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The reforming of CH4 with CO2 (dry reforming) was studied
at 800◦C over SiO2 and ZrO2 supported Pt–Sn catalysts. Sev-
eral preparation methods were investigated. It was found that the
Pt/ZrO2 catalyst had much higher activity and stability than the
Pt/SiO2 catalyst due to the ability of the ZrO2 to promote CO2

dissociation. On this catalyst, the decomposition of CH4 and the
dissociation of CO2 occur via two independent pathways. The long-
term activity of the catalyst is dependent upon the balance be-
tween the rate of CH4 decomposition and the rate of cleaning of
carbonaceous deposits. The co-impregnation of Sn and Pt on the
ZrO2 results in lower activity and stability than the monometallic
catalysts. Depending on the reaction conditions, disruption of the
Pt–Sn alloys may occur, causing deposition of tin oxide that in-
hibits the role of the ZrO2. Special preparation methods can result
in the controlled placement of Sn on the Pt particle, minimizing
the promoter–support interaction. These catalysts exhibit higher
activity and stability than the monometallic catalyst under severely
deactivating conditions, 800◦C, and a 3 : 1 ratio of CH4 : CO2. It is
possible to deposit Sn onto Pt/ZrO2 catalysts in a manner which
reduces carbon deposition without inhibiting the beneficial role of
the support. c© 1998 Academic Press

INTRODUCTION

Methane reforming using carbon dioxide (dry reform-
ing) has been of interest for a long time (1–3), but in recent
years that interest has experienced a rapid increase both
for environmental and commercial reasons (4–12). The ma-
jor obstacle preventing commercialization of this process
is that, due to the endothermic nature of the process, high
temperatures are required to reach high conversions. These
conditions are conducive to carbon deposition (13), and a
catalyst capable of operating at such severely deactivating
conditions has not been found. Most of the dry reform-
ing research performed thus far has focused on Group VIII
metals on a variety of supports (14–19). Previous work done
by our group on SiO2-supported Pt showed that Sn can be
effectively used as a promoter to reduce the amount of car-
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bon deposited during the dehydrogenation of lower alka-
nes (20). More recently (21) we found that the addition of
Sn to a Pt/SiO2 catalyst decreases carbon deposition and in-
creases the stability of the catalyst during the dry reforming
reaction at 650◦C.

Several groups have focused on TiO2 and ZrO2 and have
found that, on these supports, Pt reaches much higher con-
versions than when supported on SiO2 and Al2O3. Bradford
and Vannice have performed an extensive study of Pt/TiO2

and model TiOx/Pt catalysts (22, 23). The results from the
model catalyst studies indicate that the activity of the cata-
lyst increases with increasing TiOx coverage. They attribute
this increase to the formation of new metal–support inter-
facial sites and propose that these sites promote the dis-
sociation of CH4, the dissociation and reduction of CO2,
and the decomposition of CHxO (23). Also, the formation
of TiOx overlayers on the Pt/TiO2 catalyst was proposed
to increase stability due to suppression of carbon deposi-
tion via an ensemble effect (22). Lercher et al. (24, 25) have
also studied TiO2 as a support, as well as ZrO2 and Al2O3.
They found that, among these three supports, ZrO2 was the
most effective, resulting in a stable catalyst at 600◦C and
1 : 1 CH4 : CO2 feed ratio.

A hypothesis about the role of the support that has re-
ceived significant attention involves the participation of two
independent reaction paths (5, 24, 25). According to this
mechanism, CH4 decomposition would take place on the
metal, resulting in the production of H2 and the formation
of carbonaceous deposits. The role of the support would be
to adsorb CO2 and facilitate dissociation at the metal sup-
port interface. In this case the CO2 dissociation would result
in CO and adsorbed O. The adsorbed O could then react
with carbon deposited on the metal to produce additional
CO.

The majority of the previous work on Pt/ZrO2 catalysts
has shown that these catalysts exhibit minimal carbon depo-
sition when operating at relatively moderate temperatures
(550–650◦C) and the CH4 : CO2 ratios less than or equal to
unity (5, 22, 25). However, the equilibrium conversion of
the dry reforming reaction under these conditions is rel-
atively low, i.e., approximately 50%. Furthermore, at low

137
0021-9517/98 $25.00

Copyright c© 1998 by Academic Press
All rights of reproduction in any form reserved.



       

138 STAGG ET AL.

temperatures and low CH4 : CO2 ratios, a fraction of the H2

produced is converted to H2O via the reverse water gas shift
reaction, resulting in a H2/CO product ratio less than one.
High conversions and a product ratio near unity can only be
achieved near 800◦C (15, 26). Most of the concepts devel-
oped from the studies conducted at lower temperatures are
not valid for the dry reforming reaction at 800◦C. It has been
shown (27) that hydroxyl groups remain on the surface of
the zirconia up to 700◦C. These OH groups strongly interact
with CO2, which can generate formate and bicarbonate in-
termediates. Under industrially relevant conditions, these
species may not play a role. Therefore, detailed studies of
the reforming reaction at high temperatures are needed.
In this contribution, we have investigated ZrO2-supported
catalysts at 800◦C, using CH4 : CO2 ratios of 2 : 1 and 3 : 1.
These high CH4 : CO2 ratios accelerate deactivation by fa-
voring carbon formation. These conditions have allowed us
to investigate the role of the support and the promoters in
the suppression of carbon formation over relatively short
reaction periods.

EXPERIMENTAL

Catalyst Preparation

Pt and Pt–Sn catalysts were supported on SiO2 (W.R.
Grace & Co. Silica Gel Grade 923) and ZrO2. The ZrO2

was obtained by calcination of Zr(OH)4 (Magnesium Elek-
tron Inc.) at 800◦C for 4 h in stagnant air. A Micromerit-
ics ASAP 2010 adsorption apparatus was used to obtain
the physical properties of the supports. After calcination
at 800◦C, the ZrO2 support had a BET surface area of
35 m2/g, and a pore volume of 0.2 cm3/g. The SiO2 sup-
port, as received, had a surface area of 470 m2/g, and a
pore volume of 0.35 cm3/g. The monometallic SiO2- and
ZrO2-supported catalysts had a Pt weight percent of 1.5
and were prepared by incipient wetness impregnation of
an aqueous solution of H2PtCl6 · 6H2O. The bimetallic sam-
ple was made by co-impregnation of H2PtCl6 · 6H2O and
SnCl2 · 2H2O with 1.5 wt% Pt and a 1 : 1 molar ratio of
Pt : Sn. The incipient wetness liquid/solid ratio was deter-
mined for each preparation and varied from 0.3 to 0.5 cm3/g.
The co-impregnated bimetallic catalyst will be referred to
as Pt–Sn (CI). Galbraith Laboratories, Inc. performed an
elemental analysis on the Pt–Sn (CI) catalyst before and
after reaction. The measured percentage of Pt and Sn on
the catalyst before reaction was 1.32 and 1.07, respectively.
After exposure to a 2 : 1 ratio of CH4 : CO2 at 800◦C for 8 h,
the measured percentage of Pt and Sn was 1.40 and 1.11.
Two additional ZrO2-supported bimetallic catalysts were
prepared by special techniques. The first involved the co-
impregnation of 1.0 wt% Pt and Sn (1 : 1 molar ratio Pt : Sn)
onto a precalcined 1.5 wt% Pt/ZrO2 catalyst prepared as de-
scribed above. This catalyst will be referred to as Pt–Sn/Pt.

The other preparation method used was surface reduction
deposition. Details about this technique, which is intended
to selectively deposit Sn on Pt, can be found elsewhere (28).
The catalyst was prepared in a solution of n-hexane and
Sn(C4H9)4 at room temperature in He. Prior to the addi-
tion of Sn, the 1.0 wt% Pt/ZrO2 used as a base was reduced
in situ at 250◦C for 1 h and cooled to room temperature in
hydrogen. This step results in adsorbed H on Pt, which is
responsible for the reduction of the Sn(C4H9)4. After the
introduction of the Sn solution, the catalyst was washed in
clean n-hexane and then heated to 60◦C in a flow of He. Fi-
nally, it was dried for 1 h in He at 150◦C. This catalyst (Pt : Sn
molar ratio 1 : 0.5) was reduced in situ by heating to 300◦C
in H2 (30 cm3/min) prior to reaction and will be referred
to as Pt–Sn (SR). All samples except for the Pt–Sn (SR)
were dried overnight at 110◦C, calcined in air (30 cm3/min)
at 400◦C for 2 h, and then reduced in situ for 1 h in H2

(30 cm3/min) at 500◦C prior to reaction.

Catalyst Activity

The CH4 reforming activity was measured in a flow re-
actor consisting of a quartz tube with an inner diameter of
0.4 cm and an outer diameter of 0.6 cm. The experiments on
the monometallic and bimetallic catalysts were performed
with 0.025 and 0.05 g of catalyst, respectively. Each sample
was diluted with an equivalent amount of SiO2 to mini-
mize heat and mass transfer limitations. A thermocouple
was placed directly in contact with the bottom of the cata-
lyst bed during the reaction. A second thermocouple was
placed outside the reactor and it was used to control the
temperature of the furnace. The Weisz–Prater criteria for
internal diffusion was calculated and the results showed
that mass transfer limitations were not present in any of
the experiments.

The reactions were performed at 650 or 800◦C and
CH4 : CO2 ratios of 1 : 1, 2 : 1, and 3 : 1. The flow rate was
held constant at 75 cm3/min, resulting in space velocities of
180,000 GHSV and 90,000 GHSV for the monometallic and
bimetallic catalysts, respectively. The exit gases were ana-
lyzed using an online Hewlett Packard GC equipped with
a thermal conductivity detector and a Supelco Carboxen
1006 PLOT fused silica capillary column (30 m, 0.53 mm
ID) which allowed for separation of H2, CO, CH4, and CO2.
The carrier gas used was Ar. The samples were reduced
in situ, and then heated to the reaction temperature in Ar
(30 cm3/min). Calibration of the GC using varying ratios
of the reactants and products resulted in a mole/area ra-
tio for each gas. Quantification of H2O was not attempted;
however, equilibrium data shows that water production is
minimal at high operating temperatures (800◦C). The con-
version was calculated by dividing the moles of CH4 and
CO2 converted during reaction by the average of pulses
through the by-pass.
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Pulse Experiments

Pulse experiments using 13C-labeled CH4 were perfor-
med on the Pt/ZrO2 and Pt–Sn (CI) catalysts. The samples
were heated to 500◦C in hydrogen (30 cm3/min) and re-
duced for 1 h. After reduction, the samples were heated
to 800◦C in He (15 cm3/min) and, while in He, exposed
to four pulses of 13CH4 (50 µL pulses, 10–15 min apart).
During each pulse the exit gases were analyzed using the
quadrupole residual gas analyzer. After the 13CH4 pulses,
the system was flushed for 15 min in He (15 cm3/min) at
800◦C and then exposed to eleven 12CO2 pulses. The area
of each pulse was converted to moles using a conversion
factor that was determined prior to the experiments.

Catalyst Characterization

Extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near edge spectroscopy (XANES) were
performed on beamline X-18B at the National Synchrotron
Light Source at Brookhaven National Laboratory, Upton,
New York. The ring energy was 2.5 GeV with a ring cur-
rent of 80–220 mA. A Si (111) crystal monochromator was
used to vary the photon energy incident to the sample. For
each sample, 0.5 g of catalyst was diluted with 0.1 g of SiO2,
pressed into pellets and placed into sleeves that were then
inserted into a stainless steel cell that can be heated to 650◦C
or cooled to liquid nitrogen temperatures. The catalysts
were reduced in situ at 500◦C in hydrogen (30 cm3/min),
heated to 650◦C in He, and finally exposed to a 2 : 1 ratio
of CH4 : CO2 at 650◦C. After reaction, the samples were
cooled to liquid nitrogen temperatures in a flow of He to
prevent condensation of water on the samples or oxidation
from the atmosphere. EXAFS data were taken near the Pt
LIII edge (11,564 eV) with the scans ranging from 150 eV be-
low the edge to at least 1000 eV past the edge. The EXAFS
data was analyzed using the program BAN from Tolmar
Instruments. Details about the analysis procedure can be
found elsewhere (29).

RESULTS

Catalytic Activity of the Pt Catalysts

Figure 1 shows the CH4 and CO2 conversion for the Pt/
ZrO2 and Pt/SiO2 catalysts at 650◦C. The initial conversions
of CH4 and CO2 were extremely low on the SiO2-supported
catalyst, and they decreased to almost zero after 30 min on
stream. By contrast, the ZrO2-supported catalyst was much
more active and did not deactivate during the 2-h period.
The Pt/ZrO2 sample had a constant H2 : CO ratio of approx-
imately 0.6 throughout the reaction period, while the ratio
for the SiO2-supported catalyst continuously decreased.

A more drastic deactivation was observed when the same
experiment was performed at 800◦C. Figure 2 shows the
conversion of CH4 and CO2 for the Pt/ZrO2 catalyst during

FIG. 1. Fractional conversions of CH4 (squares) and CO2 (circles)
for Pt/SiO2 (filled) and Pt/ZrO2 (open) during reaction at 650◦C with a
CH4 : CO2 ratio of 2 : 1.

20 h of reaction at 800◦C with a 2 : 1 CH4 : CO2 feed ratio.
Initially, the conversion of both CO2 and CH4 decreased
rapidly, but the decay of the latter was significantly faster.
After 4 h on stream, the rate of deactivation decreased with
only a slight drop in activity over the next 16 h. The H2 : CO
product ratio was initially 1.0 and decreased to approxi-
mately 0.5 by the end of the run. The X(CH4)/X(CO2) con-
version ratio, which according to the feed composition and
stoichiometry of the reforming reaction should be 0.5, was
in fact, greater than that at the beginning of the run but
decreased to 0.32 with time on stream. Under similar con-
ditions, the Pt/SiO2 catalysts showed no activity.

Catalytic Activity of the Pt–Sn Catalysts

As shown in Fig. 3, the addition of Sn to the Pt/ZrO2

catalyst by co-impregnation resulted in a decrease in both
the CH4 and CO2 conversion when operating at 800◦C and

FIG. 2. Fractional conversions of CH4 (h) and CO2 (s) for Pt/ZrO2

during reaction at 800◦C with a CH4 : CO2 ratio of 2 : 1.
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FIG. 3. Fractional conversions of CH4 (squares) and CO2 (circles) for
Pt–Sn (CI) (filled) and Pt/ZrO2 (open) during reaction at 800◦C with a
CH4 : CO2 ratio of 2 : 1.

at a feed ratio of 2 : 1 CH4 : CO2. Although the deactivation
rate of the Pt–Sn (CI) catalyst was slightly lower than that of
the Pt/ZrO2 catalyst, the bimetallic sample was less active
than the monometallic sample even after 20 h on stream
(not shown).

Figure 4 shows the CO2 conversion for the Pt–Sn/Pt and
Pt–Sn (SR) catalysts compared to the Pt–Sn (CI) at 800◦C
and a 2 : 1 CH4 : CO2 feed ratio. The conversion of CO2

was higher for the Pt–Sn/Pt and Pt–Sn (SR) preparations,
approaching the conversion of the monometallic sample.
Similar trends were observed for the CH4 conversion. The
H2 : CO ratio was measured for both the Pt–Sn (SR) and
the Pt–Sn/Pt samples and, during the 20 h of reaction, the
values ranged from 0.9 to 0.65 and 0.75 to 0.5, respectively.

When the CH4 : CO2 feed ratio was increased to 3 : 1,
larger differences were observed among the catalysts.
Figure 5 compares the CO2 conversion for all of the ZrO2-

FIG. 4. Fractional conversion of CO2 for Pt–Sn (CI) (j), Pt–Sn/Pt
(h), and Pt–Sn (SR) (d) during reaction at 800◦C with a CH4 : CO2 ratio
of 2 : 1.

FIG. 5. Fractional conversion of CO2 for Pt/ZrO2 (s), Pt–Sn (CI)
(j), Pt–Sn/Pt (h), and Pt–Sn (SR) (d) during reaction at 800◦C with a
CH4 : CO2 ratio of 3 : 1.

supported samples discussed thus far at 800◦C and the
higher CH4 : CO2 feed ratio. Under these conditions, the co-
impregnated Pt–Sn (CI) exhibited the lowest conversion.
On the other hand, the Pt–Sn/Pt and Pt-Sn (SR) catalysts
showed much higher activity than both the co-impregnated
bimetallic and the monometallic sample. The initial conver-
sion of the Pt–Sn/Pt and Pt–Sn (SR) was 0.88, the same as
the Pt catalyst, but the rate of deactivation for the bimetal-
lic samples was much lower, with the conversions after 4 h
being 0.75 and 0.68, respectively. Comparison of the two
preparations shows that the Pt–Sn/Pt sample exhibited sub-
stantially less deactivation than the Pt–Sn (SR) samples.
The conversion after 18 h on stream (not shown) was 0.6
for the Pt–Sn/Pt, while the Pt–Sn (SR) had deactivated to
approximately 0.3, near the conversion for the monometal-
lic sample.

Figure 6 shows how the activity of a deactivated cata-
lyst was affected by temporarily stopping the flow of one
of the reactants for the Pt–Sn/Pt and Pt–Sn (SR) catalysts
after reaction at 800◦C and a 3 : 1 ratio of CH4 : CO2. Af-
ter 18 h of reaction, the flow of CH4 was stopped and only
CO2 was sent to the reactor. The flow of CH4 was resumed
after 45 min, and the catalyst was again exposed to the re-
action mixture. The Pt–Sn (SR) sample showed the great-
est increase in CO2 conversion after stopping the flow of
CH4, reaching approximately 90% of the initial conversion,
which as shown in Fig. 5 was about 0.88. However, during
the subsequent 2 h of reaction, the activity of the Pt–Sn
(SR) catalyst decreased to that of the Pt–Sn/Pt sample. The
conversion for the Pt–Sn/Pt catalyst did not increase signif-
icantly after exposure to CO2, but this catalyst experienced
a lower extent of deactivation during the initial 18 h on
stream. After a subsequent 2-h reaction period, the flow of
CO2 was stopped for 45 min and the catalyst was exposed to
CH4. As shown in Fig. 6, no activity was observed on either
catalyst when the flow of CO2 was resumed.
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FIG. 6. Effect of temporarily stopping the flow of one of the reactants
on the CO2 conversion for deactivated Pt–Sn/Pt (h) and Pt–Sn (SR) (d)
samples after 18 h of reaction at 800◦C and 3 : 1 ratio of CH4 : CO2.

When similar experiments were performed on the Pt/
ZrO2 and Pt–Sn (CI) catalysts (not shown), they exhibited
a very different behavior. The deactivated Pt/ZrO2 catalyst
regained approximately 75% of its initial conversion after
stopping the CH4 flow for 45 min, but it rapidly dropped
back to the same conversion. Finally, the deactivated Pt–Sn
(CI), unlike the monometallic or the other bimetallic cata-
lysts, did not regain any activity after stopping the CH4 flow
and exposing it to pure CO2.

13CH4 and 12CO2 Pulse Experiments

Figures 7a and 7b show the results of exposing the
Pt/ZrO2 and Pt–Sn (CI) catalysts to pulses of 13C-labeled
methane at 800◦C. As expected, H2 was the primary prod-
uct for both catalysts. However, 13CO and a small amount
of 13CO2 were also observed. Each subsequent pulse re-
sulted in an increase in the amount of unreacted 13CH4 and
a decrease in the H2 and 13CO production.

Following the series of 13CH4 pulses, the samples were
exposed to 11 pulses of 12CO2 (Figs. 8a and 8b). For the
Pt/ZrO2 catalyst, the first two pulses resulted in total con-
version of 12CO2 into 13CO and 12CO. However, the for-
mation of 13CO and 12CO rapidly dropped after each
subsequent pulse, while the amount of unreacted 12CO2

increased. On the Pt–Sn (CI) catalyst, the conversion of
the 12CO2 pulses resulted in almost no 13CO production
and a much lower 12CO production than on the Pt/ZrO2

catalyst.
A similar set of experiments was conducted on the

Pt–Sn/Pt (not shown). During the 13CH4 pulses, the prod-
uction of H2 was less than that observed for both the
monometallic and the Pt–Sn (CI) catalysts. However,
the amount of 13CO produced was less than that on the
monometallic sample, but more than that on the Pt–Sn
(CI). Similarly, during the subsequent series of 12CO2

pulses the amount of 13CO and 12CO was less than that
on the monometallic catalyst, but more than that on the
Pt–Sn (CI).

XANES and EXAFS

X-ray absorption studies were performed to determine
whether the state of Pt was altered during the reaction due
to interaction with the promoter or the support. Before ex-
posure to reaction the XANES spectrum of the Pt/ZrO2

sample (not shown) looked very similar to that of the Pt
foil. The intensity of the first peak (white line) was the same,
with only a minor dampening of the second and third oscil-
lations due to the lower coordination of Pt in the catalyst
compared to the foil. A slight increase in the intensity of the
white line was observed after exposure to reaction at 650◦C
with a 2 : 1 feed ratio of CH4 : CO2. However, the intensity
was still much smaller than the white line of an oxidized
Pt sample. The effect of Sn on the XANES spectrum for
Pt–Sn (CI) catalyst is shown in Fig. 9. Again, the spectra for
the sample before and after exposure to the dry reforming
reaction are compared to the Pt foil. Unlike the Pt/ZrO2

catalyst, the intensity of the white line before reaction was

FIG. 7. Moles of H2 (j), 13CO (h), and 13CO2 (d) produced during
13CH4 pulses at 800◦C over (a) Pt/ZrO2 and (b) Pt–Sn (CI).
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FIG. 8. Moles of 13CO (j), 12CO (h), and 12CO2 (d) produced during
12CO2 pulses at 800◦C after pulses of 13CH4 over (a) Pt/ZrO2 and (b) Pt–Sn
(CI).

much lower than that for the Pt foil. Furthermore, the ad-
dition of Sn had a severe dampening effect, which resulted
in no significant oscillations beyond the white line. After
exposure to reaction conditions, the intensity of the white
line of the Pt–Sn (CI) sample was equivalent to that of the
Pt foil.

Figure 10a makes a comparison of the EXAFS data for
the reduced and spent Pt/ZrO2 catalysts in comparison to
the Pt foil. The main peak corresponds to the Pt–Pt bond
distance (2.68 Å before correction, 2.77 Å after correct-
ing for phase and amplitude) with the typical satellite peak
at approximately 2–2.1 Å. An increase in the magnitude
of the Fourier transform was observed after exposure to
reaction. The averaged coordination number under reac-
tion conditions was calculated to be 8.5 ± 0.5. The EXAFS
spectra for the bimetallic sample before and after reaction
are shown in Fig. 10b. The spectrum of the sample before
reaction showed the presence of a peak at approximately
2–2.1 Å, which is much larger than the satellite peak ob-
served at that region for the Pt foil (Fig. 10a). This peak has
been observed by other researchers (30) and has recently

FIG. 9. XANES spectra of Pt foil (- - -), Pt–Sn (CI) before reaction
(——), and Pt–Sn (CI) during reaction at 650◦C and a 2 : 1 CH4 : CO2 ratio
(——).

FIG. 10. Fourier transforms of EXAFS data taken at liquid nitrogen
temperatures: (a) Pt foil (- - -), Pt/ZrO2 before reaction (——), and Pt/ZrO2

after reaction at 650◦C and a 2 : 1 CH4 : CO2 ratio (——); (b) Pt–Sn (CI)
before reaction (——), and Pt–Sn (CI) after reaction at 650◦C and a 2 : 1
CH4 : CO2 ratio (——).
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been explained as being caused by interference between
the Pt–Pt and Pt–Sn bond distances (29). After reac-
tion, a large decrease in the intensity of this peak was
observed.

DISCUSSION

The Role of the Support

The results presented in this contribution support the
two-path mechanism previously mentioned. During the first
4 h of reaction at 800◦C and a CH4 : CO2 feed ratio of 2 : 1
the Pt/ZrO2 catalyst exhibited a X(CH4)/X(CO2) conversion
ratio greater than 0.5. The rate of deactivation was also
very high for this same period (Fig. 2). This suggests that
the rate of CH4 decomposition is initially greater than the
rate of CO2 dissociation and that the CH4 decomposition
is responsible for the deactivation of the catalyst. As the
reaction progressed, both the product ratio and conversion
ratio decreased. This is a result of a more pronounced in-
hibition of the CH4 decomposition compared to that of the
CO2 dissociation.

In addition, the results of this work show that, in agree-
ment with results from previous authors, the support plays
a decisive role. It not only has a strong effect on the activity
and stability of the catalyst, but also affects the effective-
ness of a promoter such as Sn. When the Pt/ZrO2 catalyst
was exposed to pulses of 13CH4, formation of 13CO, together
with small amounts of 13CO2, was observed (Fig. 7a). Since,
the only possible source of oxygen in this experiment was
the support, this result suggests that some of the carbon
produced from the decomposition of 13CH4 was able to
partially reduce the oxide support near the perimeter of
the particle. The remaining 13C produced from the decom-
position of 13CH4 was deposited on the Pt metal, possibly
as 13CHx species, which explains the observed decrease in
the production of H2 and 13CO with each consecutive pulse.
When the same catalyst was subsequently exposed to 12CO2

pulses, both 12CO and 13CO were observed. It must be noted
that similar experiments performed on ZrO2 alone showed
that, in the absence of Pt, CO2 dissociation did not occur.
These results indicate that Pt is needed to catalyze the disso-
ciation of CO2. Consequently, either the dissociation takes
place near the metal–support interface, or it occurs on oxy-
gen vacancies generated during the previous reduction of
the support by the methane pulses. The formation of both
12CO and 13CO supports the idea that carbon is removed
from the metal particles under reaction conditions. One
possible cleaning mechanism is that the dissociation of CO2

leads to the formation of CO and adsorbed O which can
then combine with carbon on the metal to form additional
CO. Another possibility for the cleaning mechanism is that
the oxygen that reacts with the carbon comes from the sup-
port. In this sense, the support could be acting as a source
or sink of oxygen in a redox cycle.

Although the two reaction paths are independent, the
stability of the catalyst depends on the balance between
the two paths. If the CH4 decomposition is much faster
than the rate of cleaning by CO2 dissociation, carbon de-
position occurs. As shown in the experiments with 13CH4

pulses, in the absence of CO2, the CH4 decomposition re-
sults in the formation of carbon species on the metal, which
leads to rapid deactivation. By contrast, if the CH4 decom-
position becomes too slow, the CO2 dissociation is inhib-
ited. This effect has been observed during the pulses of
CO2 after the 13CH4 pulses (Fig. 8a). The dissociation of
CO2 occurred during the first six pulses, while the clean-
ing stopped after the fourth pulse. It is possible that the O
species formed during the dissociation oxidizes the Pt par-
ticle near the metal–support interface, preventing further
dissociation and cleaning.

Another explanation that has been offered for the dif-
ferences observed when comparing the activity of various
supports is the ability of ZrO2 to anchor the Pt particles
(25). Van Keulen and coworkers (31) have also proposed
that ZrO2 has an anchoring effect, but they explain it in
terms of a formation of Pt–Zr surface alloys that help to
maintain a high Pt dispersion. Our XANES/EXAFS data
do not support the formation of intermetallic compounds;
rather they provide evidence that Pt is in an unmodified
metallic state.

The low activity observed on the Pt/SiO2 catalyst could be
due to sintering of the Pt particles and subsequent carbon
formation on the large Pt agglomerates. It is also possible
that the morphology of the support can be greatly altered
at high temperatures, causing a large reduction of surface
area, which would explain the large activity loss observed.
Clearly, on ZrO2-supported catalysts the support plays a
decisive role and they are far superior to other catalysts in
which the support does not participate in the reaction.

The Effect of the Addition of Sn

It is well documented that promotion with Sn can result in
significant increases in the stability of Pt catalysts (32–34).
Catalysts prepared by the co-impregnation of Pt and Sn on
SiO2 had less carbon deposition during dehydrogenation re-
actions than the unpromoted Pt/SiO2 catalyst. Studies have
shown that, in those cases, the Pt and Sn form a stable alloy
and the degree of interaction can vary depending on the
preparation method employed (20).

Both the dry reforming and dehydrogenation reactions
are highly endothermic, and to achieve high conversions, it
is necessary to operate at high temperatures. This is con-
ducive to carbon deposition on the metal particles via the
decomposition of the hydrocarbons. It might then be ex-
pected that the co-impregnated Pt–Sn catalyst used in the
dehydrogenation reaction could result in reduced carbon
deposition and increased catalyst stability when employed
for the dry reforming reaction.
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In fact, previous work (21) has shown that the addition
of Sn to Pt/SiO2 catalysts did reduce the amount of carbon
deposited during the dry reforming reaction at 650◦C and
a 1 : 1 CH4 : CO2 feed ratio. The bimetallic catalysts were
more stable than the monometallic catalysts, and these dif-
ferences became even more apparent at CH4 : CO2 feed
ratios greater than one. The results showed that CH4 de-
composition is responsible for the deactivation of the cata-
lyst due to carbon deposition on the metal. The addition
of Sn reduced the formation of carbonaceous deposits by
inhibiting the decomposition of CH4 and resulted in in-
creased stability and a constant product ratio. However,
the present contribution shows that, unlike in the case of
SiO2-supported catalysts, the co-impregnation of Sn to the
ZrO2-supported catalyst did not improve the activity or
stability of the dry reforming catalyst. Although the ad-
dition of Sn hindered the decomposition of CH4 and de-
creased carbon formation by this path, the activity of the
co-impregnated, bimetallic catalyst was significantly lower
than that of the Pt/ZrO2 catalyst. One explanation for the
poor performance of the Pt–Sn (CI) catalyst could be that
the presence of Sn disrupts the interaction between the Pt
and support at the particle–support interface. It has been
previously shown that when Pt–Sn alloys were exposed to
an oxidizing atmosphere at high temperatures, the mor-
phology of the catalyst was drastically altered (20, 35). TEM
studies (36) have indicated that after oxidation of Pt–Sn
catalysts in air, disruption of the alloy occurred, resulting
in rings of SnO2 surrounding a metallic Pt core. It is plausi-
ble that the same effects are observed on ZrO2, especially
at temperatures of 800◦C, which would completely isolate
the Pt particle from the support and eliminate the cleaning
mechanism.

X-ray absorption studies performed on the Pt–Sn (CI)
catalyst after reaction provide strong evidence for the pro-
posed disruption of the alloy and blocking of the metal-
support interface. It is well known (29, 30, 37) that the for-
mation of Pt–Sn alloys results in modifications of the shape
of the Pt LIII XANES spectra, specifically a decrease in
the intensity of the white line. In the case of the zirconia-
supported Pt–Sn (CI) catalyst, the XANES spectrum be-
fore reaction showed a decreased intensity of the white
line, in comparison to that of the Pt reference, indicating
the presence of Pt–Sn alloys. However, this intensity in-
creased during the dry reforming reaction. This increase
was not due to the oxidation of Pt, because the white line in
this case was almost identical to that of the Pt foil reference.
Instead, the change can be explained by the disruption of
the alloy during the reaction, as proposed above.

At the same time, EXAFS data showed no Pt–O distance,
only the two peaks that are related to the Pt–Pt and Pt–Sn
bonds. We have recently shown (29) that the simultaneous
presence of Pt–Sn alloys and unalloyed Pt gives rise to two
peaks in the FT spectrum, one at 2.7 and other at 2–2.1 Å.

The intensity of the latter is a good indication of the degree
of Pt–Sn interaction. In this case, the short-distance peak
greatly decreased under reaction conditions, demonstrating
again the disruption of the alloy. The results of the elemen-
tal analysis performed on the Pt–Sn (CI) catalyst, before
and after reaction, eliminated the possibility that this de-
crease was due to volatilization and loss of Sn. These results
showed that the Sn in the co-impregnated catalyst may be-
come partially oxidized during the dry reforming reaction,
leading to disruption of the Pt–Sn alloy.

Further evidence for the disruption of the interaction be-
tween the Pt and the ZrO2 due to the presence of Sn is found
in the results of the pulse experiments. In contrast to the
Pt/ZrO2 catalyst, which was very efficient in removing with
CO2 the 13C species deposited during the 13CH4 pulses, the
Pt–Sn (CI) catalyst only produced a small amount of 12CO
and almost no 13CO during the 12CO2 pulses. Even though
the addition of Sn resulted in decreased carbon deposition,
we believe that a negative effect of Sn is to block the inter-
action of Pt with the support. The effect of this blockage
can be observed in both the less efficient reduction of the
support during the 13CH4 pulses, as well as the decreased
carbon removal during the subsequent CO2 pulses.

In order to minimize the negative effect of Sn we have
used preparation methods that allowed for the controlled
addition of a small amount of Sn to reduce carbon de-
position without disrupting the role of the support. The
surface reduction deposition method results in specific
placement of the Sn onto the prereduced Pt particle,
eliminating the possibility that excess Sn is interacting with
the support. This technique also allows for the position of
the Sn to be controlled by varying the size of the ligand
attached. The intent behind the co-impregnation of Pt
and Sn onto the precalcined Pt catalyst was to have the
alloy particles on top of Pt particles. In this case, the alloy
segregation might be prevented by minimizing the contact
between Sn and the support. Figure 4 shows that the
Pt–Sn/Pt and Pt–Sn (SR) catalysts have similar activity
to the Pt/ZrO2 catalyst and more than twice the activity
of the Pt–Sn (CI) sample. Furthermore, the Pt–Sn/Pt and
the Pt–Sn (SR) catalysts were much more stable than the
Pt/ZrO2 and Pt–Sn (CI) at a CH4 : CO2 ratio of 3 : 1. As
mentioned above, the monometallic sample experienced
rapid deactivation by carbon deposition due to an imbal-
ance between the rates of decomposition and cleaning. In
contrast, the rate of deactivation on the bimetallic catalysts
is greatly reduced due to the ability of Sn to inhibit the
decomposition of CH4. However, unlike the Pt–Sn (CI)
catalyst, the Pt–Sn/Pt and Pt–Sn (SR) catalysts retain
the ability to dissociate CO2 and facilitate cleaning of
the carbon on the metal particle (Fig. 6). This concept
is clearly illustrated in the pulse experiments conducted
on the Pt–Sn/Pt sample. This work demonstrates that the
controlled deposition of Sn can result in a decrease in the
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carbon formation by hindering the decomposition of CH4,
without inhibiting the beneficial role of the support.

CONCLUSIONS

In this contribution we have shown that the effect of the
addition of Sn on supported Pt catalysts for the dry reform-
ing reaction strongly depends on the reaction conditions,
the support, and the preparation methods employed. The
main conclusions of this study are as follows:

• The support can play a significant role in the dry re-
forming reaction by promoting the dissociation of CO2. This
dissociation aids in the removal of carbon deposits from the
metal. Supports such as ZrO2, which facilitate the dissocia-
tion of CO2, exhibit higher activity and stability than those
which do not.

• Although the addition of Sn to Pt/SiO2 improves the
stability of the catalyst, the co-impregnation of Pt and Sn
on ZrO2 results in a decrease in the performance. Under re-
action conditions, segregation of the Pt–Sn alloy can occur,
blocking the interaction between the metal particle and the
support.

• In choosing the preparation technique, it is necessary
to maximize the Pt–Sn interaction while minimizing the in-
teraction between the promoter and the support. Excess
Sn may act to decrease the density of CO2 adsorption sites
near the metal particle, reducing the effectiveness of the
support. Preparation techniques such as surface reduction
deposition and co-impregnation of Pt and Sn to a precal-
cined Pt catalyst result in the controlled addition of Sn.
These catalysts exhibit higher activity and stability than the
monometallic catalyst under severely deactivating condi-
tions, 800◦C and a 3 : 1 ratio of CH4 : CO2.

ACKNOWLEDGMENTS

We gratefully acknowledge the Donors of the Petroleum Research
Fund administered by the American Chemical Society and the NSF-
CONICET International Program (INT-9415590) for their generous sup-
port. We thank the National Science Foundation for a graduate traineeship
(SMS). We are grateful to the Ministerio Español de Educacion y Ciencia
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