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Abstract

The nature of oxide supports has a crucial effect on the performance of Pt-based catalysts in the water—gas shift reaction. Supports not only
determine the activity of the catalyst, but also influence their stability (deactivation mechanism). Among the catalysts studied, Pt/TiO, was the
most active. Pt/CeO, deactivated with time due to the formation of stable carbonate on the ceria surface. Sintering of Pt was found to be the cause
of Pt/TiO, deactivation. Using mixed oxides as catalyst supports did not improve the activity despite the better red—ox properties of mixed oxides
compared with the single-oxide supports. Pt/TiO, could be stabilized by adding a second metal (Re), which prevented Pt sintering. In addition,
Pt—Re/TiO, was more active than Pt/TiO,. Under WGS conditions, part of the Re was present in oxidizing form (ReOy); we speculate that this

helped improve the catalyst activity.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The water—gas shift (WGS) reaction, CO + H,O < CO, +
Ha, is applied in the conversion of syngas produced by steam
reforming or partial oxidation of hydrocarbons to increase Hy
yield [1]. In recent years, there has been renewed interest in this
reaction because of its potential for use in Hp-based fuel cells
in mobile applications.

In Part 1 of this paper [2], we reported, based on spectro-
scopic and kinetic transient studies, that the support plays a
crucial role in determining the WGS reaction sequence over
Pt-based catalysts. These catalysts are thus bifunctional, with
CO activated over metal platinum and H,O activated over the
support oxide surface [3—5]. Platinum has been reported to also
facilitate the decomposition of intermediate surface formate in
the presence of H>O [6]. We showed earlier [2] that the nature
of the support not only determined the mode of activation of
H;O (either by formation of surface hydroxyls or via oxidation
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of reduced support with H,O forming H»), but also affected the
formation and stability of the intermediates (e.g., formates, car-
bonates) on the catalyst surface.

Various oxide supports that differ in terms of their reducibil-
ity or oxygen mobility (e.g., CeO, [6-10], TiO; [11], ZrO,
[12]) supporting noble metals have been reported as promising
WGS catalysts. Catalyst activity reportedly depends on catalyst
preparation [6,11,13,14], catalyst testing conditions, and reac-
tor designs [15].

Ceria has been reported as an oxide support with high red—ox
capacity and mobility of surface oxygen/hydroxyl groups [16].
Reduction of Ce*t to Ce3* aids in the formation of bridging
hydroxyls, which are claimed to be active for WGS reaction [6—
10]. Our results of in situ IR and kinetic studies [2] confirmed
that over Pt/CeQO,, the WGS reaction proceeds via the classical
associative formate mechanism, in agreement with others [5-7].

Although titania is more resistant to reduction than ceria,
it can be partially reduced under the WGS reaction conditions
studied. Calatayud et al. [17] reported that reduction of TiO;
is facile, resulting in creation of oxygen vacancies (defects) via
reduction of the cation charge (Ti*t, x < 4). We showed [2]
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that the oxygen vacancies over Pt/TiO; catalyst, formed by the
reduction with CO, could dissociate H,O to H, and regener-
ate surface oxygen sites and also form hydroxyl groups. For
Pt/TiO;, both the classical red—ox route and the associative for-
mate route with red—ox regeneration [2] are possible reaction
pathways for the WGS reaction.

Although ZrO; is a difficult-to-reduce oxide [18], it can form
hydroxyl groups in the presence of water [19]. Nevertheless, we
demonstrated that surface oxygen on ZrQO; catalyst is reactive
at the WGS reaction temperature (300 °C) [2].The dominant
reaction pathway is the associative formate route with red—ox
regeneration.

Thus, WGS reaction in the case of Pt/TiO; and Pt/ZrO; cat-
alysts follows a pathway which includes a red—ox step. Red—ox
properties of bulk oxides can be effectively modified by incor-
porating dopant atoms. It has been shown [20,21] that incorpo-
ration of Zr into CeO; lattice promotes the red—ox properties of
the support. Recently, Ruettinger et al. [22] reported that adding
Zr to CeO, improved the catalyst performance in the WGS re-
action by suppressing carbonate buildup on the CeO; surface.
Dong et al. [23] found that palladium supported over ceria—
titania mixed oxides (Pd/CeO,-TiO,) have superior activity for
CO oxidation compared with Pd/CeO> or Pd/TiO; under the
same conditions. These findings suggest that manipulating the
red—ox properties of the supports and surface oxygen mobility
could be a way to improve catalyst performance.

Investigation of mechanistic pathways over supported Pt cat-
alysts in Part 1 [2] indicate that water activation can follow
different sequences (hydroxyl formation vs red—ox water split-
ting) and thus influence catalytic activity. Further, we showed
that the support influences the reaction pathway (formate vs
red—ox routes), which also may result in different catalytic ac-
tivities. In addition, the formation of carbonate-type species on
the support block sites for water activation and are detrimental
to catalyst stability. Thus, studies on WGS catalysts based on
supports with varying red—ox properties, hydroxyl formation,
and carbonate stability would be useful in designing efficient
WGS catalysts.

In this work, we report on the activity, selectivity, and stabil-
ity of the Pt-based catalysts studied in Part 1, along with cata-
lysts with enhanced red—ox properties based on mixed oxides.
We investigate deactivation scenarios for different supports and
describe possible ways to regenerate and stabilize catalyst ac-
tivity.

2. Experimental
2.1. Catalyst preparation

This study used commercial supports: TiO, (Degussa, P-25),
CeO; (Aldrich), and ZrO, (Daiichi Kagaku Kogyo, RC100).
A series of mixed-oxide supports were prepared in our labora-
tory. Ce,Zr;—xOs (x = 0.2, 0.5) solid solutions were prepared
by co-precipitation using appropriate ratios of Ce(NO3)3-6H,0
(99.99% Aldrich) and ZrOCl, (99.9% ABCR) [20]. Mixed
Ti,Ce;_xOy and Ti Zr;_,Oy (x = 0.2, 0.5) were prepared
by the sol-gel method using an ethanol solution of tita-

nium (IV) iso-propoxide (98%) and an aqueous solution of
Ce(NO3)3-6H,0 (0.4 M) or ZrOCl, (0.4 M). The precursor
solutions were mixed in appropriate amounts at room tempera-
ture and left for 24 h to form a gel. After gelation, the samples
were dried under vacuum in a rotary evaporator at 75 °C for
3 h. All of the supports were calcined at 500 °C for 4 h before
Pt was incorporated.

The monometallic catalysts were prepared by wet impregna-
tion of supports with aqueous solutions of H,PtClg. Required
amounts of HyPtClg solution were used to yield catalysts with
0.5 wt% Pt. The bimetallic (Pt/Re and Pt/Sn) TiO; catalysts
were prepared with 0.5 wt% of Pt and a Pt/Re or Pt/Sn mo-
lar ratio close to unity. TiO, was first impregnated first with
the required concentration of NH4ReO4 or SnCl,-2H,0 for 1 h
at room temperature and then contacted with H,PtClg before
drying to yield 0.5 wt% Pt—0.48 wt% Re/TiO; and 0.5 wt% Pt—
0.3 wt% Sn/TiO; catalysts, respectively. All catalysts prepared
in this study were dried at 75 °C for 2 h under vacuum in a ro-
tary evaporator and subsequently calcined at 450 °C for 4 h (at
a heating rate of 10°C min™).

2.2. Characterization

The surface areas of the catalysts were measured by the BET
method using a Micromeritics ASAP 2400 device. Platinum
loading was determined using a Philips PW 1480 X-ray fluo-
rescence spectrometer. Pt dispersion for all of the catalysts ex-
cept Pt—Re/TiO, was determined by H, chemisorption at room
temperature using a Micromeritics Chemisorb 2750. Teschner
et al. [24] showed in a detailed study that significant hydro-
gen spillover did not occur on Pt/CeO, at lower temperatures
(e.g., 20°C), resulting in reliable dispersion measurements.
This demonstrates that Hy spillover from Pt particles to the sup-
port surface does not influence dispersion measurements in the
ceria-supported catalysts. CO chemisorption at room tempera-
ture was used to measure the dispersion of Pt in Pt—Re/TiO»
catalyst based on the findings of Pieck et al. [25] and Carvalho
et al. [26]. Based on a comparison of Pt particle size measured
by Hy or CO chemisorption with TEM results, these authors
reported that adding Re to Pt decreased the chemisorption ca-
pacity of Hy. They found that Pt particle size was comparable
with CO chemisorption and TEM but was much larger with Hy
chemisorption; this result did not match the TEM data. More-
over, Re did not chemisorb CO at 30-50 °C [25]. This is also
in agreement with our IR results (not shown) on Pt—Re/TiO;,
showing that CO was adsorbed on Pt only at room temperature.

The platinum particle size for Pt/TiO, and Pt—Re/TiO» cata-
lysts was also measured by TEM using a Philips CM30 micro-
scope, with the sizes of about 30 particles averaged. The oxida-
tion state of rhenium in Pt—Re/TiO; catalyst was characterized
by XPS using a ® Quantera Scanning ESCA Microprobe spec-
trometer using AlK, (1486.7 eV, 25.64 W).

Temperature-programmed reduction (H-TPR) studies were
conducted in a Micromeritics Autochem II 2920 device. Here,
1 g of catalyst was placed in a U-quartz tube and preheated
to 300 °C, then cooled to —75 °C under Ar flow (20 ml/min).
Once the TCD signal was stabilized, the feed was switched to
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15% Ha/Ar flow (20 ml/min). The temperature of the sample
was raised from —75 to 850 °C at a constant rate of 10 °C/min.

2.3. Catalytic tests

Catalytic tests for WGS reaction were carried out in a fixed-
bed quartz tubular reactor (3 mm i.d.) under differential con-
ditions. Typically, the catalysts were pressed into pellets,
crushed, and sieved to yield grains of 0.25-0.3 mm diame-
ter. A 10-mg catalyst sample diluted with 90-mg quartz grains
(0.25-0.30 mm) was packed between two layers of quartz wool.
Using the quartz grains ensured plug flow criterion and mini-
mized the effect of heat generated by the exothermic reaction.
The temperature of the catalyst bed was monitored by thermo-
couples (Fe—Cr) and maintained by a temperature controller
(Eurotherm 2416). All catalysts were first reduced in 10% Hj
in Ny (total flow, 100 ml/min) for 30 min and subsequently
purged with N> for another 30 min at 300 °C. All gases used
(He, Hy, N3, COy, and CO) were of >99.9% purity. A gas
mixture containing 3 vol% CO, 7.5% H,0O, and N; balance
was used for catalytic tests. Steam was provided to the system
via a steam generator consisting of a hollow cylinder (50 mm
i.d., 150 mm long) packed with quartz wool. Water was fed by
a pulse-free syringe pump (ISCO series D) into the steam gen-
erator via a long (5 m) capillary tube to obtain a stable water
concentration. The whole system was heated to 125 °C to avoid
condensation of H>O. The feed was adjusted in bypass mode
to obtain constant CO/H,O/N; (= 3/7.5/89.5 mol/mol%, N as
an internal standard) before the experiment. The total flow rate
of the feed gas into the reactor was kept at 350 ml/min using
Brooks mass flow controllers. The inlet and outlet gases (CO,
CO», Hy, H>0, and N»,) were analyzed using Varian Micro GC
(CP4900) using MS5 and PPQ columns.

2.4. Pulse experiments

Kinetic transient pulse experiments were performed at
300 °C, using a fixed-bed reactor. The details were described
in Part 1 [2].

3. Results and discussion

Physical and chemical characteristics of the catalysts such
as BET surface area, composition (XRF), and Pt dispersion are
summarized in Table 1. The surface area of the catalysts var-
ied from 22 m? /g for Pt/ZrO, to 147 m? /g for Pt/Tip gCe20;.
All catalysts had comparable Pt dispersions of around 60 £ 5%,
except for Pt/Tig 5Zr9 50, (45%), demonstrating that this set of
catalysts with comparable Pt loadings and dispersions was suit-
able for determining the effect of the support on the catalytic
performance.

3.1. Catalytic performance
To account for the small differences in Pt dispersions and

loadings, catalyst activities are expressed in TOF (s~!), the
number of molecules converted (CO) or produced (Hz, CO3)

Table 1
BET surface area, metal loading and Pt dispersion of the mono metallic cata-
lysts used in this work

Catalyst SRET (m2/g) XRF Pt H/Pt
(0.5 wt% Pt) support (Wt%) (%)
ZrOy 22 0.47 60
Tig 5219507 145 0.53 45
Ce(.8Zr9»0n 100 0.52 63
Tip.§Ce 202 147 0.49 65
CeO, 81 0.54 65
Ce(.5Zrp 502 107 0.58 62
Tig 5Ceo.502 88 0.50 60
TiOy 48 0.49 55
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Fig. 1. Turn over frequency (TOF) for the WGS reaction on various cata-
lysts using partial pressure of 60 and 150 mbar for CO and H;O, respec-
tively, P =2 bar, and HSGV = 2,100,000 h~!. Data are shown for 0.5 wt%
of Pt on different supports: (A, 4) ZrO,; (B, W) Tip5Zrg50,; (C, A)
Cep.8Zrp202; (D, O) TiggCep202; (E, M) CeOy; (F, &) Ceg5Zro 502;
(G, @) Tig 5Cep507; (H, A) TiO,.

per surface Pt atom and per second. CO conversion was kept
below 15%, working close to differential conditions. All cata-
lysts tested were selective to Hy. Methane formation was below
the limit of detection (<10 ppm), and the rate of hydrogen for-
mation was equal to the rate of CO, formation (+2%).

Fig. 1 presents the intrinsic activities by TOF for hydrogen
formation during the WGS reaction over the catalysts stud-
ied. The figure shows, in agreement with other studies [5,27,
28], that the oxide support had a strong influence on the rate
of hydrogen formation. Among the catalysts studied, Pt/TiO»
was the most active. Activity followed the order Pt on TiO»
> Tig5Cep502 > Ceps5Zrg50, ~ CeOy > TiggCepr202 >
Cep.§Zrp 20, > Tigs5Zr9502 > ZrO,. Recalling that the order
of activity for single-oxide supports was Pt/TiO, > Pt/CeO; >
Pt/ZrO,, it can be seen that mixed-oxide supports did not result
in enhanced catalytic performance. In order of activity, they are
between that of single oxides, indicating performance of oxide
mixtures. However, the red—ox capacity of Pt/Tip 5Ce 50, was
much higher than that of the individual Pt/TiO; or Pt/CeO,,
based on experiments with subsequent pulsing of CO and H,O
over Pt/Tip5Ce 50, catalyst (Fig. 2). This was substantiated
by the amount of CO; formed during CO pulses (553, 68, and
51 pmol gf1 CO, for Pt/Tig5Cep50,, Pt/CeO,, and Pt/TiO;,
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Fig. 2. CO and H;O pulse results over 0.5% Pt/Tig 5Ce( 50, catalyst at 300 °C.

respectively [2]). Therefore, Pt/Tip5Ce 50, is not a physical
mixture of Pt/TiO; and Pt/CeO,. The mixed-oxide support must
be, at least partially, a solid solution, influencing the catalytic
properties as well as red—ox properties; unfortunately, XRD did
not reveal any details. Based on these data, we can conclude that
increasing the oxygen mobility and redox capacity of the sup-
port did not significantly improve catalyst performance under
the WGS conditions that we studied.

Two Pt/TiO; catalysts with different Pt metal dispersions
(55 and 35%) showed the same TOF for hydrogen formation
(10 s~! at 300 °C), indicating an absence of particle size effects
on catalytic activity. We showed earlier [2] that the oxide sup-
port influences the mechanistic reaction sequence for the WGS
reaction; thus, it is not surprising to see that the support oxide
influenced the catalyst activity.

3.2. Catalyst deactivation

Catalyst stability with time on stream is one key factor
that must be taken into account when considering commer-
cial applications of the catalyst. For example, Pt/CeO; is often
cited as the most promising single-stage WGS catalyst [7-9].
However, earlier studies have made little mention of catalyst
stability. Fig. 3a shows changes in relative activity (normal-
ized to its initial activity) for Pt/CeO,, Pt/TiO,, Pt/ZrO,, and
Pt/Tip 5Cep 50>, comparing initial catalyst activity, activity af-
ter 20 h on a WGS reaction stream, and activity after regener-
ation of the used catalyst with O, at 450 °C. Fig. 3b shows Pt
dispersions for these catalysts before and after the 20-h activ-
ity tests. All of the catalysts except Pt/ZrO; lost about 40% of
their initial activity after 20 h of testing. Pt/ZrO; showed sta-
ble activity; recall, however, that it had the lowest activity (see
Fig. 1). Therefore, it was not considered for further study.

Because the oxide-supported Pt catalysts are bifunctional in
the WGS shift reaction [2,4,5,27,28], loss of activity may be
caused by deactivation of Pt or oxide surface sites, or both. In
Pt/CeO;, no Pt sintering was observed during time on stream.
The Pt dispersion was 65% on fresh catalyst and 67% on
used catalyst (see Fig. 3b), even though the catalyst showed
strong deactivation. Oxidative treatment at 450 °C for 1 h al-
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Fig. 3. (a) WGS CO conversion (normalized) at 300 °C as for Pt/CeO,, Pt/TiO,
and Pt/Tip 5Ceq 50,; conditions: partial pressure of 60 and 150 mbar for CO
and H;O, respectively, P = 2 bar, and GHSV = 1,025,000 hl. (b) Pt disper-
sion; before test and after 20 h test on the stream.

Pt/TipsCep 50,

lowed almost complete recovery (95%) of initial catalyst activ-
ity (Fig. 3a). As shown earlier [2], stable oxygenates (formate
and/or carbonate) are formed on ceria while contacting the cata-
lyst with CO. Moreover, on Pt/CeQ;, part of the “C”-containing
species was retained on the surface even in the presence of H,O
at 300 °C. Because formate is reactive in the presence of H>O,
we concluded [2] that the “C” specie must consist mainly of
carbonates:

CO; + O) = CO3(). ey

This is in agreement with the stability of cerium carbonate up
to 430 °C under WGS conditions [29].

Our conclusion is also in agreement with the findings of Liu
et al. [29], who reported instability of the Pt/CeO, catalyst dur-
ing startup and shutdown cycles due to carbonate formation.
Zalc et al. [30] attributed the deactivation of Pt/CeQO, during the
WGS reaction to “irreversible” overreduction of CeO; by Hs.
Our results (Figs. 3a and 3b) disagree with this, because oxida-
tive treatment of the used catalyst results in complete recovery
of catalyst activity.
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Fig. 4. TEM images of 0.5 Pt/TiO, (A) before test and (B) after 20 h test.

Because formates are reactive intermediates [2], we propose
that the deactivation of Pt/CeQO, catalyst was caused by reactive
self-poisoning; CO; poisons sites for water sorption/activation
via carbonate buildup on ceria. We further propose that this
carbonate buildup occurs progressively, blocking ceria sites for
the formation of reactive surface formate and thereby causing
catalyst deactivation. The poisoning of the active sites is not
reversible below 430°C, the temperature required to decom-
pose ceria carbonate under WGS conditions [29]. This will be
a problem for single-stage WGS catalysts operated at lower
temperatures, especially because the reactor feed from the hy-
drocarbon conversion step contains large amounts of CO, (2—
15% depending on the route to syngas production, i.e., catalytic
partial oxidation or steam reforming). The fact that Pt/ZrO; is
stable (Fig. 3a) agrees with the observations that no stable car-
bonates are formed during the CO pulses [2] and no Pt sintering
occurs (Fig. 3b).

In the case of Pt/TiO,, carbonate is known to be unstable
[31], and thus TiO, might have an advantage over ceria as a
support in regard to catalyst stability as well as activity. This
catalyst deactivated with time (Fig. 3a), however. Its activity
could not be restored by heating in oxygen, as was the case
for Pt/CeO;. Pt dispersion decreased during exposure to WGS
conditions from 55 to 34% after 20 h of testing (Fig. 3b).

Sintering of Pt was also visible in TEM micrographs for
fresh and used Pt/TiO, catalysts (Fig. 4). Pt particles had an
average size of 1.2 £ 0.2 nm before the 20-h activity test, in-
creasing to 2.7 £+ 0.4 nm after the test. Thus, we consider Pt
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Fig. 5. CO; response using TCD observed from the successive pulses of O, at
300 and 450 °C on Pt/TiO, catalyst after 20 h testing on the stream.

sintering and loss of metal surface area to be the main cause of
deactivation.

In the Pt/TiO, catalyst, carbon mass balance during kinetic
transient experiments [2] indicated that neither coke nor oxy-
genate species (formates, carbonates) remained on the surface.
In addition, to check whether traces of carbon deposition played
any significant role in catalyst deactivation, we performed O3
pulse titration experiments over Pt/TiO; after running the cat-
alytic test for 20 h (Fig. 5). To determine the O, consumption
and product formation, the outlet of the reactor was directly
connected to a Porapak column (5 m, 100 °C) and the thermal
conductivity detector (TCD). Downstream from the TCD, gases
were analyzed by an online mass spectrometer. For the spent
Pt/TiO, sample, three subsequent O, pulses were introduced at
300 °C, after which the temperature was increased to 450 °C
and three more O, pulses were injected.

The total amount of CO; released from the catalyst surface
during O, pulses at 300 and 450 °C was 2.8 £ 0.1 pmol/gcas.
Recall that the catalyst contained 14 umol /g, of accessible Pt;
thus, CO» also could originate from oxidation of “C” species
present on Pt. The observed CO;, corresponded to approxi-
mately 20% of the accessible Pt that might be covered with
carbon species (i.e., either adsorbed CO or deposited carbon).
Obviously, it also was possible that (part of) these deposits
resided on the support. Regardless, this carbon species did not
cause any catalyst deactivation, because oxidative regeneration
did not result in any activity increase (Fig. 3a).

The SMSI effect [i.e., the covering (blockage) of metal Pt
by reduced TiO,_, species under reducing conditions] also
could be a cause of Pt/TiO, deactivation. Typically, this oc-
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Table 2
Effect of reduction temperature (7r) on Hy chemisorption capacity (H/Pt) of
Pt/TiO; catalyst (SMSI effect)

Tx (°C) H/Pt (%)
200 55
250 54
300 54
350 42
400 34
450 15
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Fig. 6. Effect of reduction temperature (SMSI) on Pt/TiO, activity in WGS re-
action; using partial pressure of 60 and 150 mbar for CO and H;O, respectively,
T =300°C, P =2 bar, and HSGV = 1,050,000 h—!. (A) reduced at 300 °C;
(B) reduced at 350 °C; (C) reduced at 400 °C. Lines are just to guide the eye.

curs at above 250 °C for Pt/TiO, [32]. Table 2 shows the effect
of reduction temperature (7r) on the hydrogen chemisorption
capacity for the Pt/TiO; catalyst. Indeed, reduction at tempera-
tures above 300 °C induced SMSI. The chemisorption capacity
(H/Pt) dropped from 55 to 15% when the reduction tempera-
ture increased from 300 to 450 °C. Fig. 6 shows the catalyst
activity (CO conversion) for three different samples of Pt/TiO;
after reduction at 300, 350, and 400 °C. As shown in this fig-
ure, catalyst activity was affected for only few minutes, and
rapid reactivation was obvious with time on stream. Thus, the
SMSI effect, if present, is almost immediately lost under the
WGS reaction conditions. This agrees with the observation by
Haller and Resasco [32] that H,O can reverse the SMSI state.
Therefore, we exclude any influence of SMSI on the deactiva-
tion observed.

In short, we exclude the possibility that carbon deposits, for-
mation of any stable carbonate, or SMSI contributed to catalyst
deactivation. Pt sintering and the corresponding loss of metal
surface area was the only cause of the Pt/TiO, deactivation.
Nonetheless, why Pt did not sinter when supported on CeO»
or ZrO; under similar conditions remains unclear.

Among the mixed-oxide supports, Ceg 5Tip 50, was studied
in a more detail. For Pt/Tip 5Ce 50, the activity and deacti-
vation profile were between those for ceria- and titania-based
catalysts. Figs. 3a and 3b show that both Pt sintering and for-

mation of carbonaceous species on the surface caused catalyst
deactivation. Oxidative treatment with O, at 450°C for 1 h
(Fig. 3a) allowed partial recovery (up to 70%) of initial catalyst
activity. Moreover, Pt dispersion for fresh catalyst was 60% and
dropped to 47% after 20 h of testing. The role of carbonaceous
species on catalyst deactivation is also confirmed by the results
of subsequent pulsing of CO and H;O over Pt/Tig5Ceq 50>
(Fig. 2). During the CO pulses, 687 pmol/g of CO was con-
sumed and 553 umol/g of CO, was formed. As in the case
of Pt/CeO; [2], no hydrogen was observed. When H,O was
pulsed consecutively, both H, and CO, (30 umol/g.,) were
observed. Carbon mass balance indicated that 15% of the CO
introduced (104 pmol/gc,) Was retained on the catalyst surface
as carbonaceous species, causing a loss of active sites and in-
ducing deactivation.

These observations confirm that, similar to the findings for
catalyst activity discussed above, the stability of mixed-oxide
based catalysts were again between that of the single-oxide
based catalysts. The mixed oxide was at least partly truly mixed,
as discussed above as well. Nevertheless, it is obvious that no
synergy whatsoever was obtained for both activity and stability.

3.3. Development of a stable and efficient catalyst

The Pt/TiO, catalyst can be considered a promising cata-
lyst for industrial applications in single-stage WGS, provided
that Pt dispersion on titania can be maintained under WGS
conditions. For Pt/Al,O3-reforming catalysts, deactivation has
been attributed to Pt sintering and coke formation. It has been
recognized that adding a second metal [i.e., rhenium (Re) or
tin (Sn)] can improve the lifetime of Pt/Al,O3 through prevent-
ing sintering by occupying Pt grain boundaries and suppressing
coke formation by promoting hydrogenation of coke precur-
sors [33-39]. Rezgui et al. [34] and Reitmaier et al. [35] re-
ported that the Pt—O-Al bond is strengthened by the addition
of Re, which helps anchor the Pt and maintain its dispersion.
Further conversion of carbonaceous species on the support sur-
face to the more inert graphitic carbon is suppressed. Coq and
Figueras [38] and Dautzenberg et al. [39] proposed that adding
Sn on Pt/Al,O3 changes the intrinsic catalytic properties of Pt,
weakening the Pt—C bond during reforming reactions and lead-
ing to changes in selectivity and reduced coke formation on
platinum. Recent studies [40,41] reported that the activity of
Pt/TiO; catalyst for the WGS reaction can be enhanced by the
addition of Re; however the reason for the improved catalyst
activity remains unclear. Moreover, catalyst stability was not
discussed at all.

Fig. 7 shows the WGS activity for 0.5% Pt/TiO,, 0.5% Pt—
0.48% Re/TiO2, 0.5% Re/TiO3, and 0.5% Pt-0.3% Sn/TiO,
catalysts as function of time on stream at 300 °C. The figure
clearly shows that adding Re to Pt/TiO, improved catalyst sta-
bility. The catalysts showed almost no deactivation during 20 h
time on stream. The Pt—Sn/TiO, catalyst was also stable, but
because it demonstrated very low activity, it is of no further in-
terest. To check the influence of Re on the Pt/TiO, catalyst, Pt
dispersion was measured for both the Pt/TiO, and Pt—Re/TiO»
catalysts before and after the 20-h activity test (Fig. 8). Both
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Fig. 7. WGS rates at 300 °C as a function of time on stream for (A) 0.5% Pt/
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Fig. 8. Pt dispersion of 0.5% Pt/TiO; and 0.5% Pt-0.48% Re/TiO; using CO
chemisorption; before test and after 20 h test on the stream.

catalysts demonstrated almost identical Pt dispersion before
testing: 49% for Pt/TiO; and 50% for Pt—Re/TiO,. After the
activity tests, Pt/TiO, lost 36% (relative loss) of the initial Pt
dispersion; Pt—Re/TiO, was affected much less significantly
(8% loss). TEM measurements on fresh and deactivated Pt—
Re/TiO; catalysts confirmed this finding (Fig. 9). Pt particles
on Pt—Re/TiO,, before and after the 20-h test had an average
size of 2.1 £ 0.3 nm. These findings demonstrate that the ad-
dition of Re indeed improved the stability of Pt particles by
preventing sintering.

It is remarkable that Re not only stabilized the Pt/TiO»
catalyst, but also enhanced activity, that is, the rate of H pro-
duction. By itself, Re/TiO, demonstrated no activity in the
WGS reaction (Fig. 7). In our case, the activity increase for Pt—
Re/TiO, was not due to improved Pt dispersion in the presence
of Re, as claimed by lida and Igarashi [40]. The two catalysts
tested, Pt/TiO; and Pt—Re/TiO», had very similar Pt dispersions
but differing activities (95 and 125 pumol Ha/(gcat S), respec-
tively).

Fig. 9. TEM images of 0.5% Pt—0.48% Re/TiO;: (A) before test and (B) after
20 h test.

To elucidate the role of Re in the WGS reaction sequence, it
is essential to determine the form in which it is present in the
Pt—Re/TiO, catalyst under in situ WGS conditions. Based on
XPS and XAS techniques, Onuferko et al. [42] found that the
Re in Pt-Re/Al, O3 existed in an oxidized state (IV) even after
in situ reduction at 485 °C. An ESR study by Nacheff et al.
[43] also confirmed the existence of Re (IV) along with Re (0)
in Pt-Re/Al,O3 reduced at 500 °C. Huang et al. [44] showed,
by TEM/EDX analysis, that most of the Re in Pt—Re/Al,O3
reduced at 400 °C was present as ReO».

Our own XPS measurements of 0.5% Re/TiO,, 0.5% Pt/
TiO,, and 0.5% Pt—0.48% Re/TiO, after ex situ reduction with
Hj at 300 °C also suggest that at least part of Re was present as
ReO, (Fig. 10). Fig. 11 shows the TPR profile of Pt—Re/TiO»
catalyst. The reduction profile is complex, with four different
reduction stages. In accordance with data reported previously
[26,45,46], the first peak corresponds to reduction of Pt, and the
three subsequent peaks correspond to reduction of ReO,. Two
observations are important for our current discussion: (i) Com-
plete reduction of ReO, to Re” occurs only above 500 °C, and
(ii) part of the ReO, can be reduced under WGS conditions
(300 °C/H,). We speculate that ReO, provides an additional
reaction pathway for HoO sorption/activation and thereby im-
proves the catalyst activity. This is a subject of ongoing detailed
investigation.
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Fig. 10. XPS spectra for Re 4f in 0.5% Pt/TiO,, 0.5% Re/TiOp and 0.5%
Pt-0.48% Re/TiO, catalysts after reduction at 300 °C.
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Fig. 11. Hp-TPR profile of Pt-Re/TiO,. Heating rate was 10 °C/min; gas con-
tains 15% H» in Ar. The gas flow was 20 ml/min.

4. Conclusion

Our findings indicate that the nature of the oxide support has
a significant influence on the activity and stability of the cat-
alysts in the WGS reaction. The Pt/TiO, catalyst showed the
best activity for the WGS reaction among the catalysts studied,
even better than Pt/CeO,, which is often cited as a promising
catalyst for fuel cell applications. Using mixed oxides as cata-
lyst supports did not improve the activity despite the enhanced
red—ox properties of the mixed-oxide supports compared with
the single-oxide supports.

The Pt/CeO, catalyst suffered from deactivation caused by
self poisoning, that is, formation of stable carbonate on the ce-
ria surface. The surface carbonates blocked the WGS reaction

sequence by preventing the creation of seemingly crucial for-
mate intermediates. Carbonates caused no deactivation on the
Pt/TiO; catalyst, because carbonates were not stable on titania
under WGS temperatures. Pt/TiO, deactivation was caused by
Pt sintering exclusively. Accordingly, the stability of Pt/TiO»
can be improved by adding Re, which prevents Pt sintering. In
addition, the presence of Re increased the catalytic activity of
Pt/TiO,. We propose that part of the Re was present under re-
action conditions in oxidized form (ReO,).
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