C. Feed composition: 0.3% CO, 16% O2,
balance He. Total flow rate, 130 cm3/min. Recycle reactor.
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FIG. 4. Methane conversion vs temperature for Pt/alumina catalysts
prepared by different methods. (A) Cl-free catalyst. (B) Cl-containing
catalyst prepared from H2PtCl6. (C) Cl-free catalyst impregnated with
2% HCl solution, calcined at 250◦C. (D) Cl-free catalyst impregnated
with 2% HCl solution, calcined at 300◦C. (E) Cl-free catalyst impregnated
with 5% HCl solution, calcined at 300◦C. Feed composition: 0.3% CH4,
16% O2, balance He. Total flow rate, 130 cm3/min. Recycle reactor.

the calcined sample was approximately 10 times lower than
that of the reduced one, and approximately the same as
the Cl-containing catalyst in Fig. 1A. Oxidation of the re-
duced Cl-free catalysts at 300◦C in air did not much alter
its activity. For the Cl-containing catalyst again the reduced
sample is significantly more active than the calcined catalyst
(Fig. 6B). The activity of the reduced Pt/alumina (with Cl),
however, remains five times lower than that of the Cl-free
catalyst. Oxidation of the reduced catalyst in air resulted

FIG. 5. CO conversion vs temperature for Pt/silica catalysts. (No Cl)
1.5% Pt/silica no Cl. (With Cl) 1.5% Pt/silica with Cl. (Reduced) 1.5%
Pt/silica with Cl after reduction treatment for 10 h at 300◦C. Feed com-

position: 0.3% CO, 16% O2, balance He. Total flow rate, 130 cm /min.
Recycle reactor.
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FIG. 6. Effect of pretreatment on the activity of Pt/alumina catalysts
during CO oxidation. (A) 1.5% Pt/alumina no Cl. (B) 1.5% Pt/alumina
with Cl. Feed composition: 0.3% CO, 16% O2, balance He. Total flow rate,
130 cm3/min. Recycle reactor.

in slightly lower activity. This indicates that the reduced
Pt particles are relatively stable (20, 23) and a good pro-
portion of them remain in the reduced state after 300◦C
oxidation treatment. This is later confirmed, in Sections 3.2
and 3.3, by data from EXAFS and FTIR analyses, respec-
tively. Figure 6A shows that even after using more oxidizing
conditions, such as pure oxygen (instead of air) at 350◦C for
2 h, the activity of the Cl-free catalyst decreased but is still
considerably higher than that of the calcined catalyst, sug-
gesting that the oxidation only occurred in a fraction of the
active metal.

3.2. EXAFS Analysis

Standard procedures based on WINXAS97 software (24)

were used to extract the EXAFS data (25). Phase shifts
and backscattering amplitudes were obtained from EX-
ET AL.
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FIG. 7. Raw EXAFS data for 1.5% Pt/Alumina (no Cl).

AFS data for reference compounds: Na2Pt(OH)6 for Pt–O,
H2PtCl6 for Pt–Cl, and Pt foil for Pt–Pt.

The EXAFS data were collected for the calcined, re-
duced, and oxidized Pt catalysts. A typical spectrum of
the raw data for the oxidized catalyst without Cl is shown
in Fig. 7. Multiple-shell-model fits of the forward and in-
verse k3 weighted (or k2 for Pt–O only) EXAFS data
were obtained between k = 3.1–12.5 A

❛ −1 and r = 1.3–
3.0 A

❛

, respectively. The fitting parameters are summarized
in Table 1.

The EXAFS results of the calcined Cl-free catalysts fits a
model having Pt with six oxygen nearest neighbors with the
Pt–O distance of about 2.06 A

❛

. No Pt–Pt bonds were ob-
served in the calcined catalysts. The XANES spectra for

TABLE 1

Results from EXAFS Fitting

Scattering Coord. R �σ 2 �Eo

Treatment path no. (A
❛

) (A
❛

2) (×103) (eV)

1.5% Pt/alumina (no Cl)
Calcined at 250◦C Pt–O 5.9 2.06 0.5 1.8
Reduced at 300◦C Pt–O 1.1 2.19 10.6 17.5

Pt–Pt 6.6 2.74 2.4 −3.0
Oxidized at 300◦C, 5% O2 Pt–O 3.9 2.04 4.5 0.8

Pt–Pt 3.6 2.70 8.3 −0.9

1.5% Pt/alumina (with Cl)
Calcined at 300◦C Pt–O 3.5 2.03 −1.4 −0.2

Pt–Cl 2.5 2.31 −1.4 −1.2
Reduced at 300◦C Pt–O 0.9 2.21 2.2 17.4

Pt–Pt 6.9 2.74 2.4 −2.9
Oxidized at 300◦C, 5% O2 Pt–O 2.0 2.05 4.6 1.6

Pt–Cl 2.5 2.31 4.6 5.2
Pt–Pt 0.9 2.70 1.5 −0.5
Note. k3, �k = 3.1–12.5, �r = 1.3–3.0.
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FIG. 8. XANES spectra for 1.5% Pt/Alumina (no Cl) calcined at
250◦C (solid line), for Pt(NH3)4(NO3)2 (dotted line), and for Na2Pt(OH)6

(dashed line).

the calcined catalyst, Pt(NH3)4(NO3)2, and Na2Pt(OH)6

are shown in Fig. 8. Both the position and intensity of
the XANES spectrum of the calcined catalyst are consis-
tent with Pt in the +4 oxidation state. After reduction at
300◦C, small metallic Pt particles are formed, as evidenced
by the 6.6 Pt–Pt coordination number and a bond distance
of 2.74 A

❛

. A fully coordinated shell in Pt metal consists of
12 nearest-neighbor Pt atoms at a distance of 2.77 A

❛

. The
EXAFS of the reduced catalyst also show a contribution
from the oxygen ions of the support with a Pt–O distance at
about 2.19 A

❛

, which is similar to that previously reported
by Vaarkamp et al. (26) for fully reduced Pt, Rh, and Ir
catalysts. In the EXAFS of the oxidized catalyst, the Pt–
Pt coordination number decreases to 3.6 at a distance of
2.70 A

❛

. In addition, there is a significant Pt–O contribu-
tion at a distance of 2.04 A

❛

with a coordination number
of 3.9. The XANES spectra of the calcined, reduced (with
chemisorbed H2), and oxidized Pt/alumina (no Cl) cata-
lysts and Pt foil are shown in Fig. 9. The onset of the edge in
the oxidized catalyst is similar to that in the reduced cata-
lyst; however, the intensity of the white line is significantly
higher. The XANES spectrum is consistent with the pres-
ence of reduced and oxidized Pt atoms.

The EXAFS and XANES spectra (not shown) of the
calcined Pt/Al2O3 (with Cl) catalyst fits a model where
the Pt(IV) is bonded to 3.5 oxygen ions at a distance of
2.05 A

❛

and to 2.5 chloride ions at a distance of 2.31 A
❛

.
The Pt–Cl distance is identical (within experimental er-
ror) to that in chloroplatinic acid (27). After reduction at

300◦C, small metallic Pt particles are again formed with a
Pt–Pt coordination number of 6.9 at a distance of 2.74 A

❛

.

T-SUPPORTED CATALYSTS 347

There is also the small Pt–O coordination of 0.9 from the
oxygen ions of the support at a distance of 2.21 A

❛

(26).
The EXAFS of the reduced Cl-containing catalyst is very
similar to that of the Cl-free catalyst. It should be noted
that there are no Pt–Cl bonds in the reduced catalyst,
even though this catalyst originally contained 2 wt% Cl.
The coordination numbers of 6.6 and 6.9 Pt neighbors for
the two reduced catalysts in Table 1 show that, on av-
erage, the first shell of every Pt atom is not completely
coordinated to Pt, indicating small metallic Pt particles.
Assuming a compact geometry and that the Debye–Waller
factor, σ 2, has been modeled correctly, the average parti-
cle diameter is 9 ± 3 A

❛

. These values are consistent with
the H2 chemisorption results, indicating that the dispersions
are 0.8.

The EXAFS results of the Cl-containing catalyst oxidized
at 300◦C fit a model with a Pt–Pt distance of 2.70 A

❛

and
a coordination number of 0.9, indicating the presence of
small metallic Pt particles that are not fully oxidized. Al-
though the size of the reduced Pt particles in both catalysts is
very similar, upon oxidation, the catalyst that contains Cl is
more fully oxidized, leading to a smaller Pt–Pt coordination
number. These results are consistent with those reported by
Borgna et al. (40), which indicate that during oxidation of a
nonchlorinated Pt/Al2O3 catalyst, only a single coating of
PtO2 is formed, whereas the presence of Cl is responsible
for a deeper attack of Pt particles, causing the formation of
a double coating of oxychloroplatinum species. In addition,
the Pt–O and Pt–Cl coordination numbers are 2.0 and 2.5 at
a distance of 2.05 and 2.31 A

❛

, respectively. Figure 10 shows
the k3-weighted Fourier transform of the EXAFS and the
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FIG. 9. XANES spectra of 1.5% Pt/Alumina (no Cl) calcined at 250◦C

(solid line), reduced at 300◦C and with chemisorbed H2 (dotted line), and
oxidized at 300◦C (dashed line) and for Pt foil (fine solid line).
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FIG. 10. k3-weighted Fourier transform (magnitude and imaginary part) of Pt EXAFS. (solid lines) Raw data; (dotted lines) model fit. (A) 1.5%

Pt/alumina no Cl. (B) 1.5% Pt/alumina with Cl.

model fit for the oxidized Cl-free and Cl-containing Pt cata-
lysts. Even though the magnitudes of the transforms are
similar, the imaginary components are significantly differ-
ent, an effect of the addition of 2.5 Cl neighbors, as shown
in Fig. 10B. Thus, although there are no Pt–Cl bonds in
the reduced catalyst, upon heating in O2 to 300◦C, Pt–Cl
bonds are clearly present after oxidation of the catalyst.
This confirms that, as suggested by the activity results, Cl
present on the support migrates to the metal surface during
oxidation. Similar results were obtained for both oxidized
catalysts treated with 4% O2 alone, 0.3% CH4, and 16%
O2, or 3% CH4 and 16% O2 at 300 and 450◦C, showing
that slightly different reaction environments lead to similar
surface states.

For both Pt/alumina catalysts, subsequent reduction at
300◦C following oxidation or reaction up to 450◦C gives
identical EXAFS spectra and fit results to those of the ini-
tially reduced catalysts, indicating that there is no sintering
during catalytic oxidation below 450◦C.

3.3. CO Chemisorption and FTIR of Adsorbed CO

The amount of CO chemisorbed at room tempera-
ture was determined for several calcined and oxidized
Pt/alumina catalysts. On both calcined catalysts (with and
without Cl), within experimental error there was little
chemisorption of CO. Also, on the (reduced) Pt/alumina
(with Cl) oxidized at 300◦C, there was little chemisorbed
CO. However, oxidation in air of the reduced Pt/alumina
(no Cl) gave significant adsorption, 0.70 cm3/g, or about
40% of the Pt atoms chemisorb CO. The chemisorption

results suggest that many of the metallic or low-valent Pt
atoms of the Pt/alumina (no Cl) are exposed to the react-
ing gases. In addition, since the metallic Pt in the oxidized
Pt/alumina (with Cl) does not chemisorb CO, these atoms
are not at the particle surface and thus are likely covered
by oxygen and Cl atoms.

The infrared spectra on Pt/silica oxidation catalysts were
obtained in order to further investigate the effect that Cl
has on the adsorption, desorption, and reaction of CO on
Pt-supported catalysts. SiO2 was chosen as the support
because of its higher transmissivity compared to Al2O3.
Figure 11 shows the spectra for CO adsorption on Cl-free
Pt/SiO2 (Fig. 11A) and with Cl (Fig. 11B) in the range 2300–
1800 cm−1. The spectra are consistent with the presence of
linearly adsorbed CO on Pt (11, 18, 28–31), indicating that
at low CO concentration (0.3% CO in He) the catalyst with
no Cl rapidly adsorbs CO at the various temperatures an-
alyzed. In addition, two weak IR bands were detected in
the region 2200–2100 cm−1, corresponding to CO in the gas
phase. The spectra in Fig. 11 show that the peak at 2079 cm−1

shifts to lower wavenumbers as the temperature increases
(2065 cm−1 at 200◦C). Hertz and Shinouskis observed a
frequency shift (from 2120 to 2070 cm−1) of the linearly ad-
sorbed CO peak during transient reduction experiments on
Pt-supported catalysts (32). They correlate this shift with
a change in the electronic state of Pt atoms. The higher
frequency is assigned to completely oxidized Pt particles
(Ptm+ with 2 ≥ m > 1) and the subsequent lower frequen-
cies to CO adsorbed on Pt atoms presenting lower oxida-
tion states (Ptn+ at 2095 cm−1 and Ptδ+ at 2080 cm−1 with
1 ≥ n > δ). Finally, a band at 2070 cm−1 is characteristic
of linear CO adsorption on fully reduced Pt. Since the in-
tegrated absorbance of this peak remains almost constant

and considering that the catalyst was previously calcined in
air, the observed shift is attributed to a gradual reduction
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FIG. 11. FTIR spectra during CO adsorption on Pt/silica. (A) 2% Pt/silica no Cl. (B) 2% Pt/silica with Cl. Feed composition: 0.3% CO, balance
3
He. Total flow rate, 120 cm /min.

of partially oxidized Ptδ+ atoms at the higher temperatures
due to the presence of CO.

When Cl is present on the surface, the signal of adsorbed
CO is almost below the detection level at the lower temper-
atures (T < 100◦C, Fig. 11B). As the surface temperature
increases, the amount of adsorbed CO increases slightly,
but it does not reach a level comparable to that observed in
the Cl-free sample. These results indicate that Cl is blocking
the sites for CO adsorption.

To verify this conclusion, both catalysts were subjected
to the same reaction gas compositions used in the activity
determinations (0.3% CO, 16% O2, in He) and the corre-
sponding IR spectra were collected at different tempera-
tures (Fig. 12). On the Pt/SiO2 (no Cl) catalyst, a peak at
a constant wavenumber of 2077 cm−1 is observed at tem-
peratures as low as 65◦C. The intensity of this peak remains

constant with temperature, indicating saturation of the ac-
tive sites with adsorbed CO until ignition of the catalyst is
reached, between 140 and 145◦C. At temperatures above
145◦C, the surface coverage of adsorbed CO is below the de-
tection limit, indicating complete and immediate reaction.
After ignition, a peak at 2321 cm−1 appears, corresponding
to CO2 in the gas phase. During this TPR experiment, no
shift in the position of the peak at 2077 cm−1 is observed,
indicating that in this oxidizing atmosphere the Pt oxidation
state remains unchanged. Comparison between the activity
results and the IR spectra of CO oxidation on Pt/SiO2 cata-
lysts shows remarkable agreement regarding the tempera-
tures at which each state of the reaction occurs (low-activity
regime, ignition, and high-activity regime), allowing one to
correlate the kinetic behavior reported in Section 3.1 with
the state of the surface inferred from IR spectroscopy.

At temperatures below 140◦C, addition of chlorine leads
to a significant decrease in the amount of adsorbed CO

(Fig. 12B). As the temperature increases from 60 to about
185◦C, before reaction, there is a slow increase in the
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FIG. 12. FTIR spectra during CO oxidation on Pt/silica. (A) 2% Pt/silica no Cl. (B) 2% Pt/silica with Cl. Feed composition: 0.3% CO, 16% O2,

balance He. Total flow rate, 120 cm3/min.

amount of CO adsorbed. Above 185◦C, the CO surface cov-
erage decreases until 190◦C, where there is little adsorbed
CO due to consumption by the reaction. Chlorine not only
decreases the number of sites available for reaction, it also
slows down the ignition process. This is seen by the larger
temperature difference (15◦C) required for ignition with
the Cl-containing catalyst compared with that (5◦C) when
no chlorine is present.

To explore the CO desorption step, after the pretreat-
ment in air, the IR cell was purged in He at 200◦C for 1 h.
Then 0.3% CO in He was introduced and a series of spec-
tra were collected until the net absorbance was constant.
At this moment, the CO was discontinued, leaving a flow
of pure He. Figure 13 presents the spectra of adsorbed CO
at different times as CO desorbs from the surface at con-
stant temperature for the Cl-free and Cl-containing Pt/SiO2

catalysts. The spectra show a small shift of the main IR

band to lower wavenumbers as CO desorbs from the sur-
face. This shift has been explained by a dipole–dipole in-
teraction between the adsorbed CO molecules at high CO
coverage (33–35). The time elapsed until similar IR inten-
sities are detected is almost twice as long in the case of
the Cl-containing catalyst compared to the Cl-free cata-
lyst. Assuming that the CO desorption rate is first order
with respect to CO surface concentration, rate constants
of CO desorption were calculated for both catalysts us-
ing the expression ln (IA/IAO) = −kCO dest , where IA is the
integrated absorbance of the CO linear band and t the
time in minutes. Figure 14 shows that within experimen-
tal error, the rate constant for CO desorption is the same
(kCO desorp = 0.00493 min−1 ± 5%) for the Cl-free and the
Cl-containing catalysts. Thus, the presence of Cl does not af-
fect the rate of CO desorption. Furthermore, the wavenum-
ber of the CO linear band at maximum coverage (Fig. 13) is
similar for both catalysts, indicating that the active site for
adsorption is the same in both cases. These findings sup-

port the conclusion that the poisoning effect of Cl is that it
blocks the active sites for adsorption and reaction.
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FIG. 13. FTIR spectra during CO desorption on Pt/silica at 200◦C. (A) 2% Pt/silica no Cl. (B) 2% Pt/silica with Cl. Total flow rate, 120 cm3/min

pure He.

4. DISCUSSION

The above results provide a general qualitative under-
standing of the poisoning effect of Cl during oxidation reac-
tions on Pt-supported catalysts. Several studies have shown
the inferior performance of Pd and Pt catalysts prepared

FIG. 14. Integrated Absorbance of CO linear band vs time during CO

desorption on Pt/silica at 200◦C. (�) 2% Pt/silica no Cl. (©) 2% Pt/silica
with Cl.
from Cl-containing precursors for methane oxidation (3–
6, 8, 10, 12). Similar behavior has been reported for the
combustion of higher hydrocarbons (13, 36) and during
complete oxidation of toluene (11), as well as for propane
oxidation (14). Our results for CO, methane, and ethane
oxidation are consistent with the poisoning effect of chlo-
rine previously reported in the literature. As it has been
shown, this effect occurs not only when the precursor is the
source of chlorine but also when Cl is added from an exter-
nal source, such as HCl. This is a clear indication that Cl is
mobile under the reaction conditions and leads to deacti-
vation by blocking the active sites on the Pt surface.

Even though Cl is a strong inhibitor of the oxidation activ-
ity, it is a reversible poison, and the extent of Cl coverage de-
pends on the pretreatment and support used. For example,
after a 10-h reduction the HCl-impregnated Pt/SiO2 cata-
lyst recovered most of its initial activity, in agreement with
results showing an activation of Pt/Al2O3 catalysts with time
on stream reported by several authors (4, 20). Nonetheless,
the removal of chlorine strongly depends on the reaction
environment and temperature of the treatment as well as
on the catalyst’s support (9). Most studies reporting elim-
ination of Cl from Pt/Al2O3 catalysts indicate that water
plays a role in the activation treatments, either when it is

a product of the oxidation reaction (5) or after addition as
steam under a reducing atmosphere (37).
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The kinetic results of the Cl-free catalyst impregnated
with HCl indicate that at first chlorine is adsorbed mainly on
the Al2O3 support (5, 13, 17), and during calcination a por-
tion of the Cl migrates from the support and is readsorbed
onto the Pt surface. The transport and mobility of chlorine
on the catalyst’s surface is also confirmed by the EXAFS
and IR results. IR results indicate that no detectable CO
adsorption on Pt occurs at low temperatures (60–100◦C)
on the Cl-containing catalyst, but as the catalyst tempera-
ture increases in the presence of oxygen and CO, the CO
coverage increases. EXAFS data clearly show that there
are no Pt–Cl bonds after reduction, but later, in the pres-
ence of oxygen, an oxychloroplatinum phase reappears sur-
rounding a small core of reduced Pt atoms. Lieske et al.
(15) was one of the first groups proposing the formation
of oxychloroplatinum species under oxidizing conditions,
[PtIV(OH)x Cly] and [PtIVOx Cly], to explain the redisper-
sion of Pt at high temperatures, 500–600◦C. These authors
found that the formation of these species requires the pres-
ence of oxygen. The interaction between platinum, oxygen,
and chlorine starts at temperatures below 300◦C, promoting
the formation of oxychloroplatinum species. Similar species
have been reported in EXAFS analysis of the preparation
(38) and redispersion (39, 40) of Pt/alumina (Cl) naphtha-
reforming catalysts.

Thus, the kinetic and EXAFS results can only be ex-
plained if the Cl coming from HCl or evolved during re-
duction is reabsorbed on the support and subsequently re-
leased and readsorbed on the Pt surface during calcination.
During reduction H2 adsorbs dissociatively on the Pt sur-
face and reacts with the adsorbed complex to likely yield
HCl, which desorbs as a gas and is transported onto the sup-
port. Recent results on chlorinated Pt catalysts supported
on model flat alumina substrates (41) indicate that no Cl is
observed after reduction at 300◦C. Therefore, the surface–
Cl interaction during reduction is affected by the porous
structure of the supported catalysts. In the case of HCl, this
process can be pictured as follows (13, 42):

Depending on the time, temperature, and Cl-support in-
teraction, Cl can be eliminated or remain adsorbed on the
support. In the later case, calcination or oxidation pretreat-
ments lead to desorption of Cl from the support and to the
formation of a stable platinum oxychloride species (43, 44).
Regardless of the detailed mechanism of Cl transport from
the support to the metal and vice versa, i.e., surface diffusion
vs gas-phase transport, all of the results show this dynamic
interaction between Cl, Pt, and the support resulting in a
specific catalytic activity.
Activity and FTIR results indicate that the ignition pro-
cess changed in the presence of Cl. It has been reported
ET AL.

that the reduction of the Pt–Ox species occurs at lower
temperatures than those for chlorinated species in Pt- and
Pd-supported catalysts (44). This could explain why CO can
adsorb on the Cl-free catalyst at low temperatures whereas,
in the Cl-containing catalyst, heating to much higher tem-
perature is required to observe CO adsorption, and later
reaction, on reduced Pt surface after partial reduction of
PtClx Oy species (Fig. 12). The difference in the light-off
temperature can, therefore, be explained by the different
reducibility of PtOx and PtClx Oy species.

Likewise, the different apparent activation energies for
CO oxidation observed in Fig. 1A can be attributed to a
temperature-dependent variation of the number of active
sites in the Cl-containing catalyst. The IR spectra of CO
adsorbed during reaction clearly indicate that the amount
of linearly adsorbed CO on Pt for the Cl-containing cata-
lysts increases with temperature, whereas for the Cl-free
catalyst no change is observed with increasing temperature
(Fig. 12). The percentage of available sites for CO adsorp-
tion in the catalyst with Cl was estimated as the ratio of
the integrated absorbances of the CO linear band in the Cl-
containing catalyst and in the Cl-free catalyst at the same
temperature. These results are presented in Table 2. The
assumption in the previous calculations is that CO adsorbs
in all the available sites, which is the case at the low tem-
peratures (T < 140◦C) used to obtain the activation ener-
gies. With these data the reaction rates of CO oxidation
in Pt/Al2O3 with Cl were recalculated and included in the
Arrhenius plot in Fig. 1A. The new value of the activa-
tion energy, 63.9 kJ/mol, is very similar to that obtained
for the Cl-free catalyst, 59.9 kJ/mol. Therefore, changes in
the activation energy for CO oxidation can be explained by
the increase in the number of available active sites in the
Pt/alumina with Cl as the temperature increases. This re-
sult implies that chlorine is mobile on the catalytic surface
under reaction conditions and confirms that the primary
mechanism of Cl poisoning is due to site blocking of the
reduced Pt surface.

4.1. Model of Cl Poisoning

The EXAFS and activity results, presented under the dif-
ferent reaction conditions, clearly show the dynamic role
of the support, which can store Cl during reduction only

TABLE 2

Fraction of Available Active Sites at Different
Temperatures for Cl-Containing Catalyst

T (◦C) % Available sites % Blocked sites

60 7.6 92.4
80 14.2 85.8

100 18.2 81.8
120 26.1 73.9
140 39.2 60.8

160 45.9 54.1
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FIG. 15. Model depicting the Pt s

to release it during oxidation pretreatment or reaction to
be readsorbed on the Pt surface and poison its activity.
Based on the catalyst activities and characterization results,
we propose the model shown in Fig. 15, depicting the Pt
species after the various treatments. Upon calcination, the
Pt is present as a platinum(IV) oxide phase (Cl free) or
a platinum(IV) oxychloride phase (with Cl). Since there
are no apparent Pt–Pt bonds, the oxide is present as ad-
sorbed molecular species or very small, highly disordered
particles. Reduction of the calcined catalysts leads to small
metallic particles in contact with the oxygen ions from the
alumina support. In the Cl-containing catalyst, there are no
Pt–Cl bonds, as the chlorine has been transported onto the
support during reduction. Treatment in oxygen at 300◦C
oxidized the Pt surface on both catalysts. In the case of the
Cl-containing catalyst, the transport of chlorine back from
the support onto the Pt surface leads to the formation of
an oxychloroplatinum phase with little exposed low-valent
Pt. Nonetheless, in both cases, with and without Cl, the Pt
particles are not fully oxidized, and there remains a small
core of reduced metal. In the Cl-free catalyst low-valent or
metallic Pt atoms are exposed to the reactants.

Determining the nature of the active surface during re-
action is not straightforward. It has been suggested that on
large Pt particles there is only a layer of chemisorbed oxy-
gen, while on smaller highly dispersed platinum particles
there is a layer of platinum oxide during methane (28) and
toluene oxidation (45). Our activity results with Pt/Al2O3
different pretreatments (Fig. 6) confirm that
Pt particles exhibit low activity compared to
ecies after the various treatments.

that on a partially oxidized, metallic surface. The EXAFS
and IR spectra indicate that both oxidized and low-valent Pt
are present under oxidation reaction conditions. This model
agrees well with previous ones (20, 21, 28), which concluded
that neither a fully reduced nor a fully oxidized surface is
optimal for methane oxidation. In addition, the catalytic
activity correlates with the amount of exposed metallic Pt.
The highest activity, for example for CO oxidation, was
on the reduced catalyst without Cl. Oxidation at 350◦C in
100% O2 lowered the activity. The calcined catalyst, which
contained no metallic Pt, had still lower activity. Similar
conclusions can be made for the Pt/alumina with Cl. The
IR indicates that there is no detectable CO adsorption at
low temperatures (60–100◦C) and the activity is low. Al-
though there are likely surface Pt–O bonds, there is little
activity. As the reaction temperature increases, however,
the CO coverage increases. Since the IR frequency is sim-
ilar to that in the Cl-free catalyst, it is likely that the CO
is adsorbed on exposed metallic sites generated by surface
reduction at higher temperature.

5. CONCLUSIONS

Alumina and silica supports have been used to prepare
different Pt catalysts with and without Cl. Independent of
the precursor, the presence of Cl significantly decreases
the activity of Pt-supported catalysts for CO, methane, and
ethane oxidation. This poisoning effect depends on the Cl

coverage, which in turn depends on the pretreatment, the
reaction conditions, and the support–Cl interaction.



354 GRACIA

Both Cl-free and Cl-containing catalysts present higher
activity after reduction in H2 compared to that of the cata-
lysts that have only undergone calcination. The activity of
Cl-free catalysts after addition of HCl and pretreatment in
air is similar to that of the Cl-containing catalyst.

A model is proposed to describe the different Pt species
present after different pretreatments. This model indicates
that transport of Cl from the metal surface to the support
occurring under reducing conditions is reversed when oxy-
gen is present in the gas phase. While pretreatments in air
at temperatures at about 300◦C affect this migration, pro-
longed time on stream (reaction conditions) or higher tem-
perature pretreatments can eliminate Cl from the Pt surface
and support. The model proposes that the reduced and par-
tially oxidized Pt particles are the main active phases during
the oxidation reaction on Pt-supported catalysts at condi-
tions similar to those used in this work. Obviously, the state
of the surface and the kinetics of the Cl–metal and Cl–
support interaction will change if the reaction environment
is different.

Kinetic studies complemented with EXAFS and IR re-
sults show that the main effect of Cl is to block the metal
surface, decreasing the number of active sites. The extent
of the blockage depends on the temperature and reaction
conditions used as well as on the capacity of the support to
adsorb Cl.
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