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Metal-support interactions during the CO; reforming of
CH,4 over model TiO, /Pt catalysts
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To obtain insight into the importance of metal-support interactions (MSI) in the CO; reforming of CHy, the reaction was stud-
ied using pure TiO,, high-purity Pt powder, and two model TiO, /Pt systems. The latter two TiO, /Pt catalysts, prepared by oxida-
tion of Tinonylate deposited on the Pt powder surface, contained either one (6 = 1) or ten (9 = 10) theoretical monolayers of TiO;.
The H; and CO chemisorption capacities showed respective decreases of 1/3 and 1/2 on the latter two catalysts although the N,
BET surface areas were essentially unchanged. XRD analysis of either TiO, /Pt sample detected no TiO, structures. Specific rates
(umol/(s geat)), areal rates (umol/ (s m?)) and turnover frequencies (s~!) for the CO, reforming of CH, decreased in the order TiO, /
Pt (0 = 10) TiO, /Pt (0 = 1) > Pt powder > TiO,. Neither pure Pt powder nor pure TiO, showed appreciable activity for CH4—CO,
reforming; thus the dramatic increase in activity is attributed to the creation of new sites in the metal-support interfacial region
which promote CH4 dissociation, CO; dissociation and reduction, and subsequent CH, O decomposition. In addition, temperature-
programmed hydrogenation of used catalyst samples clearly showed that TiO, overlayers on the Pt surface suppress carbon deposi-
tion during reaction via an ensemble effect, thus improving activity maintenance.
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1. Introduction

Due to the strong thermodynamic potential for car-
bon formation during the CO, reforming of CHy at low
temperatures and equimolar feed ratios, a catalyst which
kinetically inhibits carbon deposition is required [1].
Previous investigations of the CO; reforming of CH4 on
supported Ni [1,2], Pt [3], Ir [4], and Rh [5,6] have indi-
cated that the support utilized can be important for
determining both catalyst activity and resistance to car-
bon deposition. For example, various groups have
shown that properly prepared NiO-MgO solid solutions
exhibit stable activity and resistance to carbon deposi-
tion [1,7-9]. Although the precise reasons for this are not
known, it has been speculated that both electronic and
structural factors are important. For example, it has
been suggested that formation of a NiO-MgO solid solu-
tion decreases the donor ability of the Ni particles,
thereby inhibiting both CO disproportionation [8] and
CHy activation [1]. Additionally, the structural stability
of Ni particles in NiO-MgO solid solutions, as evi-
denced by the high degree of difficulty of reduction [10],
should prevent both Ni sintering and carbon diffusion
into Ni crystallites, thereby suppressing filamentous car-
bon growth [1]. Similarly, Chen and Ren have clearly
shown that the formation of NiAl,O4 in a Ni/Al, O3 cat-
alyst during pretreatment greatly suppresses carbon
deposition [11].

It has also been shown in the literature that Ni/TiO,
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[1], Pd/TiO, [12], Rh/TiO, [5,6], Pt/ TiO; [3], and Ni/
La,Oj3 [2] exhibit suppressed carbon deposition during
CO,-CHy4 reforming. Based on temperature-pro-
grammed oxidation and hydrogenation as well as chem-
isorption results, this behavior has been attributed to the
decoration of metal particle surfaces by either TiO, or
LaO, species which geometrically destroy large ensem-
bles of metal atoms that serve as active sites for carbon
deposition [1-3]. In addition, it has been proposed that
sites at the metal-support interface may promote cat-
alyst activity[1,3,5,13]. To simultaneously probe the role
of TiO, overlayers and the influence of the metal-sup-
port interface on carbon deposition and kinetic activity
during the CO; reforming of CHy4, model TiO, /Pt cat-
alysts were prepared and characterized using chemisorp-
tion, X-ray diffraction, DRIFTS and temperature-
programmed hydrogenation, and their kinetic behavior
was determined.

2. Experimental

The UHP Pt powder (Alfa Aesar, 99.999%) used in
this study contained 3 ppm Pd and 7 ppm Rh as impuri-
ties. Two model TiO, /Pt catalysts were prepared by (i)
adding 3 g of Pt powder to a solution of titanium(IV)
nonylate (Ti(CoH90),) dissolved in 6 cm? of n-pentane,
(ii) continuously stirring and evaporating the n-pentane,
and (iii) calcining in flowing air (470 sccm) at 673 K for 2
h [14]. These two catalysts contained either one (0.003 g
TI(C9H190)4/g Pt) or ten (0.028 g TI(C9H190)4/g Pt)



32

theoretical monolayers of TiO; and are thus designated
as TiO,/Pt (0 = 1) and TiO,/Pt (6 = 10), respectively.
TiO, (Degussa P-25, 47 m?/g) alone was also studied as
areference.

All H; and CO chemisorption experiments were per-
formed at 300 K in a stainless steel volumetric apparatus
following reduction at either 723 or 773 K. The N, BET
isotherms were obtained at 77 K with the same appara-
tus immediately following CO adsorption experiments.
The Pt powder was calcined in flowing O, (O,/He =1/
4)for 1 hat 673 K for cleaning and subsequently reduced
in flowing H; at 723 K for 1 h [14]. After evacuation for
30 min at 723 K, the catalyst was cooled under vacuum
(ca. 1077 Torr) to room temperature. The TiO,/Pt
(0 = 1) and TiO, /Pt (6 = 10) catalysts were reduced for
1 h at 773 K following a procedure described previously
for supported Pt catalysts [3].

This 773 K reduction procedure was also used for all
catalysts prior to kinetic evaluation in a high-tempera-
ture reactor system described previously [1]. The amount
of catalyst used during these experiments, ca. 100 mg,
was chosen to maintain differential conditions with
respect to gas-phase concentrations, which were typi-
cally less than 5% CH4 conversion. All activity tests were
carried out under ca. 740 Torr absolute pressure, with a
feed composition of CO,/CH4/He=1/1/1.8 and a
total feed flow rate of 20 sccm (WHSV = 12,000
cm? g7! h™!) over a temperature range of 673 K to
773 K.

Temperature-programmed hydrogenation (TPH)
was utilized to investigate carbonaceous deposits on
used catalyst samples. After termination of reaction, the
catalyst was purged with He and cooled 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 hydrogen in helium was
passed through the catalyst bed at atmospheric pressure.
This procedure has been described previously [3].

X-ray diffraction (XRD) was performed with a
Rigaku Geigerflex system using filtered Cu K« radiation
and was used to identify bulk phases in the reduced cat-
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alyst samples. For Pt powder, the long-range order was
estimated using the Pt(111) and Pt(200) reflections and
the Scherrer formula with Warren’s correction for
instrumental line broadening [15].

An Nj-purged FTIR spectrometer (Mattson
Instruments, RS-10000) equipped with a DRIFTS cell
(Harrick Scientific, HVC-DR2) and a praying mantis
mirror assembly (Harrick Scientific, DRA-2C0) was
used to study CO and CO, adsorption as well as in situ
CO,-CH,4 reforming on Pt powder between 300 and 723
K. Spectra were obtained from 750 to 4000 cm~! with a
resolution of 4 cm~!. To study irreversible CO adsorp-
tion, flowing CO was passed over Pt powder at 300 K for
15 min, followed by purging in a He/Ar mixture to
remove gas-phase and reversibly adsorbed CO. Both
CO; adsorption and CO,—CH,4 reforming were studied
between 300 and 723 K with gas-phase CH4 and CO,
present.

3. Results

A summary of the N, BET surface areas, chemisorp-
tion uptakes, and Pt crystallite sizes determined for each
catalyst is provided in table 1. Based on an average of all
three N, BET measurements, the Pt crystallite size is
estimated to be (4 standard deviation) about
670 + 20 nm, or about 18 times larger than that esti-
mated by line-broadening analysis of the Pt(111) and
Pt(200) reflections. Because XRD is a bulk technique
sensitive to long-range order, the estimated d, values are
indicative of an average shorter-range order presumably
caused by grain boundaries and shear planes within the
large Pt particles. Thus, from the data in table 1 the mean
crystallite order within the Pt powder particles is esti-
mated to be 38 + 3 nm; however, XRD line broadening
becomes quite insensitive for large crystallites. The Pt
lattice parameter estimated from the XRD spectra for Pt
powder, TiO,/Pt (§ =1) and TiO,/Pt (6 = 10) was
ap = 3.925+0.001 A, in agreement with the value of
3.923 A for bulk Pt[16].

Table 1
Surface area (S), chemisorption and estimated crystallite size of Pt catalysts

Catalyst N H, uptake ¢ COuptake Crystallite size
(m*/g) (pmol/ gear) (pmol/ gea) (nm)
Uirr Utm Uirr Utot ds a dv ¢
Pt powder 0.42(0.38)" 2.2 3.8 3.7+0.1 4.1 670 36
TiO,/Pt(6 = 1) 0.40 1.4 2.6 26+0.2 3.0 700 42
TiO, /Pt (6 = 10) 0.43 0.8 1.9 24+0.2 2.8 650 36
TiO, powder 47 - - - - - -

a
b
c
d

€

Estimated using an N, molecular surface area of 0.162 nm?.

Value in parentheses based on total H, uptake assuming H/Pt; = 1and 1.2 x 10'° Pt;/m? [48].

Values obtained by extrapolation to Py, = 0 Torr.
Obtained at 100 Torr CO.
From XRD line-broadening analysis of Pt(111) and Pt(200) reflections.
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Figure 1. DRIFTS spectra of irreversible CO adsorption at 300 K on
reduced Pt powder at various CO pressures (referenced to spectrum of
reduced Pt powder at 300 K prior to gas admission).

DRIFT spectra of CO adsorbed on Pt powder under
12 to 180 Torr clearly show only one band which shifts
from 2085 to 2089 cm~! with increasing coverage
(figure 1). These are the wavenumbers associated with
CO chemisorbed to a Pt surface atom with a coordina-
tion number of 9.0 £ 0.2[17], indicating that the exposed
Pt surface is principally Pt(111), as expected for bulk Pt
because the (111) surface is most densely packed and has
the lowest surface free energy [18]. Based on a Pt powder
surface area of 0.42 m?/g and a site density of
1.2 x 10" Pty/m?, the saturation surface coverage of
hydrogen atoms, Ay, and CO, 6co, can be calculated
from the total adsorption uptakes (table 1) to be 0.91
and 0.49, respectively. The latter value is in good agree-
ment with the value of 6co = 0.5 on Pt(111) at 300 K
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reported by Ertletal. [19], indicating that the chosen pre-
treatment procedure provided a clean Pt surface.

Although the total surface areas of TiO,/Pt (6 = 1)
and TiO, /Pt (f = 10) do not differ substantially from
that of the Pt powder, the irreversible chemisorption
capacities decreased by 33 + 3% and 50 + 14%, respec-
tively, implying that uniform coverage was not attained
and that three-dimensional TiO, structures formed on
the Pt powder surface. XRD spectra of the TiO,/Pt
(0 =1) and TiO, /Pt (6 = 10) catalysts, however, were
identical to that of Pt powder and revealed no additional
reflections (figure 2), indicating that either the TiO,
structures were amorphous or their concentration was
below the detection limit of the diffractometer.

After about 5 h on stream, the catalysts were purged
with He and cooled to room temperature overnight
under flowing He. On the Pt powder, TiO,/Pt (6 = 1),
and TiO, /Pt (# = 10) catalysts, CH4 formation during
TPH was observed only above 700 K and thus is attribu-
ted to hydrogenation of surface carbon (figure 3). With
all three catalysts the peak maximum observed at 920-
950 K is in agreement with prior TPH studies of SiO,-
and Cr,Os-supported Pt [3]. The amount of carbon
deposition on each catalyst, as determined via integra-
tion of the CHy4 evolution spectra, gave C/Ptgy,¢ ratios of
31 for Pt powder, 14 for TiO,/Pt (§ = 1), and 10 for
TiO, /Pt (8 = 10), indicating that TiO, species on the Pt
surface diminish the amount of carbon deposited during
reaction. Supra-monolayer coverages of carbon have
been observed previously during CO,—CHy4 reforming
over noble metals [20]; however, carbon deposition on
the titania surface may also occur.

Carbon deposition on the Pt surface during reaction
can be inhibited by the presence of TiO, species on the Pt
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Figure 2. Indexed XR D spectra of Pt powder, TiO, /Pt (§ = 1) and TiO, /Pt (0§ = 10).
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Figure 3. CH4 evolution during TPH of used TiO,/Pt (6 = 10), TiO,/
Pt (0 = 1) and Pt powder catalysts: 5 = 10 K/min.

surface via an ensemble effect because large ensembles
of atoms are required for both CH4 dissociation and CO
disproportionation [3]. If active sites for CO,-CHy
reforming are associated only with Pt atoms, then the
partial coverage of the Pt surface by TiO, species should
inhibit both carbon deposition and the rate of CH4;—CO,
reforming; however, both areal (umol/(s m?)) and speci-
fic (umol/(s gcat)) rates as well as the turnover frequen-
cies (TOF) for these catalysts, based on the irreversible
CO uptake at 300 K, show clearly that this is not the case
(see table 2). The nomenclature used for the aforemen-
tioned rate basis is that recently used by Boudart [21].
The order of initial catalyst activity — TiO,/Pt (6 = 10)
> TiO, /Pt (0 = 1) > Pt powder > TiO, — is independent
of basis, as indicated in table 2, and provides strong evi-
dence to support the contention that active sites for the
CO; reforming of CHy are created in the metal-support
interfacial region.

The variation in activity for TiO, /Pt (6 = 10) and
TiO,/Pt (6 = 1) at 723 K and Pt powder at 823 K is
shown in figure 4. During the period of 30 to 200 min
time on stream, Arrhenius runs were performed, and
these results are shown in figure 5. A linear deactivation
rate (6r/61) of 24 + 1%/h (0.40 £ 0.02%/min) at 823 K
was observed for Pt powder at the end of the Arrhenius

run, i.e., during 240 to 320 min on stream (figure 4), in
excellent agreement with the linear deactivation rate of
23 £+ 3%/h observed previously for Pt/SiO; at 723 K [3].
Linear deactivation of the two TiO,-promoted catalysts
was not observed, but plots of the reaction rate (—r) at
723 K versus In(time on stream) were linear, i.e.,
r =a+ b In(z), where a and b are constants. For these
two catalysts, time-dependent deactivation rates
(6r/6t = 6(b1n(t))/6t = b/t) of 14%/t(min) for TiO,/Pt
(0 =1) and 16%/t(min) for TiO,/Pt (6 = 10) were
obtained. In an effort to correct the Arrhenius data for
deactivation and estimate the apparent activation
energy, the observed rates of deactivation were utilized
assuming that they were approximately independent of
temperature; thus, due to the relatively large rates of
deactivation much uncertainty is associated with the
apparent activation energies obtained for these catalysts
(see table 2 and figure 5). Nevertheless, the values
obtained for Pt powder are in good agreement with those
obtained for SiO,- and Cr,0O3-supported Pt [3]. Also,
despite significant initial rates of deactivation for the
two TiO, /Pt catalysts, it is clear that after substantial
time on stream, both TiO,/Pt catalysts deactivate less
rapidly than Pt powder, even though the conditions for
carbon deposition are more favorable.

DRIFT spectra after CO, adsorption on Pt powder
at 293 K reveal two bands at 2068 and 2075 cm ™! for line-
arly adsorbed CO on Pt, indicating that CO, dissocia-
tion occurs (figure 6A). As the temperature increases,
the surface coverage of CO due to CO, dissociation, as
indicated by the integral optical density of adsorbed CO,
initially increases then finally decreases. Gas-phase CO
formation, indicated by broad rotational bands on either
side of the observed minimum at 2143 cm™!, begins at
about 623 K. DRIFT spectra during CO,—CHy4 coad-
sorption at 293 K (figure 6B) show a marked increase in
the optical density of adsorbed CO compared to CO,
adsorption alone, implying that CH4 promotes the dis-
sociation of CO,, as observed with Rh [6]. Although for-
mation of gas-phase CO is observed during CO,—CH4
coadsorption and reaction as the temperature increases,
the amount of adsorbed CO on the surface is compara-
tively much less than during CO, adsorption alone at
high temperatures. Carbonaceous fragments resulting

Table 2
Initial, maximum catalyst activity at 723 K and apparent activation energies

Catalyst Conversion (%) Activity E;pp (kcal/mol)
CHy4 CO, (umol CO/(s gear)) (pmol CO/(sm?)) TOFco®  TOFcw,* CHy4 CO, CO H, H,O
™ (O]
TiO,/Pt(6 = 10) 4.6 9.0 5.1 12 2.1 0.71 5 5 5 b b
TiO,/Pt(0=1) 3.7 7.0 4.0 10 1.5 0.52 7 8 8 8 8
Pt powder 0.35+0.05 0.60+0.08 0.44 +0.18 1.0 0.1 0.04 17.5 17.5 17.5+0.5 22 13
TiO, 0.1 0.2 0.21 £0.13 0.005 - - b b b b b

4 Calculated by normalizing specific activity (umol/(s gcat)) to irreversible CO adsorption (umol/ geyy).

® Not possible to accurately measure.



M.C.J. Bradfordand M. A. Vannice / Metal-support interactions 35

6
5 e
41

Specific

Activity |

( pmol co)
5" 8eat
2 -
1 e
0 . T .
0 100 200 300 400

Time on Stream (min)

Figure 4. Activity maintenance of: (H) Pt powder at 823 K, (O)
TiO, /Pt (§ = 1) at 723 K and (@) TiO, /Pt (§ = 10) at 723 K during
CO,-CHj, reforming. Arrhenius runs were conducted between 30 and
200 min time on stream (see figure 5). Reaction conditions: CH4/CO,/
He=1/1/1.8, P = 1 atm, WHSV = 12,000cm> h~! g’l.

from CH,4 decomposition at higher temperatures may
block adsorption sites for CO; consequently, CHy4
decomposition may be the primary source of inactive
carbon deposition during reaction.

DRIFT spectra after CO, adsorption on TiO,/Pt
(0 =10) at 293 K reveal two bands at 2078 and 2086
cm~! for linearly adsorbed CO on Pt, as shown in
figure 7. The observed shift of 10 cm™! in the symmetric
CO vibration relative to that of CO adsorbed on Pt pow-
der (see figure 5A), indicates a strengthening of the CO
bond and perhaps a decrease in the CO heat of adsorp-
tion in the presence of TiO, species on the Pt surface.
This is consistent with the calorimetric results of
Herrmann et al. who showed that TiO, species on Pt
decrease the average CO heat of adsorption by about 5
kcal/mol [22]; however, it could also imply a decrease in
dipolar interactions due to the reduction in site density
caused by the TiO, species. An increase in temperature
resulted in a gradual vibrational shift to lower wavenum-
bers for adsorbed CO and the formation of gas-phase
CO, as observed during CO, adsorption on Pt powder.
Upon introduction of CHy4 at 723 K, the intensity of gas-
phase CO increased while the intensity of adsorbed CO
vanished, in agreement with the prior suggestion that
carbon deposits resulting from CH4 decomposition
block sites for CO adsorption.

4. Discussion

The aforementioned TPH results in figure 3 and the
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Figure 5. Arrhenius plots of turnover frequencies for CO production

(A) prior to correction, where the arrow indicates the sequence of data

collection, and (B) after correction for deactivation: (@) TiO,/Pt

(60 =10), (A) TiO,/Pt(@ = 1), and (A) Pt powder. Reaction condi-

tions: CH4/CO,/He=1/1/1.8, P=1 atm, WHSV = 12,000 cm?
h-lgl

activities listed in table 2 clearly indicate that TiO, spe-
cies on the Pt surface not only decrease the amount of
carbon deposition during CO,-CH4 reforming, most
likely via an ensemble effect, but also create active sites,
presumably in the metal-support interfacial region. This
conclusion is consistent with previous results obtained
with Pt dispersed on SiO;, Cr,O3, ZrO, and TiO, [3];
however, there is an unexpected result in the present
investigation that requires an explanation, i.e., the initial
specific activity of Pt powder is one-tenth that of Pt/
Si0;, Pt/Cr,03 or Pt/ZrO; [3]. The absence of any
detectable adsorbed CO on Pt powder under reforming
conditions suggests that a carbonaceous overlayer may
rapidly form on the Pt powder surface and physically
block most of the surface Pt atoms; however, the possibi-
lity must also be considered that the low TOF of Pt pow-
der may be a consequence of structure sensitivity
associated with CO; reforming of CHy. The TOFs of 1.5
and 2.1s~! obtained at 723 K for the two TiO-promoted
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Figure 6. DRIFT spectra during (A) CO, adsorption (CO,/Ar = 1/5) and (B) CH4s—CO, reforming (CH4/CO,/Ar = 1/1/4) on Pt powder at dif-
ferent temperatures (referenced to spectrum of reduced Pt powder at corresponding temperature prior to gas admission): total P = 1 atm.

catalysts are consistent with the TOF of 4.9 s~! obtained
at 723 K for a supported Pt/TiO, catalyst [3].
Comparatively, the TOF of 0.94 s=! for Pt/SiO, [3] is
only 2 to 5 times smaller; thus, the intrinsic rate enhance-
ment by TiO, is relatively small. This aspect, coupled
with the large amount of carbon deposition on pure Pt
powder, provides strong evidence that the low rate for
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Figure 7. DRIFT spectra during CO; adsorption (CO,/Ar = 1/5) on

TiO, /Pt (6 = 10) at different temperatures (referenced to spectrum of

reduced TiO, /Pt (6 = 10) at corresponding temperature prior to CO,
admission): total P = 1 atm.

the CO,—CHy4 reforming over Pt powder is a conse-
quence of rapid, initial carbon deposition.

The possibility that the reactions associated with the
CO; reforming of CH4 over Pt may be structure sensitive
cannot be discounted. For example, it has been shown
that the electrochemical reduction of CO, with H, to
yield CO and H;O via the reverse water—gas shift
(RWGS) reaction is slower on Pt(111) than on either
Pt(100) or Pt(110), and that CO, reduction is enhanced
by the presence of surface defects [23,24]. CO; hydroge-
nation over carbon-supported Pt has also been reported
to be structure sensitive [25]. Scattering experiments
related to CO; adsorption on Pt(111) have shown that
CO; undergoes with equal probability either direct
inelastic scattering or trapping and desorption (with an
estimated heat of adsorption of 5 kcal/mol), i.e., there is
no detectable dissociation [18]. The general observations
are that both CO, dissociation and reduction are diffi-
cult on Pt(111), and that surface defects promote activity
on the Pt(111) surface. This hypothesis may explain the
result reported by Prichard and Hinshelwood in 1925
that CO, is activated on only a small fraction of the Pt
surface during the RWGS reaction on a Pt wire [26]. An
early report by Somorjai et al. concluded that the disso-
ciation of diatomic molecules and the breaking of C-C
and C-H bonds can be structure sensitive over Pt sur-
faces [27], and Beebe et al. have shown that the dissocia-
tion probability of CH4 on Ni surfaces is structure
sensitive, with the probability increasing in the order
Ni(111)<Ni(100)<Ni(110) [28]. Thus, by analogy, it
may be that CH4 activation over Pt is also structure sen-
sitive, as indicated by the gas-phase interaction between
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CHy and Pt clusters [29]. Despite the evidence in the lit-
erature indicating that CO, dissociation and reduction is
structure sensitive on Pt surfaces, the RWGS is extre-
mely rapid over supported Pt catalysts [3]. This can be
attributed to highly dispersed Pt particles which are
expected to have a significant number of corner and edge
atoms, as illustrated by model calculations [30], and the
rapid hydrogenation of CO; in the presence of a support
[3]. Furthermore, two studies in the literature have
addressed the structure sensitivity of CO,—CHy reform-
ing over a noble metal. Zhang et al. reported that the
initial TOF for Al;O3- and TiO,-supported Rh is a func-
tion of Rh particle size, implying structure sensitivity [5],
whereas Mark and Maier found that the TOF on Rh is
independent of both support and metal particle size,
indicating structure insensitivity [31]. A comparison of
six different Rh/Si10; catalysts, including the two afore-
mentioned, has shown only a four-fold variation in the
TOF for CHy disappearance as the dispersions varied
from 0.08 to unity [32]. This argues against the CO,—
CH4 reforming reaction being structure sensitive, at
least over Rh/SiO, under the reaction conditions uti-
lized. Consequently, although the much lower activity of
Pt powder, with primarily (111) planes, for CO,—CHy4
reforming is possibly due in part to inhibition of both
CH4 and CO,, dissociation, thus also making CO, disso-
ciation or reduction a kinetically slow step on Pt powder,
the possibility of rapid deactivation due to carbon
deposition seems more likely, and remains as a very rea-
sonable explanation for the lower activity on large Pt
crystallites.

The promotion of activity by the addition of TiO,
to the Pt powder surface is presumably due in part to the
promotion of both CHy dissociation and CO; dissocia-
tion and reduction. Tanaka et al. showed using XPS that
TiO, promotes CO; dissociation on Pt(111) at tempera-
tures as low as 77 K [33], and Fancheng et al. reported
that TiO, promotes CH4 decomposition at room tem-
perature [34]. Recent results with TiO,-supported Pt
indicate that lattice oxygen may participate in the acti-
vation of both CH4 and CO, at elevated temperatures
[3]. It has also been suggested that interfacial sites in
TiO, /Pt catalysts could promote decomposition of
CH,.O intermediates, one of the proposed slow kinetic
steps in CH4s—CO,; reforming over supported Pt cat-
alysts [3]. In this regard, the possible role of Ti** centers
at the metal-support interface can be addressed.
Reduction of Pt/TiO; at 773 K (HTR) has been shown
by XPS [33,35,36], IR spectroscopy and ESR [37], and
EPR [38] to induce partial reduction of TiO, to create
Ti** species, and Benneviot and Haller deduced that
some Ti’* centers reside at the Pt-TiO, interface [38].
The reduction of a TiO, surface is enhanced by spilled-
over hydrogen [39], which can act as an electron donor
to the reduced TiO, surface and correspondingly
increase the TiO, conductivity [40]. Most studies have
found little evidence for a significant induced electronic

effect in the metal; for example, the absence of strong
perturbations in CO and H, thermal desorption spectra
for model Pt/TiO, catalysts argued against such an
effect and demonstrated clearly that surface coverages
of both CO and H; correlated inversely with titania sur-
face coverage [41]. Calorimetric studies have shown no
significant support effect upon the heat of adsorption
for H, [42] and only a small decrease in the heat of
adsorption for CO on Pt/TiO, (HTR) catalysts [43].
The use in this study of large Pt crystallites with bulk
electronic properties essentially unchanged by the TiO,
discounts variations in the Fermi level of the metal as an
explanation for the enhanced activity. Thus, a geo-
metric (or ensemble) effect, coupled with the formation
of unique interfacial active sites, appears to be the prin-
cipal factor in the metal-support interaction in the Pt—
TiO, system.

During both CO,-CHy reforming and CO hydroge-
nation to CHy, the gas-phase species to which the cat-
alyst surface is exposed are identical, though in
different concentrations. To our knowledge, no studies
have been reported in the literature which investigated
the role and stability of Ti** centers during CO,~CHy,
reforming; thus, analysis of data reported for CO
hydrogenation to CHy is of interest. Raupp and
Dumesic [44], Wang et al. [45], and Tanaka et al. [33]
have shown that H,O and CO, dissociation involve the
oxidation of Ti** to Ti*t, and Bonneviot and Haller
[38] have shown that CO irreversibly titrates Ti’*.
Regardless, Demmin et al. have shown that Ti** species
are present under reaction conditions during CO hydro-
genation to CHy4 [41] and Dwyer et al. have demon-
strated that catalyst deactivation in this reaction
correlates with a decrease in the concentration of Ti**
centers [36]. A redox-type of mechanism has been pro-
posed for Ti**—Ti*" centers at the metal-support inter-
face [44]. Alternatively, Wang et al. have recently
shown that adsorbed HCOO species on reduced titania
do not significantly oxidize Ti**, but block adsorption
of H,O and O, thereby preventing oxidation of Ti**
[45]. The presence of CH,.O species on the support and
in the metal-support interfacial region has been postu-
lated during the CO, reforming of CHy4 [3] as well as
during CO hydrogenation to CHy [46]. In the case of
Pt/Al,03, it is likely that these CH, O species are stabi-
lized via an interaction with exposed Al cations on the
support surface [47]. Thus, if CH,.O species behave ana-
logously to HCOO on reduced titania, it is highly prob-
able that the presence of Ti** during CO,—CH,
reforming as well as CO hydrogenation to CHy is due to
the formation of metastable CH, O species at Ti** cen-
ters located in the metal-support interfacial region; i.e.,
the promoting effect of TiO, may be related in part to
the availability of Ti3* centers. However, we can offer
no direct confirmation that Ti** active centers exist at
the metal-support interface during CO,—CHy reform-
ing over TiO,./Pt.
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5.Summary

The role of metal-support interactions in CO; reform-
ing of CHy4 over Pt catalysts has been explored using
model TiO,/Pt catalysts. Through a combination of
activity measurements and TPH of surface carbon, it has
been shown that TiO, species on the surface of Pt powder
can suppress carbon deposition via a geometric effect, in
which large ensembles of Pt atoms are destroyed by the
presence of TiO, species, and increase activity, presum-
ably due to highly active sites in the metal-support inter-
facial region. In addition, it seems that CO,—CHy
reforming reaction over Pt can appear to be structure
sensitive, but this behavior may be attributable to the
extent of carbon deposition that can rapidly form. This
topic can be more rigorously tested by investigating
CO,-CHy reforming over different single-crystal sur-
faces of Pt.
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