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The kinetics of CO2 reforming of CH4 were studied over Pt sup-
ported on TiO2, ZrO2, Cr2O3, and SiO2, and the catalysts were char-
acterized using chemisorption, X-ray diffraction, diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), temperature-
programmed hydrogenation (TPH), and temperature-programmed
surface reaction. Although the Pt/SiO2 and Pt/Cr2O3 catalysts de-
activated significantly within 5 and 15 h onstream, respectively, the
Pt/ZrO2 and Pt/TiO2 catalysts exhibited much higher stability even
after 80 to 100 h onstream. TPH results with used catalysts showed
that both Pt/ZrO2 and Pt/TiO2 have suppressed carbon deposition
under reaction conditions. H2 and CO chemisorption as well as
DRIFTS provided evidence of metal–support interactions in the
Pt/TiO2 catalyst and indicated that large ensembles of Pt atoms,
active for carbon deposition, are deactivated or destroyed by the
presence of mobile TiOx species. Activities for CO formation and
CH4 consumption on a turnover frequency basis were five times
greater on Pt/TiO2 compared with the other catalysts, suggesting
that active sites for reforming are created in the Pt–TiOx interfacial
region. The kinetic behavior was explained well by a kinetic model
recently proposed for supported Ni. c© 1998 Academic Press

INTRODUCTION

The catalytic reforming of CH4 with CO2, rather than
H2O, for the production of synthesis gas is attractive in-
dustrially because it yields low H2/CO product ratios which
are preferable as feeds for Fischer–Tropsch synthesis reac-
tions (1). Although conversion of CH4 and CO2 into fuels
cannot in the long term ameliorate greenhouse gas emis-
sions, CO2–CH4 reforming has shown promise in chemical
energy transmission systems, such as the Solchem Process
(2), the CSIRO/Pacific Power Project (3), and the CLEA
Project (4). Regardless, environmentally friendly applica-
tions of CO2–CH4 reforming are a better alternative to re-
duce greenhouse gas emissions than the mass execution of
ruminants (5), and some industrial processes that use CO2

reforming, such as the Calcor Process (6) and the SPARG
Process (7), are currently in operation.

1 Current address: Exxon Chemical Company, PO Box 4900, 4500
Bayway Drive, Baytown, TX 77522-4900.

2 To whom correspondence should be addressed. Fax: (+1-814) 865-
7846.

All of the Group VIII metals, with the exception of Os,
on a variety of supports have been studied as CO2–CH4

reforming catalysts (8–14), and Pt/Al2O3 (15–22), Pt/ZrO2

(21, 22), Pt/MgO (23–25), Pt/TiO2 (22), Pt/SiC (26), Pt/CeO2

(27), Pt/Ni/CeO2 (28), Pt/NaY (29), and Pt wire (30) have
been previously investigated; however, no detailed anal-
ysis of the role of the support in the reaction kinetics of
CO2 reforming of CH4 has been reported for Pt catalysts.
There have been relatively few investigations of CO2–CH4

reforming over ZrO2- and TiO2-supported Pt, and use of
either Cr2O3 or SiO2 as a support for Pt has yet not been
reported in the open literature. Thus, the primary purposes
of this study were to elucidate the role of the support in
catalytic behavior, to determine reaction kinetics, and to
examine the coking resistance of supported Pt catalysts.

EXPERIMENTAL

Three supported Pt catalysts, sieved to a 120/70-mesh
fraction (0.12–0.20 mm), were prepared via an incipi-
ent wetness technique by impregnating SiO2 (Davison
Grade 57), Cr2O3 (Aldrich), and TiO2 (Degussa P-25) with
H2PtCl6 ·H2O (Aldrich). The Pt/ZrO2 catalyst (<120 mesh)
used in this investigation was obtained from J. Lercher and
was also prepared with an H2PtCl6 ·H2O precursor (22).

A reduction at 773 K was used with all catalysts. The
first step of this pretreatment consisted of heating in 12
sccm hydrogen (WHSV= 14,000–29,000 cm3 h−1 g−1) for
30 min at 423 K, followed by heating to 773 K and reducing
in flowing hydrogen for 60 min. After cooling the catalyst
in flowing H2 to 723 K the catalyst was purged with flowing
He (36 sccm) for 30 min. This procedure has been shown by
numerous preceding studies to establish the “SMSI” state
(31).

An Omnisorb 100CX VER 1F system was used to si-
multaneously obtain catalyst BET surface areas and pore
size distributions. H2 and CO chemisorption was measured
on all catalysts at 300 K after the 773 K reduction using
a stainless-steel volumetric apparatus to determine Pt sur-
face atoms available via application of the dual-isotherm
method (32). Because reduction of Pt/TiO2 at 773 K is
known to induce a metal–support interaction (MSI) state
(31), additional isotherms were obtained at 300 K after
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reduction of Pt/TiO2 at 473 K to better estimate the Pt dis-
persion and crystallite size in this catalyst.

X-ray diffraction (XRD), performed with either a Scintag
VAX 3100 or a Rigaku Geigerflex system using filtered
CuKα radiation, was used to identify the bulk phases of the
reduced catalyst samples. Pt reflections could be detected
only for the 0.79% Pt/SiO2 sample.

A high-temperature reactor system described previously
(10) was used to determine catalyst activity. The amount of
catalyst used during these experiments varied from 20 to
50 mg to maintain differential conditions, which were typ-
ically less than 6% CH4 conversion. All activity tests were
carried out under ca. 740 Torr absolute pressure, with a feed
composition of CO2/CH4/He= 1/1/1.8 and a total feed flow
rate of 20 sccm (WHSV= 38,000–52,000 cm3 g−1 h−1) over
the temperature range 673 to 723 K. The partial pressure
dependencies were determined by maintaining 200 Torr of
one reactant and varying the other reactant between ap-
proximately 40 and 400 Torr pressure while the balance of
He was adjusted to maintain a total gas flow rate of 20 sccm.
Thermodynamic equilibrium calculations were performed
using ARL-SOLGASMIX (Release II) for comparative
purposes (33).

Temperature-programmed hydrogenation (TPH) was
used to investigate carbonaceous deposits on used cata-
lyst samples. After termination of reaction, the catalyst
was purged with He for 30 min, typically at 723 K, and
then cooled slowly overnight to room temperature. The
following day the temperature was ramped at a rate of
10± 1 K/min from 298 to 1073 K while a 50% mixture of H2

in He was passed through the catalyst bed at ca. 740 Torr
absolute pressure. Integration of the CH4 evolution spec-
tra, measured every 2 min with the on-line gas chromato-
graph, allowed for quantification of carbon deposition. Dur-
ing TPH no evidence of higher hydrocarbon formation was
observed.

Temperature-programmed surface reaction (TPSR) was
also used to investigate CO2 reforming of CH4 over Pt/TiO2.
After completion of the 773 K reduction procedure, the
catalyst was purged with He at 723 K and cooled overnight
to room temperature. The following day, the reduced
Pt/TiO2 catalyst was first exposed to 200 Torr of flowing CO2

(CO2/He= 1/2.8) at 300 K for 1 h and subsequently purged
in flowing He until no gas-phase species were detected in
the GC trace. The catalyst was then ramped at 10± 1 K/min
to 1173 K in 200 Torr of flowing CH4 (CH4/He= 1/2.8)
while the gas phase was sampled with the on-line GC every
2 min.

An N2-purged FTIR spectrometer (Mattson Instru-
ments, RS-10000) equipped with a diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) cell
(Harrick Scientific, HVC-DR2) and a praying mantis mir-
ror assembly (Harrick Scientific, DRA-2CO) was used to
study CO and CO2 adsorption, as well as CO2–CH4 reform-

ing between 300 and 773 K. All spectra were obtained as
an average of 1000 scans, except where noted, from 750 to
4000 cm−1 with a resolution of 4 cm−1. To study irreversible
CO adsorption at 300 K, the gas was made to flow over
the catalyst at 300 K for 15 min, followed by a purge in
a pure He/Ar mixture to remove gas-phase and reversibly
adsorbed species. Both CO2 adsorption (80 Torr) and CO2–
CH4 reforming (PCH4 = PCO2

∼= 80 Torr) were studied in the
presence of the gas-phase reactants.

RESULTS

DRIFT spectra of Pt/TiO2, Pt/ZrO2, Pt/Cr2O3, and Pt/
SiO2 after reduction at 773 K, referenced to the open beam,
indicate that some hydroxyl groups remain following the
pretreatment procedure, as hydroxyl bands are observable
at 3615 and 3436 cm−1 on Cr2O3 and at 3736 cm−1 on SiO2,
as shown in Fig. 1. In the case of Pt/ZrO2, two bands at 3729
and 3650 cm−1 can be assigned to linear OH on tetragonal
ZrO2 and bridging OH on monoclinic ZrO2, respectively

FIG. 1. DRIFT spectra of (A) Pt/TiO2, Pt/ZrO2, Pt/Cr2O3, and (B) Pt/
SiO2 after a 1-h reduction at 773 K referenced to the open beam back-
ground.
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(34). Linear OH on monoclinic ZrO2 should appear at ca.
3770 cm−1 (34, 35). The identification of this possible surface
tetragonal phase by the observation of such OH groups
must remain tentative, however, as both laser Raman and
XRD spectra of the reduced Pt/ZrO2 catalyst reveal only
the bulk monoclinic structure. Nevertheless, the metastable
tetragonal surface structure has been observed to exist (35).

DRIFT spectra of Pt/TiO2 during reduction at 773 K were
also obtained and referenced to the spectrum of the catalyst
after only 1 min at 773 K. In this case, each spectrum was an
average of only 100 scans. These spectra of Pt/TiO2 during
reduction at 773 K clearly show small losses at 3648 and
3608 cm−1, due to removal of hydroxyl groups on the tita-
nia, and strong losses around 910 and 960 cm−1, which are
indicative of Ti–O bond cleavage (36) and TiOx formation
(Fig. 2).

A summary of the BET surface areas, pore radii, ir-
reversible chemisorption uptakes, Pt dispersions, and Pt
crystallite sizes determined for each catalyst is provided
in Table 1. After a high-temperature reduction (HTR),
H2 chemisorption was completely suppressed and CO
chemisorption was markedly decreased relative to that on
Pt/TiO2 reduced at 473 K. This type of behavior is rou-
tinely observed with TiO2-supported metals after reduc-
tion at 773 K and is indicative of the SMSI state caused
by the migration of TiOx species onto the metal surface
(31); consequently, these uptakes do not accurately mea-

FIG. 2. Evolution of DRIFT spectra of Pt/TiO2 during reduction at 773 K referenced to the initial spectrum of the catalyst at 773 K after 30 min
reduction at 423 K and 1 min reduction at 773 K.

TABLE 1

BET Surface Areas (S), Mean Pore Radii (δ), Irreversible Chemi-
sorption, Pt Dispersions (D), and Particle Sizes (ds, dv)

Uptake D ds

(µmol/gcat) (%)e (nm)f

Tr S δ

Catalysta (K)b (m2/g) (Å) COc H2
d CO H2 CO H2

0.82% Pt/TiO2 773 47 100 5.3± 0.9 0 12 0 — —
473 47 100 23.1± 0.9 15.9 55 75 2.0 1.5

0.31% Pt/ZrO2 773 18 72 13.8± 2.4 6.5 87 82 1.3 1.4
0.75% Pt/Cr2O3 773 20 20 23.1± 0.9 7.0 60 37 1.9 3.1
0.79% Pt/SiO2 773 271 90 10.6± 0.9 4.7 26 23 4.3 4.7

a Metal weight percentage determined by inductively coupled plasma
spectrophotometry.

b Reduction temperature.
c Irreversible uptake at 100 Torr.
d Total uptake.
e Dispersions, i.e., Ptsurf/Pttot, calculated assuming Had/Ptsurf= 1 and

COad/Ptsurf= 1.
f Calculated from dispersion assuming spherical particles and using

ds (nm)= 113/D (%).

sure dispersion, i.e., Ptsurf/Pttot. As mentioned previously,
losses around 910 and 960 cm−1, associated with titanium–
oxygen bonds, during this reduction step are consistent with
TiOx formation (Fig. 2). In addition, a comparison of the
DRIFT spectra in Fig. 3 of CO adsorbed on Pt/TiO2 after
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FIG. 3. Comparison of DRIFT spectra of CO adsorption on Pt/TiO2 at 300 K after reduction at 473 and 773 K; the reference spectrum was that
of the reduced catalyst at 300 K prior to CO admission.

reduction at either 473 or 773 K illustrates an ensemble
effect caused by a TiOx overlayer which reduces the popu-
lation of linearly adsorbed CO near 2060 cm−1 and virtually
eliminates bridge adsorption sites at 1836 cm−1. Thus, to ob-
tain a realistic estimate of the Pt particle size for the Pt/TiO2

(HTR) catalyst in the presence of MSI, the value after re-
duction at 473 K was used because Baker et al. have shown
using TEM that Pt particle sizes in Pt/TiO2 after either a
low- or a high-temperature reduction step are similar (37).
Surface-weighted crystallite sizes determined from either
H2 or CO chemisorption were reasonably consistent for all
other catalysts with the exception of Pt/Cr2O3. The latter
discrepancy is most likely a result of some irreversible for-
mate and carbonate formation on the Cr2O3 surface during
CO adsorption (38), which caused an overestimate of the
Pt dispersion.

From the XRD spectra of a number of Pt/TiO2 cata-
lyst samples, the mean composition of the titania (±SD),
74± 4% anatase, was calculated using a method described
previously (10). Failure to observe any reduced forms of ti-
tania in the XRD spectrum of the reduced Pt/TiO2 catalyst
suggests that the Ti–O bond cleavage observed by DRIFTS
during reduction (Fig. 2) is a surface-related phenomenon.
XRD spectra of the Pt/ZrO2, Pt/Cr2O3, and Pt/SiO2 cata-
lysts, both as prepared and after reduction at 773 K, re-
veal that the bulk structures are monoclinic (Baddeleyite),
rhombohedral (Eskolaite), and amorphous, respectively.

The absence of Pt reflections in the XRD spectra of reduced
Pt/TiO2, Pt/ZrO2, and Pt/Cr2O3 indicate that the Pt is highly
dispersed, in qualitative agreement with chemisorption re-
sults in Table 1, whereas a volume-weighted size of 11 nm
was obtained for Pt/SiO2.

To ensure that the measured rate data were free from
mass transfer limitations, the Weisz criterion was evalu-
ated (39) and satisfied for each catalyst, as all values were
less than 0.3. In addition, reaction rates measured with
Pt/ZrO2 using either 0.12- to 0.2-mm or 0.3- to 0.6-mm par-
ticles were identical within experimental uncertainty, thus
providing further evidence that the measured rates were
free from diffusional effects. A comparison of the time-
dependent activity shown in Fig. 4 for all supported cata-
lysts reveals the following order of activity maintenance:
Pt/TiO2>Pt/ZrO2ÀPt/Cr2O3>Pt/SiO2. The Pt/SiO2 and
Pt/Cr2O3 catalysts exhibited high linear deactivation rates
of 23± 3%/h and 9.0± 0.5%/h, respectively, presumably
due to the rapid deposition of large amounts of inactive
carbon, as discussed later. The initial deactivation rate of
1.4± 0.8%/h for Pt/ZrO2 was much lower than that ob-
served for Pt/SiO2, while the Pt/TiO2 catalyst deactivated
at a rate of only about 0.2%/h during the initial 100 h on-
stream, at which time the run was ended.

During TPH experiments with Pt/ZrO2 and Pt/TiO2, CO
and CO2 evolution was observed at low temperatures. To
further clarify the mechanism of CO formation during these



           

CO2 REFORMING OF CH4 OVER Pt CATALYSTS 161

FIG. 4. Activity maintenance of (s) Pt/TiO2, (j) Pt/ZrO2, (4) Pt/
Cr2O3, and (♦) Pt/SiO2 at 723 K. Reaction conditions: CH4/CO2/He=
1/1/1.8, P≈ 740 Torr. All catalysts were reduced at 773 K.

experiments, TPH was performed in the DRIFTS cell with
Pt/ZrO2 after reaction for 1 h at 723 K and subsequent cool-
ing in He to room temperature. By analyzing the gas effluent
with on-line quadrupole mass spectroscopy, changes during
TPH in the gas phase and on the catalyst surface could be
observed simultaneously. After postreaction purging of the
Pt/ZrO2 catalyst in He and subsequent cooling to room tem-

FIG. 5. DRIFT spectra during TPH with Pt/ZrO2 referenced to an open beam background. Reaction conditions: Ar/He/H2= 10/1/2.4, β =
10± 1 K/min.

perature, DRIFT spectra indicated linear (2066 cm−1) and
bridged (1860 cm−1) CO on Pt as well as hydroxyl (3750–
3200 cm−1) and carbonate (1300–1600 cm−1) species on the
ZrO2 (Fig. 5). Initiation of the TPH resulted in immediate
evolution of gas-phase CO, CO2, and H2O, and concomi-
tant loss of surface hydroxyl and carbonate groups (Fig. 5).
The coincidence of intensity maxima in Fig. 5 for adsorbed
CO at 523± 50 K and gas-phase CO at 570± 10 K, as de-
termined by separate TPH experiments, suggests that CO
evolution during TPH is associated with the hydrogenation
and/or decomposition of carbonate groups adsorbed on the
support.

During TPH with Pt/Cr2O3 and Pt/SiO2, no concomi-
tant CO and CH4 evolution was observed; thus, the high-
temperature CH4 formation at 1010± 10 K during TPH on
these catalysts, as indicated in Fig. 6, is attributed to hydro-
genation of surface carbon rather than hydrogenation of
either adsorbed CO or carbonate groups. In contrast with
the TPH spectra for Pt/Cr2O3 and Pt/SiO2, a suppression of
the 1010± 10 K CH4 peak is observed with both Pt/TiO2 and
Pt/ZrO2 (Fig. 6). Considering that the activities of Pt/TiO2

and Pt/ZrO2 are significantly more stable than that of either
Pt/Cr2O3 or Pt/SiO2 (Fig. 4), it seems likely that catalyst
deactivation is associated with the presence of this highly
inactive carbon deposit. Although no well-defined peaks
are present in the TPH spectrum of the Pt/ZrO2 catalyst,
trace CH4 formation began at about 500 K and continued
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FIG. 6. TPH spectra for Pt/TiO2, Pt/ZrO2, Pt/Cr2O3, and Pt/SiO2. Re-
action conditions: H2/He= 1/1, P≈ 740 Torr, β = 10± 1 K/min. The sam-
ples were those used in Fig. 4.

for the remainder of the TPH experiment. Another inter-
esting feature in the TPH spectra in Fig. 6 is a distinct CH4

peak near 500 K with Pt/TiO2. Because this peak occurs
concomitantly with both CO and CO2 evolution, it is very
possible that this 500 K peak represents CO–H2 metha-
nation (40) rather than hydrogenation of a very reactive
carbon deposit.

The amount of carbon deposited at 723 K after several
hours onstream, as quantified by integration of the CH4

formed during the TPH runs in Fig. 6, was normalized to
surface Pt and gave C/Ptsurf ratios of 41 for Pt/SiO2, 28 for
Pt/Cr2O3, 9 for Pt/ZrO2, and either 15 or 3 for Pt/TiO2. The
uncertainty in the value for Pt/TiO2 reflects the choice of Pt
surface area available after reduction at either 773 or 473 K
(Table 1). Observance of CO adsorbed on the Pt surface in
each catalyst under reaction conditions at 723 K indicates
that the Pt surface is not entirely covered by carbon; thus
these apparent supramonolayer carbon coverages must be
due to accumulation of carbon on the support.

Measured reaction rates (µmol/s · gcat) are normalized
to the number of exposed Pt surface atoms as determined

TABLE 2

Initial Catalyst Activity at 723 K and Apparent Activation Energies

Conversion (%) Activitya Eapp (kcal/mol)

Catalyst CH4 CO2 µmol CO/s · gcat TOFCO (s−1)b TOFCH4 (s−1)b CH4 CO2 CO H2 H2O

Pt/TiO2 6.0± 0.2 10.8± 0.5 26.0± 0.8 4.9 (0.82)c 1.8 (0.30)c 23 19 20.5± 0.4 32 18
Pt/ZrO2 4.2± 0.1 7.8± 0.2 14.8± 0.3 1.1 0.39 24 20 21.6± 0.2 34 19
Pt/Cr2O3 3.7± 0.4 7.3± 0.5 15.2± 1.2 1.1 0.37 16 15 16 19 15
Pt/SiO2 1.9± 0.4 3.4± 0.1 8.8± 0.8 0.94 0.34 15 19 17 d d

a Initial activity after 30 min onstream.
b Calculated from the total H2 uptake after reduction at 773 K, except where noted.
c Calculated from either irreversible CO uptake after reduction at 773 K (or total H2 uptake after reduction at 473 K).
d Not possible to measure experimentally due to rapid catalyst deactivation.

by chemisorption at 300 K to provide turnover frequencies
(TOFs). Due to coverage by TiOx species, which may be
mobile under reaction conditions, the state of the Pt sur-
face may be different than that of the metal surface postre-
duction prior to initiation of reaction; thus, to minimize
complications in data interpretation, initial TOF values are
reported. For Pt/TiO2, initial TOFs for both CO produc-
tion and CH4 consumption, obtained after 30 min onstream,
were calculated from the irreversible CO uptake after re-
duction at 773 K, whereas for the other catalysts, the TOFs
were based on total H2 uptakes after reduction at 773 K.
These initial TOFs at 723 K were very similar for Pt/ZrO2,
Pt/Cr2O3, and Pt/SiO2, while that for Pt/TiO2 was about five
times higher, as indicated in Table 2. A lower limit of the
TOF for CO formation and CH4 consumption on Pt/TiO2

was obtained by normalizing reaction rates to the total H2

uptake after reduction at 473 K when TiOx species on the
Pt surface are absent or minimal (Table 2); in this case,
the TOF for Pt/TiO2 is close to that of the other catalysts.
However, the inhibition of carbon deposition illustrated in
Fig. 6 is consistent with the presence of TiOx species on the
Pt surface; thus, the higher limit of the Pt/TiO2 TOF value
may be more reasonable. To correct for the severe deac-
tivation of Pt/SiO2 and Pt/Cr2O3, the reaction rates were
normalized to a standard set of conditions which were mon-
itored periodically throughout the duration of all experi-
ments. Although the conversions of CH4 and CO2 at 723 K
ranged from one-fifth to three-fifths of the calculated equi-
librium conversions of 10.1 and 16.1%, respectively (see
Table 2), H2 partial pressure studies with Pt/TiO2 indicated
that in excess H2, the reverse reaction, i.e., methanation, was
negligible.

Activation energies for the consumption of CH4 and CO2

as well as the production of CO (±SD), H2, and H2O, ob-
tained from Arrhenius plots such as those in Fig. 7, are
also presented in Table 2. The apparent activation ener-
gies for Pt/TiO2 and Pt/ZrO2 are higher than those for
Pt/Cr2O3 and Pt/SiO2, and the apparent activation barrier
for CH4 consumption is 4 kcal/mol higher than that for CO2



                   

CO2 REFORMING OF CH4 OVER Pt CATALYSTS 163

FIG. 7. Arrhenius plots of turnover frequencies for CO production
(TOFCO) on (s) Pt/TiO2, (j) Pt/ZrO2, (4) Pt/Cr2O3, and (♦) Pt/SiO2.
Reaction conditions: CH4/CO2/He= 1/1/1.8, P≈ 740 Torr.

consumption with both Pt/TiO2 and Pt/ZrO2. In the case
of Pt/TiO2, the higher apparent activation energy for CH4

may be due to a geometric effect caused by TiOx species on
the Pt surface, as evidenced by suppressed chemisorption
after reduction at 773 K (Table 1) and DRIFT spectra of
adsorbed CO (Fig. 3). Also, the apparent activation ener-
gies for H2 formation on all catalysts are greater than those
for the formation of CO. This is presumably a result of the
reverse water–gas shift (RWGS) reaction, which consumes
H2 to produce additional CO.

During the Arrhenius runs it was possible to monitor
the H2/CO product ratio to show that it increases concomi-
tantly with reactant conversion, in qualitative agreement
with thermodynamic equilibrium, as indicated in Fig. 8. The
RWGS pressure ratio, (PCOPH2O/PCO2PH2 ), determined for
each catalyst during the activity runs, was very close to ther-
modynamic equilibrium over the temperature range inves-
tigated, as shown in Fig. 9. Error bars in the figure are due to

FIG. 8. H2/CO product ratio as a function of CO2 conversion for (s)
Pt/TiO2 and (d) Pt/ZrO2 compared with the expected H2/CO ratio at ther-
modynamic equilibrium (—). Reaction conditions: CH4/CO2/He= 1/1/1.8,
P≈ 740 Torr.

FIG. 9. Reverse water–gas shift pressure ratios, PH2O PCO/PH2PCO2 ,
for (s) Pt/TiO2 and (d) Pt/ZrO2 compared with the expected values
at thermodynamic equilibrium (—). Reaction conditions: CH4/CO2/He=
1/1/1.8, P≈ 740 Torr.

uncertainty in the amount of H2O. Thus, due to the strong
influence of the RWGS reaction at these reaction tempera-
tures and the low reactant conversions, the H2/CO product
ratios were always less than unity.

The dependencies of the rates of H2 and CO formation,
as well as CH4 and CO2 consumption, on the partial pres-
sures of CH4 and CO2 in the feed were determined under
differential conditions for the Pt/TiO2 and the Pt/ZrO2 cata-
lysts. The reaction orders for CH4 and CO2 were determined
from a fit of the data to a power rate law of the general form

ri = k Pa
CH4

Pb
CO2

, [1]

where i is the gas-phase species involved. Under differen-
tial conditions the gas-phase concentrations of H2, CO, and
H2O are negligible; consequently, it is reasonable to exclude
their partial pressures from Eq. [1] as a first approximation.
Over the temperature range investigated, 673–723 K, the
reaction orders varied very little within experimental er-
ror; thus for simplicity, mean values of the determined re-
action orders (±SD) are reported in Table 3. The reaction
orders for Pt/TiO2 and Pt/ZrO2 are quantitatively similar,

TABLE 3

Reaction Orders for Supported Pt Catalysts between
673 and 723 K

ri = k Pa
CH4

Pb
CO2

Pt/TiO2 Pt/ZrO2

i a b a b

CO2 0.31± 0.01 0.28± 0.04 0.30± 0.05 0.21± 0.05
CH4 0.28± 0.02 0.17± 0.04 0.30± 0.06 0.21± 0.16
CO 0.30± 0.01 0.24± 0.02 0.30± 0.01 0.20± 0.01
H2 0.59± 0.04 −0.42± 0.17 0.50± 0.11 −0.37± 0.17
H2O 0.24± 0.02 0.40± 0.04 0.26± 0.02 0.31± 0.05
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FIG. 10. Influence of H2 in the feed on conversion: (s) CO2 equi-
librium conversion, (d) CO2 experimental conversion, (4) CH4 equilib-
rium conversion, (m ) CH4 experimental conversion. Reaction conditions:
CH4/CO2/H2/He= 1/1/n/1.8− n, P≈ 740 Torr.

which may indicate that the reaction mechanism is simi-
lar over both catalysts. In addition, the negative b values
for H2 production indicate consumption of H2, presumably
via the RWGS, as discussed previously. The influence of H2

addition to the feedstream (with PCH4 = PCO2
∼= 200 Torr)

is shown in Fig. 10 for the Pt/TiO2 catalyst at 723 K. The
immediate effect of high H2 concentrations is to increase
CO2 conversion through the RWGS and to inhibit CH4

consumption. Although thermodynamic calculations pre-
dict CH4 formation at higher H2 pressures, very little or no
net methanation was observed over Pt/TiO2 (negative con-
version refers to the production of CH4). Although this is in
contrast to that observed previously with either Ni/MgO or
Ni/TiO2 (10), this is consistent with the observation that sup-
ported Ni is a better methanation catalyst than supported
Pt (40).

To better understand the activation of CO2 on the sup-
ported Pt catalysts, CO2 adsorption was studied in situ at
723 K using DRIFTS. After reduction at 773 K in H2, the
catalyst was cooled to 723 K and purged for 30 min in an
Ar/He mixture to remove surface hydrogen. Spectra were
then obtained with CO2 (80 Torr) flowing over the catalyst.
In all cases, difference spectra were obtained by referencing
to the freshly reduced catalyst prior to CO2 admission. The
bands of gas-phase CO2 were removed from the spectra us-
ing appropriate subtraction procedures. Spectra following
CO2 adsorption on all four supported Pt catalysts revealed
vibrations indicative of CO adsorbed on atop (η= 1) and
bridged (η= 2) sites on Pt and possible monodentate car-
bonate species on the support, as shown in Fig. 11 and
Table 4. Corresponding bands for bidentate carbonate
should have a larger separation (34, 41). The bands ob-
served at 1563 and 1357 cm−1 on Pt/Cr2O3 can be tentatively
assigned to the νas(COO−) and νs(COO−) modes of surface
carboxylate groups (41). It should be noted that the appear-

FIG. 11. DRIFT spectra of CO2 adsorption (80 Torr) at 723 K on
reduced (A) Pt/TiO2, (B) Pt/ZrO2, (C) Pt/Cr2O3, and (D) Pt/SiO2. The
reference spectrum was that of the catalyst prior to CO2 admission.

ance of many overlapping bands in the carbonate region of
the IR spectra for Pt/ZrO2 and Pt/Cr2O3 makes unequiv-
ocal assignment of many bands difficult; nevertheless, a
possible assignment to surface formate species is excluded
because of the absence of C–H vibrations in the spectral
region 2800–3000 cm−1. Although the band at 1724 cm−1

on Pt/Cr2O3 has been assigned previously to a ν3 mode of
bidentate carbonate (38), corresponding bidentate bands at
1679 and 1280 cm−1 are absent from the spectra. Neverthe-
less, the 1724 cm−1 band is tentatively assigned to either a
combination band or to the symmetric C==O stretch of some
COx surface species. After a 20-min exposure of reduced

TABLE 4

Wavenumbers of Species Observed during CO2

Adsorption at 723 K

CO Monodentate carbonate

Catalyst νη= 1(C–O) νη= 2(C–O) νas(COO−) νs(COO−) ν(C–O)

Pt/TiO2 2072 1863 1500 1348 —
Pt/ZrO2 2065 1870 1542 1344 1081
Pt/Cr2O3 2066 1860 1512–1495 1309 1002
Pt/SiO2 2060 1894 — — —
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Pt/SiO2 to CO2, bands at 860, 1338, 1670, and 3744 cm−1 ap-
peared with a loss at 3728 cm−1, suggesting an interaction
of CO2 with isolated silanols on the SiO2 surface to pos-
sibly form bicarbonate species, most likely with the low-
level impurities (Na, Fe, Ca) in the silica used; however,
this assignment is not definitive. In addition, the formation
of hydroxyl groups on Pt/TiO2 and Pt/ZrO2 after CO2 ad-
sorption indicates that hydrogen atoms were present on the
support following purging at 723 K. The formation of sta-
ble Zrn+–H (42) and Tin+–H (43) species at exposed Lewis
acid centers following exposure to H2 has been previously
reported in the literature.

The large loss observed near 926 cm−1 during CO2 ad-
sorption on Pt/TiO2 was also observed during reduction at
773 K (Fig. 2) and is thus attributed to the rupture of sur-
face titanium–oxygen bonds. Thus, the interaction of CO2

with the reduced Pt/TiO2 surface at 723 K is suggested to
proceed via dissociative adsorption in the metal–support
interfacial region, i.e.,

CO2+∗+Ti
%
O
e

Ti→CO∗ + Ti
O

Ti
O
, [2]

where ∗ is a Pt site, and nondissociative adsorption on the
titania surface, i.e.,

CO2 + Ti
%
O
e

Ti→Ti
%
O
e

Ti

C%...e... OO

. [3]

After exposure of the catalyst to flowing CO2 at 723 K,
CO2–CH4 reforming was studied in situ at 723 K with equi-
molar amounts of CH4 and CO2. The vibrational modes of
gas-phase CH4 were removed from the spectra using appro-
priate subtraction procedures. The spectra obtained with
Pt/TiO2, Pt/ZrO2, and Pt/Cr2O3 under reaction conditions,
shown in Fig. 12, referenced to the spectra of the reduced
catalysts at 723 K prior to gas admission, clearly indicate
the formation of hydroxyl groups on the oxide supports
(3700–3300 cm−1) and an increase in the band intensities
for adsorbed CO species. A very weak band due to gas-
phase CO is also present at 2143 cm−1. All bands associated
with monodentate carbonate species (Table 4) adsorbed on
the support surface decreased in intensity, suggesting that
these species are either reactive in the presence of CH4 or
displaced by CH4 adsorbing on the support. The intensity
of the loss at 926 cm−1 that occurred during CO2 adsorption
on Pt/TiO2 (see Fig. 11) was markedly decreased after intro-
duction of CH4, and subsequent experiments revealed that
this feature at 926 cm−1 could be acquired, decreased, and
subsequently reobtained in a cyclic manner by respectively
passing CO2, CO2–CH4, and then CO2 over the catalyst
(44). This suggests that after oxidation of the TiO2 surface
by CO2 via Eq. [2], the original state of the TiO2 surface may

FIG. 12. DRIFT spectra of CO2–CH4 reforming at 723 K on reduced
(A) Pt/TiO2, (B) Pt/ZrO2, (C) Pt/Cr2O3, and (D) Pt/SiO2. The reference
spectrum was that of the catalyst prior to gas admission. Reaction condi-
tions: PCH4 = PCO2 ≈ 80 Torr, balance Ar/He= 10/1.

be regained by reduction with CH4; thus, a redox mecha-
nism can occur on the TiO2 surface under reaction condi-
tions, most likely in the metal–support interfacial region.
Spectra of Pt/Cr2O3 under reaction conditions also reveal
the gradual disappearance of the weak band at 1724 cm−1;
however, the assignment of this band is uncertain so its
significance is unclear at this time. Spectra obtained with
Pt/SiO2 under reaction conditions at 723 K revealed little
about the catalyst surface, other than CO chemisorbed on
Pt, represented by the band near 2074 cm−1 (Fig. 12).

During TPSR using CH4 with Pt/TiO2, two CO2 desorp-
tion states occurred at about 350 and 590 K, as shown in
Fig. 13. The two CO evolution maxima at 650 and 1130 K
coincide precisely with the two observed maxima for H2

evolution, also shown in Fig. 13, and the calculated H2/CO
ratio (±SD) above 600 K is 2.0± 0.4. Thus, the TPSR re-
sult suggests that CH4 may reduce TiO2 via the following
stoichiometry:

xCH4 + TiO2 → TiO2−x + xCO+ 2xH2. [4]

Fancheng et al. have shown via XPS that CH4 adsorption
on reduced TiO2 at 300 K results in the formation of both
CHx and CHxO species (45); presumably, CHxO species
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FIG. 13. CO2 desorption and CO and H2 formation during TPSR with
reduced Pt/TiO2. Reaction conditions: CH4/He= 1/2.8, P≈ 740 Torr, β =
10± 1 K/min.

may decompose at high temperatures to yield H2 and CO.
Analysis of CO formation during TPSR indicated that TiO2

was reduced to TiO1.7, and XRD analysis of the used sample
after air exposure identified bulk rutile and Ti9O17 phases,
qualitatively verifying this analysis. No reflections due to
anatase were present due to the anatase–rutile phase trans-
formation above 773 K (46). Although many other reflec-
tions with d spacings less than 2 Å were identified in the
XRD spectrum of this used Pt/TiO2 catalyst, they could not
be assigned to any of the known TinO2n−1 Magneli phases;
nevertheless, their presence is indicative of deeply reduced
TiOx phases.

DISCUSSION

Inactive carbon can originate during CO2 reforming of
CH4 from either CO disproportionation,

2CO+ ∗ ↔ CO2 + C∗, [5]

or CH4 decomposition,

CH4 + ∗ ↔ C∗ + 2H2. [6]

Yu et al. observed that carbon accumulation on a Pt wire
at CO2–CH4 reforming temperatures above 1273 K, which
occurred for CH4/CO2 ratios larger than about 2.7, could be
eliminated by addition of either H2O or O2 to the feed, pre-
sumably due to steam gasification or oxidation of the sur-
face carbon (30). Although both Qin and Lapszewicz (24)
and Rostrup-Nielsen and Bak Hansen (23) have reported
carbon formation on Pt/MgO, the latter authors attributed
the formation of whisker carbon to an Fe impurity. In this
investigation, a comparison of the TPH results for the used
catalysts (Fig. 6) indicated that both Pt/TiO2 and Pt/ZrO2

exhibit suppressed carbon deposition during CO2–CH4 re-
forming. It is important to understand why. As there is in-
sufficient information to ascertain the predominant route

to carbon formation over supported Pt, it is prudent to con-
sider that both carbon formation reactions may participate.
The possibility of Pt/TiO2 and Pt/ZrO2 deactivation due to
gradual sintering of the Pt particles is excluded based on
XRD spectra of the used Pt catalysts (44) and the results of
Bitter et al. (22). The activity maintenance of the Pt/TiO2

catalyst in the present study was far superior to that ob-
tained with the Pt/TiO2 catalyst prepared by Bitter et al.
(22). This is most likely attributable to the quite different
pretreatment, although their reaction conditions were also
different.

Some theoretical calculations indicate that CO dissoci-
ation on metal surfaces requires an ensemble size of four
to five metal atoms (47); thus, it can be argued that the
presence of a TiOx overlayer on the Pt surface reduces the
number of large ensembles of Pt atoms and therefore geo-
metrically inhibits CO dissociation. This view is consistent
with recent results reported for Ni/TiO2 (10) and Ni/La2O3

(48). In the latter study, Zhang and Verykios used simi-
lar arguments based on CO chemisorption and TPD to at-
tribute the high activity and stability of certain Ni/La2O3

catalysts to LaOx species on the Ni surface (48). It is rela-
tively straightforward to argue that decoration of large Pt
ensembles by TiOx species also inhibits CH4 decomposition.
Minot et al. (49) and Koster and van Santen (50) have stud-
ied adsorbed CHx fragments on Pt(111) and Rh(111) using
variations of the extended Hückel method. The consistent
qualitative conclusion drawn from each of these investiga-
tions is that CHx fragments are preferentially located at a
site on the metal surface that completes its tetravalency; i.e.,
the decomposition of CH4 into CHx fragments (1≤ x≤ 3)
on Pt(111) and Rh(111) should follow the general stoichio-
metry

CHx+1–(3− x)M+ 2M→ CHx–(4− x)M+H–M, [7]

where M is a surface metal atom. This stoichiometry, which
is also valid for x= 0 provided that the metal surface in ques-
tion has fourfold sites such as Pt(100), clearly implies that
stepwise decomposition of CH4 on Pt requires concomi-
tant occupation of higher coordination sites. The presence
of TiOx overlayers on the Pt surface decreases the concen-
tration of these large ensembles of Pt atoms and therefore
inhibits complete CH4 dissociation.

The reasons for the stability of Pt/ZrO2, however, are
less clear. Recently, van Keulen has shown using TGA that
Pt/ZrO2 inhibits both CO disproportionation and CO re-
duction (51), and Seshan et al. have used DSC/TGA to show
that a 1.1% Pt/ZrO2 catalyst exhibited little or no carbon
formation during CO2–CH4 reforming after 500 h onstream
at 853 K (21). Considering available literature data, it seems
plausible that the higher stability and coking resistivity of
Pt/ZrO2 may be due to strong Pt–Zrn+ interactions. The re-
sults of Roberts and Gorte for submonolayer Pt coverages
on ZrO2(100) indicate that ZrO2 influences the Pt surface,
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presumably via a strong Zrn+–Pt interaction, to alter Pt par-
ticle morphology and to lower the CO desorption barrier
(52). In the absence of any detailed microscopic evidence,
the role of Pt structure in our Pt/ZrO2 catalyst is uncertain;
however, if the highly dispersed Pt crystallites are prefer-
entially located at Lewis acid sites on the oxide surface, as
suggested by Masai et al. (19) and Roberts and Gorte (52),
and Lewis acid sites on the support are the active sites for
carbon deposition, as suggested by Bitter et al. (22), then
the higher stability and coking resistivity of Pt/ZrO2 may
be due to strong Pt–Zrn+ interactions which block active
sites for carbon deposition. As noted previously, the ra-
tios of deposited carbon atoms to surface Pt atoms ranged
from 9 for Pt/ZrO2 and Pt/TiO2 to 41 for Pt/SiO2, thus in-
dicating the possibility of significant carbon formation on
the support itself under reaction conditions. It is possible
that a strong Pt–Zrn+ interaction results in the formation of
ZrOx species on the Pt surface that function analogously to
TiOx species. Van Keulen has shown using HRTEM that
ZrOx species decorate the Pt surface after reduction at
1073 K (51); however, our chemisorption results indicate
a high degree of Pt dispersion after reduction at 773 K,
and it is unclear as to whether or not this MSI can occur at
lower reduction temperatures. Nevertheless, the possibility
cannot be excluded.

Some groups have speculated that increased Lewis ba-
sicity on the catalyst surface decreases carbon deposition
during CO2–CH4 reforming via the reverse CO dispropor-
tionation reaction (53). Philipp and Fujimoto (54) have
reported that the wavenumber difference of the symmet-
ric and asymmetric stretching bands for surface carbon-
ates,1ν= νas− νs, should decrease as the Lewis basicity of
the surface increases. From the wavenumbers of monoden-
tate carbonate on TiO2, ZrO2, and Cr2O3 obtained during
the CO2 adsorption studies at 723 K (Table 4), the calcu-
lated 1ν values for TiO2, ZrO2, and Cr2O3 are 152, 198,
and 186–203 cm−1, respectively, implying that after reduc-
tion at 773 K in hydrogen, the order of support basicity
is TiO2>ZrO2≈Cr2O3. These values of 1ν a priori pre-
dict carbon deposition during reaction to be in the order
Pt/TiO2<Pt/ZrO2≈Pt/Cr2O3; however, this prediction is
in disagreement with both the observed catalyst stabilities
and the TPH results for Pt/ZrO2 and Pt/Cr2O3. Thus cata-
lyst basicity, at least as measured by 1ν, does not seem
to correlate well with carbon deposition during CO2–CH4

reforming over supported Pt.
The TOFs are very similar for Pt/ZrO2, Pt/Cr2O3, and

Pt/SiO2, while that for Pt/TiO2 is five times higher based
on CO adsorption after reduction at 773 K, although it is
similar to the others when based on the Pt surface atoms
available after reduction at 473 K. In view of this limited
influence of the support on specific activity, it should be
mentioned that Bitter et al. reported that the initial TOFs
for CO2 consumption at 875 K on Pt/TiO2, Pt/ZrO2, and

TABLE 5

Literature Values for Apparent Activation Energies
with Pt Catalysts

Eapp (kcal/mol)

Catalyst CH4 CO2 CO Reference

1.1% Pt/ZrO2 15 14 15 (21)
1.1% Pt/Al2O3 14 13 — (21)
2% Pt/Al2O3 15.1± 0.3 12.5± 0.4 — (15)
0.9% Pt/MgO 35 — — (23)
0.5% Pt/MgO 33 — — (24)

Pt/Al2O3 were all approximately 3.5 s−1 (22). Although
their TOFs at 875 K are of the same order of magnitude as
our TOFs at only 723 K, the difference between our results
and those of Bitter et al. (22) may be due to their higher re-
duction temperature of 1125 K, which markedly reduced Pt
dispersion; i.e., there is evidence to indicate that CO2–CH4

reforming may be structure sensitive (44). The TOFs for CO
production in Table 2 appear somewhat higher than those
reported previously for Pt/Al2O3 and Pt/MgO (15, 23). Al-
though few investigators have reported apparent activation
energies for CO2 reforming of CH4 over supported Pt, the
available values from the literature listed in Table 5 for
Pt/Al2O3, Pt/ZrO2, and Pt/MgO are both lower and higher
than those obtained in this investigation. Nevertheless, it
is noteworthy that in Table 5 the apparent activation ener-
gies for CH4 consumption are higher than those for CO2

consumption, in agreement with our results.
After a thorough analysis of data available in the liter-

ature and numerous reaction models, the following gener-
alized reaction sequence was previously proposed for the
CO2 reforming of CH4 over supported Ni catalysts (10, 44):

{1} CH4 + ∗
k1

À
k−1

CHx∗+ ((4− x)/2)H2,

{2} 2
[

CO2+∗
K2»ºs CO2∗

]
,

{3} H2 + 2∗ K3»ºs 2H∗,

{4} 2
[

CO2∗+H∗ K4»ºs CO∗+OH∗
]
,

{5} OH∗+H∗ K5»ºs H2O+ 2∗,

{6} CHx∗+OH∗ K6»ºs CHxO∗+H∗,

{7} CHxO∗ k7→ CO∗ + (x/2)H2,

{8} 3
[

CO∗ 1/K 8»ºs CO+ ∗
]
.
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This sequence corresponds to the overall reaction stoi-
chiometry

CH4 + 2CO2 → H2 +H2O+ 3CO. [8]

It should be noted that the first step in the kinetic model,
CH4 adsorption and dissociation to a CHx fragment, is a sim-
plification of Eq. [7] in which any geometric constraint asso-
ciated with precisely defined adsorption sites is removed to
simplify the mathematical modeling. Nevertheless, forma-
tion of CHx species is supported by previous studies, with
the particular species formed having little influence on the
derived rate expression (10).

Although some investigators have used pulsed CH4 de-
composition experiments at elevated temperatures (973 K)
to show that pure CH4 in an inert atmosphere decomposes
stoichiometrically to C and 2H2 (55), pulsed CH4 adsorp-
tion on Pt/Al2O3 at 773 K (15), the D2–CH4 exchange re-
action on Rh/MgO (24), and CO2 reforming of CH4/CD4

over Ni/SiO2 (56) reveal a distribution of CHx fragments on
the catalyst surface. Although Kroll et al. have suggested
that Ni3C is the active phase during reaction (57), Osaki
et al. have determined that the reactivity of surface carbon
(x= 0) on supported Ni is lower than that of CHx species
under reforming conditions and concluded that it is only a
minor reactive intermediate (58). The reversible CH4 ad-
sorption and dissociation step proposed in our model is sup-
ported by the effect of H2 addition to the feed gas (Fig. 10),
which showed that the CH4 consumption rate was reversible
and was not at thermodynamic equilibrium.

Although it has been suggested that adsorbed O atoms
promote CH4 dissociation (15), bond order conservation
Morse potential (BOC-MP) calculations indicate that the
activation energies for O-assisted CH4 dissociation are
higher than those for unassisted CH4 dissociation on both
Ni (59) and Pt (44) surfaces. Although TPSR experiments
indicated that either CH4 or CHx activation by oxygen
species on the support surface can occur, the rate of ac-
tivation is much less than that in the presence of CO2. Thus,
step {1} in the proposed reaction sequence excludes pro-
motion by adsorbed O atoms.

In regard to step {6}, it has been proposed that either
hydroxyl groups (10) or O atoms (15, 25, 60) react with sur-
face CHx fragments; however, because the reaction of CHx

with either adsorbed O or OH does not change the math-
ematical form of the derived rate expression, exclusion of
either species as the intermediate oxidant is not possible
on the basis of kinetic data alone. In a study of CH4 partial
oxidation and mixed CO2/H2O–CH4 reforming, Qin et al.
correlated CO formation rates with the metal–oxygen bond
strength of adsorbed O atoms, as estimated by the heat of
formation of the most stable oxide (25); however, because
these authors did not use specific activities in their correla-
tion, the validity of their correlation is very questionable. In

addition, such a correlation does not prove that adsorbed
oxygen atoms are a key reaction intermediate because the
binding energies for O and OH on transition metal surfaces
are directly proportional (59, 61, 62). Shustorovich and Bell
have calculated the activation barriers for two elementary
steps—C∗+OH∗→CO∗+H∗ and C∗+O∗→CO∗—on
Pt(111) to be 0 and 6 kcal/mol, respectively (61), thus pro-
viding further support for assuming that adsorbed CHx frag-
ments preferentially react with OH groups, as shown in step
{6}, over supported Pt catalysts.

Several investigations have probed the rate-determining
steps of CO2–CH4 reforming. Wang and Au recently used
CD4 to find a kinetic isotope effect with Ni/SiO2 and con-
cluded that CH4 dissociation is rate determining and CO2

dissociation occurs prior to the surface reaction of CHx frag-
ments (60). The observation by Zhang and Verykios that the
CH4/CD4 isotope effect over Ni/La2O3 and Ni/γ -Al2O3 de-
creases with increasing temperature (63) is consistent with
molecular beam results for CH4 and CD4 adsorption on
transition metal surfaces which have shown that the appar-
ent activation energy for CD4 dissociation is typically higher
than that for CH4 (64). In addition, the weak isotope effect
observed by Zhang and Verykios over Ni/γ -Al2O3 (63) may
be due to the Ni crystallite structure; i.e., molecular beam
studies have shown that while a strong CH4/CD4 isotope
effect exists on both the Ni(111) (65) and Ni(100) surfaces
(66), there is virtually no isotope effect on Ni(110) (66).
Osaki et al. employed pulsed surface reaction analysis
(PSRA) and concluded that two reaction steps are respon-
sible for H2 production, i.e., dissociative CH4 adsorption to
form CHx species and the subsequent surface reaction of
CHx, and that the surface reaction of CHx and O is rate de-
termining (58). Nevertheless, the choice of reaction steps
{1} and {7} as the slow kinetic steps in the proposed reac-
tion sequence is further supported by activation energies
reported for analogous homogeneous gas-phase reactions
(10). The reactions between CHx and OH occur in the gas
phase with no activation barrier, i.e., they are facile, free
radical reactions, and activation barriers for OH formation
and the reaction of CHx with O atoms in the gas phase are
also zero (67). Thus, it seems more plausible that CHxO de-
composition, rather than the reaction of two radical species,
such as CHx with O (or OH), is rate determining. Because
a surface reaction between CHx and O (or OH) is difficult
to differentiate from the decomposition of a subsequently
formed CHxO intermediate on the basis of isotope effects
and PSRA alone, the results of Wang and Au (60), Zhang
and Verykios (63), and Osaki et al. (58) are not inconsistent
with the choice of CH4 dissociation and CHxO decomposi-
tion as slow kinetic steps in our kinetic model.

Reaction steps {2}–{5} and {8} represent the RWGS reac-
tion and are assumed to be quasi-equilibrated to accommo-
date the experimental result that this reaction is near ther-
modynamic equilibrium (Fig. 9). Rostrup-Nielsen and Bak
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Hansen have shown that the RWGS is more than 20 times
more rapid, on a TOF basis, than CO2–CH4 reforming over
0.9% Pt/MgO (23). Nondissociative adsorption of CO2 un-
der reaction conditions is assumed to occur on the support
in the form of carbonates, as evidenced by the in situ DRIFT
spectra shown in Fig. 11. H-assisted carbonate dissociation
has been discussed previously (10) and is further evidenced
by the TPH results shown in Fig. 5. On Pt/TiO2, reaction
steps {2}–{4}may involve a type of redox cycle, as previously
suggested by DRIFTS and TPSR results. Otsuka et al. have
provided evidence to indicate that a redox reaction may
occur during CO2 reforming of CH4 over Pt/CeO2 (27).

In view of the aforementioned discussion, the proposed
reaction mechanism for CO2 reforming of CH4 over sup-
ported Ni should be applicable to supported Pt catalysts. If
it is assumed as before (10) that the most abundant reac-
tion intermediate (mari) is CHxO, then L= [∗]+ [CHxO∗]
and the following general expression may be derived for
the rate of CH4 consumption:

rCH4 =
k̂1 PCH4 PCO2

(k̂−1 K̄/k̂7)PCO P(4−x)/2
H2

+ (1+ (k̂1/k̂7)PCH4)PCO2

.

[9]

Here, k̂i = ki L , L= total number of active sites, and K̄ is a
lumped equilibrium constant (10). Computer optimization
of kinetic data from the Pt/TiO2 catalyst failed to locate a
global minimum for x and indicated that the statistical fit of
the data (as measured by residual sum of squares) of Eq. [9]
was essentially independent of x (0≤ x≤ 4). A value of x= 0
would physically imply that adsorbed C atoms are the ac-
tive CHx intermediate and adsorbed CO is the mari; how-
ever, inclusion of adsorbed CO in the site balance did not
improve the statistical fit of the model. In view of the afore-
mentioned discussion, it is very possible that a distribution
of CHx species exists under reforming conditions; thus, for
simplicity the partial pressure data for Pt/TiO2 were opti-
mized to Eq. [9] by assuming an arbitrary but reasonable
value of x= 2. The recent identification of a CH2O surface
species supports this choice (68). The results are shown in
Fig. 14, and values of the optimized model parameters are
provided in Table 6.

Plots of these model parameters versus reciprocal tem-
perature yielded the activation energy for step {1} in the for-
ward direction, Ek̂1

, the activation energy for step {7}, Ek̂7
,

and a lumped energy parameter, −(Ek̂−1
+1HK̄ ), where

Ek̂−1
is the activation energy for step {1} in the reverse

direction, and 1HK̄ is the enthalpy change for a lumped
reaction (10). The activation energies in Table 7 obtained
with the model can be compared with literature values for
similar, but not identical reactions on Pt(111) (62, 69, 70).
Although these values are not widely divergent, they sup-
port the proposal that the reaction is not occurring solely
on the Pt surface, but primarily in the metal–support inter-

FIG. 14. Fit of the kinetic model for Pt/TiO2 as a function of (A) CH4

partial pressure and (B) CO2 partial pressure at (h) 673 K, (4) 698 K, and
(s) 723 K.

facial region. Considering that TiOx species are decorating
the Pt surface and that CHxO species most likely are formed
and subsequently decomposed at the metal–support inter-
face, this suggestion is not unreasonable. As a test of the
optimized model parameters in Tables 6 and 7, the activ-
ity of Pt/TiO2 was measured at 883 K using a feed ratio of
CH4/CO2/He= 1/3.7/4.9 and compared with that predicted
using Eq. [9]. Although the initial rate of CH4 disappear-
ance was about 20% higher than that predicted, the rate was

TABLE 6

Optimized Kinetic Model Parameters for Pt/TiO2 Using x= 2

Parameter

T (K) k̂1
a,b k̂7

c k̂−1 K̄ b

673 0.099± 0.099 3.36 37.3
698 0.117± 0.034 7.40 24.1
723 0.265± 0.116 10.35 9.09

a Value is reported ±95% confidence interval.
b Units of µmol g cat−1 s−1 Torr−1.
c Units of µmol g cat−1 s−1.
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TABLE 7

Energetic Parameters from the Kinetic Model and the Literature

E (kcal/mol)

Surface reaction Pt/TiO2
a Pt(111)

CH4+∗
k̂1→CH2∗+H2 19

CH4+ 2∗→CH3∗+H∗ 12b, 29c

CH2O∗ k̂7→CO∗ +H2 22
CH2O∗+∗→HCO∗+H∗ 11b

CH2O∗+ 2∗→CO∗+ 2H∗ 13.4d

a From kinetic parameters in Table 6.
b Shustorovich (62).
c Zaera (69).
d Sun and Weinberg (70).

within 5% of the predicted value after about 5 h onstream
(44).

The reasons for the stability of Pt/ZrO2 are possibly due
to strong Pt–Zrn+ interactions which may block Lewis acid
sites on the support, alter Pt morphology, and form ZrOx

species on the Pt surface. Although the role of ZrO2 at the
metal–support interface may also be to provide lattice oxy-
gen species that participate in the reaction mechanism, as
shown by Efstathiou et al. using transient methods and iso-
topically labeled C18O2 (71), the insignificant differences
in the specific activities of Pt/ZrO2, Pt/Cr2O3, and Pt/SiO2

would imply that the role of any lattice oxygen species is
minor. However, these species may play a role in the min-
imization of carbon deposition on the Pt surface under re-
action conditions.

SUMMARY

The support was shown to play a major role in decreasing
carbon deposition and a much lesser role in determining
activity in the CO2–CH4 reforming reaction over Pt. The
apparent absence of any significant metal–support interac-
tion in Pt/SiO2 and Pt/Cr2O3 resulted in substantial carbon
deposition and rapid deactivation. Dispersing Pt on TiO2

resulted in suppression of carbon deposition, presumably
due to an ensemble effect created by TiOx species migrat-
ing onto the Pt surface, whereas the suppression of carbon
deposition on Pt/ZrO2 may be due to the consequence of
an interaction of Pt with Zrn+ centers, the participation of
lattice oxygen species at the metal–support interface, or par-
tial coverage of Pt by ZrOx species, as occurs with titania.
The predominant reason is unclear at this time. The influ-
ence of the support on catalyst activity is multifaceted and
appears to involve the adsorption and subsequent activa-
tion of CO2 via the RWGS, a role as a reservoir for surface
hydroxyl groups, and the formation and subsequent decom-
position of CHxO species, presumably in the metal–support
interfacial region; regardless, TOFs on four different cata-

lysts varied by only a factor of 5. A reaction model invoking
dissociative CH4 adsorption and CHxO decomposition as
slow kinetic steps successfully correlated all kinetic data.

ACKNOWLEDGMENTS

The authors thank a Japanese international joint research program,
NEDO, for sponsoring this study, the U.S. Department of Education for
providing a GAANN fellowship, Professor J. Lercher and his group for
providing the Pt/ZrO2 catalyst, Professor J. H. Lunsford and his group
for providing laser Raman analysis of the Pt/ZrO2 catalyst, and Professor
R. T. K. Baker and his group for determining the pore size distributions.
The DRIFTS system was purchased with funds provided by an NSF equip-
ment grant (CTS-9311087).

REFERENCES

1. Gadalla, A. M., and Bower, B., Chem. Eng. Sci. 43, 3049 (1988).
2. McCrary, J., McCrary, G. E., Chubb, T. A., Nemecek, J. J., and

Simmons, D. E., Sol. Energy 29, 141 (1982).
3. Edwards, J. H., Do, K. T., Maitra, A. H., Schuck, S., and Stein, W., Sol.

Eng. 1, 389 (1995).
4. Fish, J. D., and Hawn, D. C., J. Sol. Energy Eng. 109, 215 (1987).
5. Delmon, B., Appl. Catal. B Environ. 1, 139 (1992).
6. Teuner, S., Hydrocarbon Process. 66, 52 (1987).
7. Udengaard, N. R., Hansen, J-H. B., and Hanson, D. C., Oil Gas J. 90,

62 (1992).
8. Tokunaga, O., and Ogasawara, S., React. Kinet. Catal. Lett. 39, 69

(1989).
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