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In Pt/ZrO, catalysts used for CO,/CH, reforming to syngas, not
all accessible Pt contributes equally to the activity of the catalyst.
The catalytic activity is determined by the accessibility of Pt on the
Pt-ZrO, perimeter. This is explained in terms of the CO, activation
via carbonate species on the support which must be in the proximity
of the Pt particles to react with the methane activated on the metal.
Thesignificance of the supportis also emphasized by the low activity
of Pt black and Pt/SiO,, which were incapable of forming carbon-
ates on the support. The perimeter concentration of Pt/ZrO, can be
changed by changing the Pt concentration in the catalyst or by in-
creasing the calcination temperature which causes sintering of the
Pt particles. In contrast to the calcination temperature, the reduc-
tion temperature did not influence the activity although the hydro-
gen chemisorption capacity was markedly decreased by increasing
the reduction temperature. As sintering was excluded on basis of
particle size determination from EXAFS results a SMSI state on
Pt/ZrO, during high temperature reduction is concluded to exist.
This state does not persist under reaction conditions due to the pres-
ence of adsorbed oxygen from CO; dissociation.  © 1997 Academic Press

INTRODUCTION

Carbon dioxide reforming of methane to produce syn-
thesis gas, i.e., a mixture of carbon monoxide and hydrogen
(CO2+CHs  2CO + 2Hy; AH3gg« = 247.0 kJ/mol) has at-
tracted substantial interest (1-4). The reaction is well suited
to produce CO rich synthesis gas or very pure carbon
monoxide for the synthesis of bulk chemicals such as acetic
acid, dimethyl ether, and alcohols via the oxoalcohol syn-
thesis (5). More significantly, for acetic acid manufacture
carbon dioxide reforming is estimated to have economic
advantages over other synthesis gas production routes (6).
However, the feasibility of CO, reforming depends strongly
on the price and availability of CO, and the pressure at
which the process will be operated.

The reaction consists of similar elementary reaction steps
as steam reforming (H,O+CH; CO+43H3 AHSgi =
206 kJ/mol) (7), but the absence of water and the high
C/H ratio in the reactant feed favours extensive coke for-
mation (8). Minimization of coking rates is, thus, one of
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the key aspects for designing a stable catalyst for the re-
action. Coke forms readily via methane decomposition
(CH4 = C+ 2Hy; AHSgg =+74.9 kd/mol) and CO dispro-
portionation (2CO =2 C 4 CO,;, AHSys« = —172.4 kJ/mol).
Options to reduce the coke build up are (i) the addition of
water (coupling with steam reforming), (ii) the addition
of oxygen (coupling with partial oxidation), or (iii) the
use of catalysts which minimize the rate of coking.

As early as 1928, Fischer and Tropsch showed that differ-
ent metals have different activities for CO,/CH, reforming
and that most group VIII metals show appreciable activ-
ity for CO,/CH,4 reforming (9). Many authors have investi-
gated different metals like Ni, Ru, Rh, Pt, Ir, Pd (1, 10-13)
for the reaction. Although there is some debate about the
order of activity of these metals, Rh was preferred by most
authors due to the good activity and stability for the cata-
lyst. Ni catalysts, however, are commercially more inter-
esting compared to noble metals but their main drawback
is the high rate of coke formation (2, 12, 14, 15). From an
economic point of view (relatively low price and good avail-
ability) Pt is a reasonable compromise.

The most commonly used support for CO,/CH,4 reform-
ing is Al,O3 (2, 9, 12, 16-18). Modifications to the support
were sometimes made (9, 18, 19) by addition of basic pro-
moters such as MgO and CaO to enhance catalyst stability.
This indicates the importance of the support on the stability
of the catalyst. Indeed a significant influence of the support
is observed for Pt catalysts and we have shown earlier that
ZrO, is a very well suited support (20-23).

In order to grasp why Pt/ZrO, is a stable and active cata-
lyst it is necessary to understand the nature of Pt in this
catalyst, its interaction with the support and the contribu-
tion of ZrO; to the reaction and the elementary reaction
steps that occur. In the present contribution the physical
characteristics of the catalyst and their influence on cata-
Iytic behaviour is discussed.

METHODS

Catalyst Preparation

All catalysts used in this study were prepared by the
wet impregnation technique. For this purpose a solution
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of HyPtClg- 6H,0O in water (0.01 g Pt per ml) was used.
The chosen support was first calcined for 15 h at 1125 K
(heating rate 3 K/min) in flowing air (30 ml/min (NTP)).
The support was then isostatically pressed into pellets at
4000 bars for 5 min. The pellets were crushed and sieved
to give grains having diameters between 0.3 and 0.6 mm.
The grains were impregnated with the H,PtClg solution to
yield a catalyst with 0.5 wt% Pt. The catalysts were dried at
365 K for 2 h in a rotating evaporator followed by drying
over night at 395 K in static air. Subsequently, the impreg-
nated grains were calcined at 925 K for 15 h (heating rate
3 K/min). The Pt content of the catalyst was determined
by atomic absorption spectroscopy. The following supports
were used: y-Al,O3 (000-3AQ, AKZO), TiO, (P-25, De-
gussa, mixture of anatase and rutile), SiO, (AKZO, F7),
and ZrO; (RC-100, Gimex, monoclinic). The supports had
the following surface areas, after calcination at 1125 K for
15 h: y-Al,03, 110 m?/g; TiO,, 7 m?/g; SiOy, 220 m?/g; ZrO,,
18 m?/g.

Catalyst Characterizations

Hydrogen chemisorption measurements. Hydrogen
chemisorption was carried out in a volumetric system. The
sample (usually 1.5 g) was reduced for 2 h at 673 K in
H, (when a higher reduction temperature was required,
the sample was previously reduced ex situ at the higher
temperature). After reduction the sample was degassed at
673 K for 1 h in high vacuum (10~® mbar). The sample was
cooled to room temperature (295 K) and the H, adsorption
isotherm was measured by feeding decreasing amounts of
H, (in the range 500-0 mbar) to the sample. The hydrogen
chemisorption capacity was calculated by extrapolation of
the hydrogen uptake to zero pressure.

The length of the Pt-ZrO, perimeter was calculated from
hydrogen chemisorption values (H/Pt). From the H/Pt ra-
tios particle sizes could be calculated using data published
by Kip et al. (24) and Vaarkamp et al. (25). The same mod-
els were used to calculate metal dispersion based on the
hydrogen chemisorption capacity. The H/Pt stoichiometry
increases with decreasing particle size because smaller par-
ticles have a higher concentration of edges and corners,
where more than one hydrogen atom per metal atom can
adsorb, than larger particles (24, 25). Thus, by using these
models varying H/Pt ratios were used for calculation the Pt
dispersion.

XAS measurements. XAS measurements were per-
formed at the Synchrotron facility in Daresbury (beam-
line 9.2). The catalyst powder was pressed into a self-
supporting wafer (110 mg for Pt/ZrO, and 300 mg for Pt/
y-Al,O3, both catalysts contained 1 wt% Pt). The catalysts
were ex situ reduced at the desired temperature. Prior to
the EXAFS experiments catalysts were rereduced in situ
at 675 K. EXAFS measurements were carried out at lig-
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uid nitrogen temperature. To isolate the EXAFS from the
X-ray absorption edge, a polynomial function characteris-
tic of the background was subtracted. The oscillations were
normalized by the mass areal loading of the metal. The os-
cillations were k?-weighted and Fourier transformed within
the limits k = 3.5 to k = 18 to isolate the contributions of the
different coordination shells.

IR spectroscopic measurement of CO, adsorption on
Pt/ZrO,. The catalyst powder was pressed into a self-
supporting wafer. This wafer was analyzed in situ during
the reaction by means of transmission absorption IR spec-
troscopy using a Bruker IFS 88 FTIR spectrometer (reso-
lution 4 cm™1). The IR cell was constructed as a continu-
ously stirred tank reactor (volume 1.5 cm®) equipped with
1—16—in. gas in- and outlet tubing and CaF, windows. The par-
tial pressure of each of the reactants (CO, and CH,) was
250 mbar, the difference to 1 bar being He.

Catalyst testing. Typically 300 mg of catalyst were loa-
ded into a tubular quartz reactor (inner diameter 5 mm)
which was placed in an oven. The catalyst grains were kept
in place by quartz wool plugs. A thermocouple was placed
on top of the catalyst bed to measure the catalyst tempera-
ture. The oven temperature was controlled by a Eurotherm
temperature controller. The catalysts were reduced in situ
with 5% H, in N, for 1 hat 1125 K. After reduction the tem-
perature was lowered in Ar to the (initial) reaction temper-
ature and the feed gas mixture (25% CHj, (vol), 25% CO,,
5% N, and 45% Ar for a total flow of 170 ml- min~1) was
switched to the reactor. The reaction products were anal-
ysed in a gas chromatograph (Varian 3300), equipped with
two 3-m carbosieve columns and a TCD.

RESULTS

Influence of the Fraction of Accessible Pt

Previous work from our group showed that 1 wt% Pt/
ZrO; was an excellent catalyst for CO2/CH,4 reforming in
(20-23). It operated for 500 h without significant deacti-
vation. In Fig. 1 the activity of 0.5 and 1 wt% Pt/ZrO, at
875 K are shown. The physico-chemical characteristics of
these catalysts are compiled in Table 1. Note that both cata-
lysts showed allmost the same activity although the 1 wt%
catalyst exposed more Pt atoms compared to the 0.5 wt%
catalyst (Table 1).

Figure 2 displays the variation of the catalytic activity at
875 K and the accessible Pt concentration for the series of
Pt/ZrO, catalysts with different Pt loadings. With increasing
metal loading the concentration of accessible Pt increased.
However, while at a low Pt content (<0.5 wt%) the activ-
ity increased with increasing metal loading, the increase in
activity stagnated at higher metal loading (>0.5 wt%6). This
could not be due to blocking of the pores by Pt because ad-
sorption/desorption studies showed that the average pore
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FIG. 1. Activity of 0.5 and 1 wt% Pt/ZrO; catalysts for CO,/CHj re-
forming at 900 K, CO,/CH4/He/N, =42/42/75/10, 300 mg catalyst, B =
1 wt% Pt/ZrO; (*2), A =0.5 wt% Pt/ZrO,.

size is 28 nm and cylindrical in shape, whereas the largest Pt
particle size is 2 nm (Table 1). Using catalysts with differ-
ent grain sizes (0.1-1.0 mm in fractions of 0.1 mm) revealed
that the CO, conversion was independent of the grain size,
thus, internal mass transfer limitations were ruled out. Also
external mass transfer limitations could be ruled out since
the use of varying amounts of catalyst (200-600 mg cata-
lyst) and keeping the contact time constant, i.e., at constant
W/F (W = catalyst mass, F =total gas flow) did not show
an influence on the conversion. In the above experiment,
changing the gas flow, at constant contact time, changes
the amount of heat that could be transferred from the gas
phase. Since this and the fact that changing the diluent (He
or Ar) did not influence the activity it is concluded that
heat transfer limitations were absent. Thermodynamic lim-
itations were also ruled out since the carbon dioxide con-
version calculated from thermodynamics is 55% at 875 K,
whereas the maximum conversion observed under the ex-
perimental conditions is 33% (Fig. 2). It is therefore con-

TABLE 1

Physico-Chemical Characteristics of Pt/ZrO, Catalysts
with Different Metal Loadings

Hydrogen
chemisorption Pt particle BET
Pt loading capacity Pt dispersion? size? surface area

(Wt%) (H/M) (%) (nm) (m?lg)
0.2 135+ 0.1 100 0.8 18
0.3 130 £ 0.1 100 0.8 20
0.4 125+ 0.1 100 0.9 19
0.5 110 +£ 0.1 100 1.0 18
0.7 1.01+01 97 1.2 18
1.0 0.82 + 0.1 80 1.3 17
2.0 0.61 + 0.1 58 1.9 20

@ Calculated from hydrogen chemisorption as described by Kip et al.
(24).
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FIG. 2. Influence of the Pt-loading on the amount of accessible Pt

and the activity of Pt/ZrO, catalysts for CO,/CH, reforming at 875 K,
CO,/CH4/He/N, =42/42/75/10, 300 mg catalyst.

cluded that the nonlinear dependence for the activity of
Pt/ZrO, as a function of the accessible Pt area is a re-
sult of a change in the catalytic properties at higher metal
concentrations.

The activity of Pt catalysts for CO,/CH,4 reforming per
accessible Pt atom is a compiled in Table 2. The unsup-
ported Pt black catalyst was prepared as described by Paal
et al. (26) using the “hydrazine method.” After reduction
of the catalyst at 975 K its surface area was 0.25 m?/g (mea-
sured by the BET method and calculated from hydrogen
chemisorption). From Table 2 it can be seen that the cata-
lytic activity of Pt-black (TOF) is two orders of magnitude
lower compared to Pt/ZrO,, Pt/TiO,, and Pt/y-Al,Os. The
activity of Pt-black compares, however, well with the low
activity of Pt/SiO,. This leads to the conclusion that the use
of a suitable support can strongly increase the activity of
the Pt metal. The positive involvement of the support for
the reaction was shown by the use of Pt-black impregnated
with a solution of ZrOCI, (and subsequent calcination and
reduction at 875 K). The activity per accessible Pt atom of
this catalyst was increased by an order of magnitude com-
pared to the untreated Pt-black sample. The increase in ac-
tivity of Pt-black after impregnation with ZrOCI; indicates

TABLE 2

Comparison of the Activities of Different Pt-Catalysts (0.5 wt% Pt/
Support), T=925 K, CO,/CH4/He + N, =50/50/50100 ml - min—1

Pt surface area TOF of CO,

Catalyst (m?/g) ™
Pt/ZrO, 12 20
Pt/y-Al,O3 0.96 25
Pt/TiO, 0.31 52
Pt/SiO, 0.15 0.2
Pt-black 0.25 0.1
Pt-black/ZrO, 0.24 11




282

TABLE 3

Influence of the Calcination Temperature on Activity, Hydrogen
Chemisorption Capacity, and Pt Coordination Number of Pt/ZrO,

Metal  Calcination  Coordination Hydrogen CO;
loading temperature* number from chemisorption conversion at
(wt%) (K) EXAFS® capacity® (H/Pt) 875 K (%)

1 925 6.5 (86) 0.82 (80) 30

1 1125 10.7 (20) 0.33(33) 8

0.5 925 — 1.1 (100) 29

0.5 1025 — 0.50 (48) 24

0.5 1125 — 0.35(33) 7

2To avoid a SMSI state (see Discussion) the catalysts were reduced at
775 K.

b Number between brackets denotes the Pt dispersion (%) as calculated
from the coordination number (24).

¢ Number between brackets denotes the Pt dispersion (%) as calculated
from the H/Pt ratio (24).

clearly that ZrO; contributes to the activity of Pt/ZrO; for
the reforming reaction.

Influence of Pretreatment Procedure

Although Pt/ZrO, is a stable and active catalyst for
CO,/CH4 reforming, the catalyst is sensitive to the prepa-
ration procedure, in particular the calcination temperature.
The preparation of the catalyst involved calcination of the
support grains, followed by impregnation of the grains with
a H,PtClg solution. This catalyst precursor was calcined
prior to in situ reduction and testing. The temperature of
calcination of the blank support did not influence the ac-
tivity of the catalyst, although the surface area (BET) de-
creased from 33 to 18 m%g when the calcination tempera-
ture was increased from 925 to 1125 K. On the other hand,
the calcination temperature after impregnation had a sig-
nificant influence on the activity of the catalyst due to Pt
metal area loss. This can be seen from the EXAFS data
from this sample, which showed an increase in coordina-
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FIG. 3. Influence of the reduction temperature of Pt/ZrO; on the hy-

drogen chemisorption capacity and activity of the catalyst.

tion number from 6.5 to 10.7 when the calcination temper-
ature was increased from 925 to 1125 K (Table 3). These
results were confirmed by hydrogen chemisorption mea-
surements which showed a decrease of H/Pt ratio from 0.82
to 0.33 as the calcination temperature was increased. Conse-
quently, increasing the calcination temperature of the cata-
lyst caused therefore a significant drop in activity (Table 3).

The temperature of in situ reduction, prior to testing of
the catalyst, did not influence the activity of the Pt/ZrO,
catalyst (Fig. 3). However, with increasing reduction tem-
perature (from 675 to 1125 K) the hydrogen chemisorption
capacity of the catalysts decreased significantly (the H/Pt
ratio decreased from 1.1 to 0.33; Fig. 3), indicating sinter-
ing. EXAFS measurements, on the other hand, showed that
the Pt coordination number and, thus, the Pt particle size
did not increase (Table 4). The values for the percentage
of metal exposed obtained by hydrogen chemisorption for
samples that were reduced at low temperature (775 K) and
by EXAFS are in good agreement. When a Pt/ZrO, cata-
lyst with an apparent low dispersion (H/Pt=0.33, reduc-
tion temperature 1125 K) was treated with 0.1% O, or air a
higher dispersion (H/Pt=0.7) was obtained (Table 4). This

TABLE 4

Influence of the Reduction Temperature on Activity, Hydrogen Chemisorption Capacity, and Pt Coordination
Number of Pt/ZrO,

Reduction temperature

Coordination number

Dispersion from EXAFS CO, conversion

Catalyst (K) from EXAFS (%) H/PtP at 875 K (%)
1 wt% Pt/ZrO, 775 6.5 86 0.82 (80) 30
1 wt% Pt/ZrO, 1125 7.0 81 0.33(33) 29
0.5 wt% Pt/ZrO, 775 — e 1.1 (100) 29
0.5 wt% Pt/ZrO, 1125 — — 0.35(33) 28
0.5 wt% Pt/ZrO, 1125/875/675% — — 0.70 (67) 28

aFirst temperature (1125 K) is the initial reduction temperature; second temperature is the oxidation temperature; third temperature

is the reduction temperature before chemisorption measurement.

® Number between brackets denotes the Pt dispersion (%) as calculated from the H/Pt ratio (24).
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FIG. 4. Activity of 0.5 wt% Pt/ZrO,, 300 mg catalyst, total flow =
170 ml-min~!, COy/CH4/N;+He=1/1/2 (A=CO,, ® =CO, B=CHy,,
O = Hy, * = H,0, — = CO, thermodynamic conversion).

indicates that part of the metal area is lost due to covering
with (presumably partially reduced) ZrO, (a SMSI type
state) (28, 29).

The activity of 0.5 wt% Pt/ZrO, as function of temper-
ature is plotted in Fig. 4. For comparison, the conversions
and yields as predicted by thermodynamics are shown in
Fig. 5. Under the chosen reaction conditions Pt/ZrO, did
not reach thermodynamic conversions. It can be seen from
Fig. 5 that, in addition to H, and CO, a significant amount
of water was also produced. The water yield showed a max-
imum at 950 K. The H,/CO ratio was always smaller than 1
and tended to 1 only at higher temperatures. The methane
conversion was always lower than the CO; conversion, al-
though they were present in the feed ina 1:1 ratio.

DISCUSSION

Figure 1 demonstrates clearly that both 0.5 and 1 wt%
Pt/ZrO, are stable catalysts for CO,/CH, reforming. It is,

T
)

Conversion/Yield (%)
2
Water yield (%)

950

650 750 850

Temperature (K)

FIG.5. Equilibrium conversions and yield as predicted by thermody-
namics for a CO,/CH4/He = 1/1/2 mixture (A =CO,, ® =CO, B =CH,,
O= H2, k= Hzo)
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however, remarkable that both catalysts showed similar ac-
tivities for the reforming reaction, while the former catalyst
has a lower amount of exposed Pt compared to the latter
(Table 1). As can be seen in Fig. 2 there is no simple re-
lation between accessible Pt area and the activity of the
catalyst. For catalysts with Pt contents above 0.5 wt% the
amount of accessible Pt still increases, whereas the activity
of the catalyst remains almost constant. Pore blocking, heat
and mass transfer, as well as thermodynamic limitations,
were ruled out by appropriate experiments (see results).
It is thus concluded that not all accessible Pt contributes
equally to the activity of the catalyst. When the activity of
the catalyst was plotted as function of the Pt concentration
on the Pt-ZrO, perimeter a linear dependence is observed
(Fig. 6). The lengths of the different perimeters obtained
for Pt/ZrO; catalysts with different metal loadings are rep-
resented by the diamonds (e). Alternatively, the perimeter
length was varied by changing the calcination temperature
of the 0.5 wt% Pt/ZrO; catalyst. Increasing the calcination
temperature (925, 1025, 1125 K) decreased the dispersion
of this catalyst due to sintering (Table 3) which resulted in
a decrease of the concentration of the Pt-ZrO, perimeter.
These three points (calcination temperature =925, 1025,
and 1125 K) are also shown in Fig. 6 and represented by
the asterisks (x). These points also fit very well the line in
the figure which describes the linear relation between the
Pt perimeter and activity for the catalyst. This also indi-
cates that the higher calcination temperature changed the
perimeter concentration, but does not change the nature of
the active sites.

The linear relation between the amount of Pt on the
perimeter and the activity can either imply that the reaction
takes place on the Pt-ZrO, perimeter or that the migration
of a species formed on the support to the metal is rate de-
termining in the reaction. When ZrO, was impregnated on
Pt-black the activity of Pt-black was increased by an order

50
s 0T 0.5w% Pyzr0,
et calcined 1025K
S 30 \
] *
P
-
=
g 20+ T
8’ 0.5wt% PYZrO,

10 + calkeined 925K
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0 cakined 1125K )
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Concentration of Pt on the perimeter (*10"5 moles/g)
FIG. 6. Influence of the amount of accessible Pt on the activity of

Pt/ZrO, catalysts for CO,/CH, reforming at 875 K. € =Pt/ZrO,, x=
0.5 Pt/ZrO; calcined at different temperatures.



284

of magnitude. This clearly shows that although Pt alone is
active for CO,/CH, reforming the activity can be signif-
icantly enhanced by the presence of a support. The en-
hancement of catalyst activity by the support was also
shown for different other reactions. Levin et al. (30, 31)
observed for CO,/CO methanation an increase in the ac-
tivity of Rh when it was decorated by partially reduced ti-
tania. Similar observations were made by Boffa et al. using
oxides like NbOy, TaOy, and ZrOy (32). Koerts et al. Ob-
served a decrease of the activation energy for CO metha-
nation over Rh/SiO; when the catalyst was doped with
vanadium indicating the significance of the support for this
reaction (33). The involvement of the support in the re-
action mechanism was also shown for the watergas-shift
reaction (CO+H,O H;+ CO,). A mechanism involving
the formation of formates on the support, their migration
to the metal, followed by decomposition on the metal was
discussed (34). The importance of the support for the re-
forming reaction is also substantiated by the use of Pt-black
which is at least two orders of magnitude less active, com-
pared to Pt/ZrO; (Table 2).

Having established that the perimeter is decisive for dry
methane reforming, the remaining question to be addressed
is the role of the support on amolecular level. Infrared spec-
troscopic studies of CO, adsorption on Pt-catalysts showed
the formation of linearly bound CO on Pt, and carbonate
type species on the support for Pt/y-Al,O3, Pt/TiO,, and
Pt/ZrO, (Fig. 7), although the type of carbonate species
seems to be different for the various supports. Pt/SiO, did
not show the formation of carbonate type species on the
support while it proved to be active for methane decompo-
sition. On Pt-black no carbonates could be formed on the
support because this catalyst is unsupported. In general, it
can be concluded that the catalysts which could form car-
bonates on the support (Pt/y-Al,O3, Pt/TiO,, Pt/ZrO,, and
Pt-black/ZrO,; see Table 2) showed a much higher activ-
ity compared to the catalysts which could not form carbon-
ates on the support (Pt-black, Pt/SiO;). Note in this context
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=]
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FIG. 7. Infrared spectra of CO, adsorption on different Pt catalysts,

T =775 K, pCO,=0.25, total flow =30 ml - min~.
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FIG. 8. Time resolved IR spectra during CO, adsorption on Pt/ZrO,,
T=775K, pCO,=0.25, total flow 30 ml- min~2,

that the importance of carbonate, for CO,/CH,4 reforming,
was previously suggested by Nakamura et al. (13). They re-
ported that the activity of a Rh/SiO; catalyst which did not
form carbonates was enhanced by adding MgO, Al,Og, or
TiOy, i.e., compounds which facilitate carbonate formation.
Figure 8 shows that during prolonged exposure of Pt/ZrO,
to CO, the band characteristic for adsorbed CO disap-
peared. This is explained in the following way; the car-
bonate formed on the support boundary decomposed on
the metal to CO and adsorbed oxygen. The CO desorbs,
whereas the adsorbed oxygen covers the Pt boundary mak-
ing it inactive for further carbonate decomposition. When
the oxygen atom is scavenged by methane the sites become
available again for reaction. Based on the above results we
propose a bifunctional mechanism for reforming. CO; is
activated on the support, whereas methane is activated on
the metal. The two activated species may react with each
other on the Pt-ZrO; boundary.

Although Pt/ZrO; is an active catalyst for CO,/CH, re-
forming care has to be taken during the preparation of
the catalyst to ensure a large Pt-ZrO, boundary. When
the catalyst precursor (after impregnation of the support)
is calcined at 1125 K the activity of the catalyst decreased
compared to a catalyst calcined at 925 K (Table 3). The in-
crease in calcination temperature decreased the hydrogen
chemisorption capacity of the catalyst. The Pt—Pt coordina-
tion number as calculated from EXAFS also increased with
increasing the calcination temperature. This shows clearly
that the decrease in activity was caused by sintering of the
Pt particles. On the other hand, the reduction temperature
does not affect the activity of Pt/ZrO,. However, the hy-
drogen chemisorption capacity of this catalyst markedly
decreased with increasing reduction temperature (Fig. 3,
Table 4). The decrease in hydrogen chemisorption capacity
is not affiliated with a decrease in activity. XAFS measure-
ments showed that the Pt particle size is not affected by
the reduction temperature (Table 4). It is clear from these
results that sintering does not occur during reduction. Thus
we conclude that Pt/ZrO, catalysts have a “strong metal
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support interaction” (SMSI) which has been identified for
Pt/TiO, catalysts (28, 29) and is also reported to occur on
ZrO, containing catalysts (35, 36). In the SMSI state Pt is
decorated by the partially reduced oxide suppressing the
hydrogen chemisorption capacity, but leaving the particle
size unaffected. This process can be reversed by O, or water.
Our results showed that the SMSI state could be reverted by
oxygen treatment of the sample (Table 4). During reaction
conditions this SMSI state is absent, since it is possible to
dissociate CO, on the catalyst to CO and Ogqs as shown by
IR spectroscopy (Figs. 7 + 8). The O,g4s might be responsible
for oxidizing the ZrOy species on the Pt and, thus, minimiz-
ing the extent of decoration with oxide islands. Because
the SMSI state is not present under reaction conditions,
the fraction of metal exposed after low temperature reduc-
tion is representative for the Pt availability under reaction
conditions.

Figure 4 shows that the H,/CO ratio in the product stream
is not one as expected from the stoichiometric reforming
reaction. This is not surprising, considering that thermody-
namics (Fig. 5) predicts a H,/CO ratio of unity only at tem-
peratures above 1150 K. This is affiliated with the reverse
watergas-shift reaction (RWGS). The reaction consumes
part of the H, produced by reforming, H; reacts with CO,
to yield CO and water. Thus one finds a higher CO yield
compared to H; and higher CO, conversion compared to
the methane conversion. As shown in Fig. 9 the RWGS is
not on thermodynamic equilibrium under our reaction con-
ditions.

At higher temperatures (>1150 K) a H,/CO ratio close
to one can be obtained as then the water formed by the
RWGS reaction can be consumed via the steam reform-
ing (Fig. 10) to yield hydrogen and carbon monoxide. At
temperatures over 1150 K the equilibrium for the steam re-
forming reaction shifts almost completely to the side of H,
and CO. Thus, at these temperatures a higher driving force
to produce only H, and CO exists.
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FIG.9. Equilibrium values for the RWGS reaction (H,+CO;—

CO + H;0) obtained over Pt/ZrO; under CO; reforming conditions (A)
and as calculated from thermodynamics (@).
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FIG. 10. K-values for the RWGS reaction (H,+ CO; — CO + H,;0)
(®) and steam reforming (H,O + CH; — 3H,+ CO) (A) as calculated
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CONCLUSIONS

In supported Pt catalysts not all the exposed Pt
atoms contribute equally to the activity of the catalyst
for CO,/CH, reforming. Pt atoms on the support-metal
perimeter determine the activity. This is explained in terms
of the CO;, activation via carbonate species on the support
that must be in the proximity of the Pt particles to react
with the methane which is activated on the Pt. The perime-
ter concentration can be changed by either changing the
metal loading or by changing the calcination temperature.
The significance of the support is also manifested in the low
activity of Pt black and Pt/SiO; which were incapable of
forming carbonates on the support and showed a low activ-
ity for reforming. During high temperature reduction SMSI
states evolve on Pt/ZrO; catalysts. However, this state does
not influence the activity of the catalyst, because adsorbed
oxygen (from CO, dissociation) destroys it under reaction
conditions.
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