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Abstract

The catalytic activity of M/TiQ catalysts (M= Pt, Rh, Ru, Pd) for the water—gas shift (WGS) reaction has been investigated in the
temperature range of 150-4%0 with respect to the structural and morphological praps of the dispersed metallic phase and the support.
It has been found that the turnover frequency (TOF) of CO conversion varies in the order &Pt Ru > Pd, with Pt being about 20
times more active than Pd. The activation energy of the reaction is practically the same for all metals examined. Conversion of CO at a given
temperature increases significantly with increasing metal loading in the range of 0.1-5.0 wt%. However, activation energy and TOF do not
depend on the morphological and structural eletaristics of the metallic phase, such as logdidispersion, and csyallite size. This has
been clearly shown in the case of Pt/}i€atalysts, where the TOF of CO conversion wasid to be independent tife Pt crystallite size
in the range of 1.2 to 16.2 nm. The effect of the morphology of the support on catalytic performance has been investigated over Pt catalysts
supported on four commercial titanium dioxide carsiwith different structural characteristi(surface area, primary crystallite size of 3O
It has been found that conversion of CO at low temperatuwe300°C) is significantly improved when Pt is dispersed on F&amples of
low crystallite size. The turnover frequency of CO increasgmaentially with decreasing theiprary crystallite size of TiQ, accompanied
by a substantial decrease of the apparent activation energy of the reaction. In particular, the rate per surface Pt atom increases by more tha
two orders of magnitude with decreasing crystallite size ofaTi@m 35 to 16 nm, with a parallel decrease of activation energy from 16.9
to 11.9 kcafmol. It is concluded that noble nadtcatalysts highly dispersed on tilam dioxide carmers with small TiQ crystallite size are
promising candidates for use in low-temperature WGS reactors for fuel cell applications.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction netics at higher temperatures. As a result, two WGS reactors
are typically employed in industry: a high-temperature shift
The water—gas shift (WGS) reaction is an important step (HTS) reactor, operating at 350—4380, for rapid CO con-
in a number of chemical processes, typically employed for version, and a low-temperatshift (LTS) reactor, operating
the production of hydrogen by conversion of carbon monox- at 180-250C, for achievement of lower equilibrium CO

ide in the presence of water: contents. Conventional HTS catalysts, usually Fe—Cr oxide,
are inactive at temperatures below 3@ while Cu-ZnO-

CO+HO« COz;+Hy, AH=-411kJmol. Al O3 catalyst formulations, used for LTS reaction, degrade
above 250C.

The WGS technology is well established and widely used
in large-scale steady-state operations, such as hydrogen o

ammonia plants. The reaction is moderately exothermic andcell technology and the need for developing fuel proces-

eqwhbnum limited and, therefore, low CO Ieyels can only. sors capable of converting carbonaceous fuels into hydro-
be achieved at low temperatures, however, with favorable ki- gen[L,2]. A fuel processor typically consists of a reformer,

which converts the fuel into a hydrogen-rich gas stream,

* Corresponding author. Fax: +30 2610 997853. and a water—gas shift unit, which converts by-product car-

E-mail address: dimi@chemeng.upatras.¢D.|. Kondarides). bon monoxide into additional hydrogen. In certain cases, as

The interest for the WGS retaan has grown significantly
the last few years, as a resaf the advancements in fuel
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in polymer electrolyte membree (PEM) fuel cell applica-  reaction. The aim is to develop stable LT-WGS catalysts suf-
tions, an additional cleanup step, e.g., preferential oxidation ficiently active at reaction temperatures lower than 250
(PROX) or methanation, is required to reduce CO levels to In the present study, the effect of structural and morpholog-
less than 50 ppm, as dictated by the poisoning limit of the Pt ical characteristics of the dispersed metallic phase and the
electrodeg1,2]. In such cases, the WGS catalyst should be supportis investigated over Pt, Rh, Ru, and Pd catalysts sup-
active at temperatures in the range of 200-280depend- ported on titanium dioxide carriers.
ing on the inlet gas composition, in order to be able to reduce
CO concentration to the desired level (0.5-1.02})

Conventional industrial catalysts cannot be used for mo- 2. Experimental
bile and small-to-medium-scale fuel cell applications for
power generation, mainly due to restrictions in volume, 2.1. Catalyst preparation
weight, and cost. In addition, Fe—Cr and Cu—ZnQOx2y
catalysts are pyrophoric and must be sequestered during sys- Catalysts were prepared by impregnation of titanium
tem shutdown when only air flows through the system. Fur- dioxide powder with an aqueous solution of the corre-
thermore, both catalysts netabe carefully activated before  sponding metal precursor salt (Rh(3)@ Ru(NO)(NG)s,
use, requiring lengthy preconditioning steps. It is, therefore, (NH3),Pt(NG;)2, and (NH)2Pd(NG)2). The resulting
evident that novel WGS catalysts need to be developed toslurry was heated slowly at P@€ under continuous stirring
meet the necessary criteria for use in fuel processors. Nobleand maintained at that temperature until nearly all the water
metal catalysts may offer significant advantages compared toevaporated. The solid residue was dried at i @or 24 h
conventional ones, including high activity at a wider temper- and then reduced at 30C (400°C for Ru catalysts) in Kl
ature range, no need of activation prior to use, no degradationflow for 2 h. The metal loading of the catalysts thus pre-
on exposure to air or temperature cycles, and availability of pared varied between 0 and 5 wt%. In certain cases, where
conventional wash-coating technologies, which may result catalysts with large Pt crystallites were desired, the dried

in reduced size and weight and improved ruggedness. samples were calcined in air at 600 or ?7@for a period of
The WGS reaction has been investigated over a variety 2 or 4 h and then reduced irpts described above. In most
of metal catalysts, including H8,4], Rh [3-5], Ru [3,6], cases, the Ti@carrier used for catalyst preparation was De-

Pd[3,7], Au [3,8-11] Re[3], Os|[3], Ir [3,12], Ag [10], gussa P25. Three more types of commercialsTpowders,

Cu[3,10,13] Ni [3,7,13] Fe[3,7], and C0[3,7], supported denoted as UV, PC, and AT (s&able 1for notations), were

on oxide and mixed oxide supports. Among the various used to study the effect of morphological characteristics of

metal-support combinations examined so far, the PtfCeO the support on the WGS activity of Pt catalysts.

catalyst seems to be a promisicandidate, characterized by

high activity at low-to-medium reaction temperatures. How- 2.2. Catalyst characterization

ever, recent studies under catimhs typical of a reformer

outlet showed a progressive deactivation of ceria-supported  Specific surface areas of supports and catalysts were mea-

noble metal§14]. This has been attributed to the irreversible sured with the BET technique with the use of a Micromerit-

reduction of the suppoft4] and/or to structural changes and ics (Gemini Ill 2375) instrument, employing nitrogen ph-

sintering of the metallic phagé5,16]. ysisorption at the temperature of liquid nitrogen. Prior to
A detailed investigation is being carried out in this labo- each measurement, the sample was dried atC20nder

ratory in an attempt to identify the key parameters that deter- helium flow passing through the sample cell.

mine the catalytic activity of supported noble metal catalysts  X-ray diffraction (XRD) patterns of bare and metallized

for the WGS reaction and to explore the mechanism of the titanium dioxide samples were obtained on a Philips P (PW

Table 1
Phase composition, primary crystallite size, and specific surface area pEliiports and 0.5% Pt/Tilcatalysts
Product TiQ (as-received powder) 0.5% Pt/T30
Notation ~ Composition TiOp crystal ~ Surface area Fresh catalyst Conditioned catalyst
(% anatase)  size (nm) (m?/g) TiO, crystal ~ Surface area TiOs crystal  Surface area
size (nm) (m2/g) size (nm) (m2/g)
Hombikat UV-100 uv 100 ~9 238 12 104 16 71
Sachtleben Chemie
PC-500 PC 100 ~9 159 11 111 18 64
Millennium Chemicals
P-25 P25 75 23 41 25 41 25 39
Degussa
AT-1 AT 100 30 8 33 8 35 8

Millennium Chemicals
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1830/40) powder diffractometer. Scans were collected in the
range of 2 between 20 and 80with a scanning rate of
0.05/s. The ratio £a) of anatase in the Ti@samples was
estimated usin§l7]

xa = [1+ 1.26(1r/1n)] (1)

where I and Ir are the integral intensities of the anatase
(101) and rutile (110) reflectionsespectively. The primary
crystallite size of TiQ (drio,) was calculated by means of
Scherrer’s equatiofi 8],

0.94
— (2)
B cosh

where is the X-ray wavelength corresponding to Cy-K
radiation (0.15406 nm)B is the broadening (in radians) of
the anatase (101) reflection, afds the angle of diffraction
corresponding to the peak broadening. It should be note
that dtio, refers to the average size of the individual crys-
talline domains, rather than the size of particles formed by
the agglomeration of crystals. As a result, the tgnmary
crystallite size used here indicates the X-ray-scattering do-
main size which may or may not correspond to physical
particle dimensions.

Catalysts were characterized in terms of their dispersion
and mean crystallite size bysHthemisorption at 25C for
Ptand Rh, 60C for Pd, and 100C for Ru samples. Adsorp-
tion isotherms were obtained with the volumetric technique
in the pressure range of 0-75 Torr employing a modified
Fisons Instruments (Sorptomatic 1900) apparatus. Prior to

Tio, =

d
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(CO, Hp, He), a syringe pump (Braintree Scientific Inc.),
which is used for feeding water, and a set of valves, which
allows selection of gas feembmposition and introduction of
the gas mixture to the reactor or to a by-pass loop stream.
Water is pumped into a vaporizer where it is vaporized and
heated to 170C and mixed with the gas stream coming from
the mass-flow controllers. The resulting gas mixture is then
fed to the reactor through sta@ds-steel tubing maintained
at 150°C by means of heating tapes.

The reactor consists of a 25-cm-long quartz tube (6 mm
0.d.) with an expanded 1-cm-long section in the middle
(8 mm i.d.), in which the catalyst sample is placed. Reaction
temperature is measured in the middle of the catalyst bed by
means of a K-type thermocougplaced within a quartz cap-
illary well, which runs through the cell. The reactor is placed
in an electric furnace, the temgadure of which is controlled
using a second K-type thermocouple placed between the re-
actor and the walls of the furnace. A pressure indicator is
used to measure the pressure drop in the catalyst bed.

The analysis system consists of a gas chromatograph
(Shimadzu) interfaced to a personal computer. The chro-
matograph is equipped with two packed columns (Porapak-
Q, Carboxen) and two detectors (TCD, FID) and operates
with He as the carrier gas. The injection of the gas mix-
ture to the desired column is achieved by means of two
six-port valves heated at 18C. Determination of the re-
sponse factors of the detectors has been achieved with the
use of gas streams of known composition (Scott specialty
gas mixtures). Reaction gases (He, 10%CO/H# afie sup-

each measurement, the catalyst sample (ca 1.0 g) was preplied from high-pressure gas cylinders (Messer Griesheim

treated by (a) dynamic vacuum at 28D for 1 h; (b) re-
duction with 1 bar of H at 250°C for 1 h, (c) evacuation for
30 min at 250 C, and (d) cooling down to the chemisorption
temperature. The hydrogen uptake at monolayer coverag
was obtained for each catalysy bxtrapolation of the ad-
sorption isotherm to zero pressure. The exposed surface are
of metal M (M= Pt, Ru, Rh, Pd) was calculated assuming
a H:M stoichiometry of 1:1, and an atomic surface area of
8.9 A? for Pt, 8.6 & for Ru, 7.6 & for Rh, and 7.8 A& for

Pd. The crystallite sizes of the dispersed metals were esti-
mated from the Kl chemisorption data, assuming spherical
particles, using the relation,

. 6
~ pmSm’

dm 3)
wheredy is the mean crystallite diameteiy is the surface
area per gram of metal, ang is the density of metal M.

2.3. Catalytic performance tests and kinetic measurements

Catalytic performance tests have been carried out using
an apparatus which consists of a flow measuring and con
trol system, the reactor, and an on-line analysis system. Th
flow system is equipped with a set of mass-flow controllers
(MKS) to control the flow and composition of the inlet gases

e

GMBH) and are of ultrahigh purity.
In a typical experiment, an amount of 100 mg of fresh
catalyst (018 < d < 0.25 mm) is placed in the reactor and

ereduced in situ at 300C for 1 h under a hydrogen flow of

60 c¢/min. The catalyst is then heated at 3@under He
flow and left at that temperature for 15 min. Finally, tem-
perature is lowered to 45@€ and the flow is switched to
the reaction mixture, which consists of 3% CO-10%Hn

He. The catalyst is conditioned at this temperature for 1 h
and then the conversions of reactants and products are de-
termined using the analysis system described above. Similar
measurements are obtainedldwing a stepwise lowering

of temperature, until conversion of CO drops close to zero.
A few more measurements are then obtained by stepwise
increasing temperature to cheftk possible catalyst deacti-
vation. In all cases, data poinare averages of at least three
measurements. All experimenivere performed at near at-
mospheric pressure.

Measurements of reaction rates were obtained in sepa-
rate experiments where th@mversions of reactants were
kept below 10% so that differential reaction conditions could
be assumed, with negligibleeht and mass-transfer effects.
Rates were calculated using the following expression,

(CEo—CEYF

rco= W (4)

’
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whererco is the conversion rate of CO (mdtlsgc_alt), Fis 25% rutile, all samples consist of TiOn its anatase form.

the total flow rate (molst), W the mass of catalyst (g), and The primary crystallite size of Ti§) determined by XRD
Cg‘o, Cgtg are the inlet and outlet concentrations of CO, re- peak broadening, and the BET surface area of the powders
spectively. These resultslomg with the measurements of vary significantly from one sample to another, ranging from
metal dispersion, were used to calculate the turnover fre-9 nm (238 n?/g) for UV to 30 nm (8 n?/g) for AT (Table J).
guencies (TOFs) of carbon monoxide, defined as moles of Interestingly, the as-received UV and PC samples, although
CO converted per surface metal atom per secont)(s having similar primary crystallite size{9 nm), possess sig-
nificantly different BET surface areas (238 and 159/q)

TOF= rcoABu , (5) respectively). This is most likely due to the higher degree of

DXwm crystallite aggregation in the PC sample and the formation of
where ABy represents the atomic weight of metal My clusters, which results in lower microporosity and, therefore,
the metal content (get/9cat, and D the metal dispersion. to a lower BET surface area.

It should be noted that rates were highly reproducible as BET and XRD measurements showed that the surface
can be evidenced from the TOFs measured over the 0.5%areas of the UV and PC supports decreased after metal de-
PUTIO, catalyst Fig. 4, vide infra), which correspond to  position and reduction with $(300°C, 2 h), accompanied
measurements obtained from four different experiments con-by an increase of the crystallite size of B\ further mor-
ducted during the period of the present study. phological change toward the same direction was observed

to occur after conditioning of the catalysts following the pro-
cedure described in the experimental section (15 min in He

3. Resultsand discussion at 500°C followed by exposure to the reaction mixture at
450°C for 1 h). The above changes were more pronounced
3.1. Physicochemical characteristics of supports and for the high surface area samples (UV, PC) and less signifi-
catalysts cant or negligible for the low surface area samples (P25, AT)
(Table 1.
The diffractograms obtained from the as-received tita- An example of the effect of the above treatments on
nium dioxide powders used as supports are showignLl the XRD patterns of the materials is given Fig. 2,

It is observed that, with the exception of P25 which contains

(101)
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(105 (@11
\
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W e
MM ' I

T T T T T T 20 30 40 50 60 70 80

20 30 40 50 60 70 80 . )
Diffraction angle (20
Diffraction angle (26) Hract gle (26)

Fig. 2. X-ray diffractograms obtained from (a) the as-received, (i)
Fig. 1. X-ray diffractograms of commercial Tipowders used as supports,  support, and from the reduced 0.5% Pt/3{OV) catalyst (b) before and
with reflection planes of anatase and rutile (*) phases indicated. (c) after conditioning at high temperature (see text).
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Table 2 100
Physicochemical characteristics of M/Ti@atalysts and their activation en- J
ergies for the WGS reaction —~
— X 804
Catalyst Metal Metal Metal Activation N
loading dispersion  crystallite size energy @) i
(Wt%) (%) A) (kcal/mol) O
PUTIO(P25) 01 72 14 157 w 60+
0.5 87 12 157 O ]
2.0 52 20 164 s
5.0 33 31 156 ‘o 404
Ru/TiOp(P25) 01 100 10 163 5
0.5 46 21 157 > 1
1.0 40 24 157 c
2.0 29 32 142 8 20+
5.0 21 45 117 i
Rh/TiIOy(P25) 05 88 12 168
PA/TIOy(P25) 05 67 17 171 0 - T T T T T T
Ptlgcl)gzgj (22531) 20 28 37 168 200 300 400 500
° o
600°C (2h) 50 88 115 156 Temperature ("C)
650°C (4h) 50 6.4 160 175
700°C (4h) 50 6.3 162 173 Fig. 3. Effect of reaction temperature on the conversion of CO obtained
PUTIOH(UV) 05 14 73 119 over Pt, Rh, Ru, and Pd catalysts (0.5 wt%) supported on(H25). Mass
Pt/TiO,(PC) Q5 62 16 124 of catalyst, 100 mg; particle diameter,18 < dp < 0.25 mm; feed compo-
PU/TIO,(AT) 0.5 47 22 169 sition, 3% CO, 10% HO (balance He); total flow rate, 200 égmin.

where the diffractogram of the as-received T{OV) carrier

measurable conversions at temperatures above@5¥co

(trace a) is compared to those obtained after Pt depositioniNcréases with increasing temperature and reaches equilib-
(trace b) and conditioning of the catalyst at high temper- "lum at ca. 4006C. The conversion curves obtained from
atures (trace c). It is observed that the above treatmentsRh @nd Ru catalysts are similar to each other but shifted to-
resulted in an increase of the primary crystallite size of;Tio  Ward higher temperatures, compared to that of Pt. The Pd
from 9 to 16 nm Table 9, as evidenced by the narrow- catalystis significantly less active than the other samples ex-
ing of the XRD reflections and the increased resolution of @mined, giving measurable conversions above’Z5Qvhile
neighboring peaks (e.g., of (105) and (211) planes). This temperatures higher than 450 are necessary to achieve
was accompanied by a substantial change of the BET surface@quilibrium CO conversionsHg. 3.
area of the material, which decreased from 238 to #1gn Turnover frequencies of CO conversion were determined
It should be noted that similar measurements obtained overfrom separate kinetic measurements obtained under differ-
the “spent” catalysts showed that the morphological charac-ential reaction conditions, taking into account the results of
teristics of the conditioned samples did not further change Selective chemisorption of H(Table 3. Results are sum-
during kinetic measurements catalytic performance tests. marized in the Arrhenius-type diagram®iy. 4, where the
In all cases, the phase Composition of Fidd not Change TOFs obtained from the Catalysts examined are p|0tt9d as
measurab|y_ This is rather expected since temperatures typ.functions of reaction temperature. It is observed that cat-
ically higher than 600C are necessary for the transition of ~ alytic activity depends appreciably on the nature of the dis-
anatase to rutile. persed metallic phase, and varies by a factor of 20 in the
The physicochemical characteristics of the various,TiO ~ order of Pt~ Rh> Ru > Pd. For example, the turnover fre-
supported Pt, Ru, Rh, and Pd catalysts synthesized in thequencies measured at 28D are 0.46 s for Pt, 0.16 s*
present Study are summarizedTiable 2 for Rh, 0.07 §1 for Ru, and 0.027_81 for Pd G:ig. 4). Dif-
ferent rankings of noble metals, with respect to their activity
for the WGS reaction, have been reported in the literature.
For example, Grenoble et 4B] found that activity varies
The effect of the nature of the dispersed metal on cat- in the order of Ru> Pt > Pd~ Rh over AbOs-supported
alytic performance was investigated over noble metal cat- catalysts, while Bunluesin et glL5] reported that rates are
alysts with the same metal loading (0.5 wt%) supported on essentially the same for Ce@upported Pt, Pd, and Rh cat-
TiO,(P25). Results are presentedrig. 3, where the conver-  alysts. These differences may be attributed to the different
sion of CO (X¢o) obtained over Pt, Rh, Ru, and Pd catalysts nature of the oxide carriers used and/or, as will be discussed
is plotted as a function of reaction temperature. The equi- below, to the effect of the structural and morphological char-
librium conversion, predicted by thermodynamics, is also acteristics of the support on catalytic activity.
shown for comparison. It is observed that, under the ex- The apparent activation energies,f of the WGS reac-
perimental conditions employed, the Pt-loaded sample givestion over the four catalysts examined were calculated from

3.2. WGS activity of dispersed noble metal catalysts
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Fig. 4. Arrhenius plot of turnover frpiencies of CO conversion obtained

over Pt, Rh, Ru, and Pd catalysts (0.5 wi%) supported on(FE5). Fig. 5. Effect of metal loading on theatalytic performance of Pt catalysts

supported on Tig(P25). Experimental conditions: same a$-ig. 3

the slopes of the fitted lines shown kig. 4 and results

are summarized iffable 2 It is observed that the activa-

tion energies are practically the same for this set of cata- __
lysts (0.5% M/TiQ(P25)), taking values between 15.7 and = =1
17.1 kcafmol. This result indicates that, under the present 3
reaction conditions, the activation energy does not depend- *

on the nature of the metallic phase but, mainly, on the na- ©

ture of the support. This is iaccordance to the results of g 5.0%
Grenoble et al[3], who found thatE, varies in the range of ~ 1E-64 20% |
19.1-23.0 kcalmol over ALbOs-supported Pt, Rh, Ru, and 8 3 ]
Pd catalysts and those of Bunluesin ef&h] who reported = ] 0.5% 1
activation energies of 1t 1 kcal/mol for CeG-supported ] 0.1%Pt ]

Pt, Rh, and Pd catalysts.

1E-7 T T T T T T T T T
1.6 1.8 2.0 2.2 2.4

1000/T (K™

Fig. 6. Arrhenius plots of reaction rates obtained over P${R25) cata-
lysts of variable metal loading.

3.3. Effect of metal loading and crystallite size on catalytic
performance

The effect of metal loading on catalytic performance
has been investigated over platinum and ruthenium cata-
lysts (0-5 wt%) supported on Ti(P25). Results obtained
from Pt/TiQ, catalysts of variable metal loading are shown
in Fig. 5. It is observed that the unmetallized support is prac- the corresponding curves shows that, in general, Pt catalysts
tically inactive in the temperature range examined. How- exhibit higher CO conversions at a given temperature, com-
ever, addition of small amounts of Pt (0.1 wt%) results in pared to Ru samples of the same metal loading.

a significant increase of activity for the WGS reaction. Fur- Results of reaction rate measurements obtained over the
ther increase of Pt loading results in a progressive shift of Pt/TiO, samples of variable metal loading are shown in the
the conversion curve toward lower temperatures. The 5% Arrhenius-type diagram dfig. 6. It is observed that reaction
Pt/TiO, catalyst is active at temperatures lower thanG0  rates (per gram of catalyst) increase with increasing metal
and Xco reaches equilibrium conversions at temperatures loading. The activation energies determined from the slopes
below 300°C (Fig. 5). of the fitted lines are summarizedTable 2 It is evident that

Qualitatively similar results were obtained over Ru/ the activation energy is practically independent of Pt load-
TiO2(P25) catalysts of variable Ru content (not shown for ing. This is also the case for Ru/TiGamplesTable 2.
the shake of brevity). As in the case of Pt catalysts, conver-  Turnover frequencies calculated for the Pt/7{P25) cat-
sion curves shift toward lower reaction temperatures with alysts of variable metal loading (0.1-5.0 wt%) lie on the
increasing Ru loading from 0.1 to 5.0 wt%. Comparison of same line Fig. 7A), indicating that the specific activity of
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Fig. 7. Arrhenius plots of turnover frequencies (TOF) of CO conversion
obtained over (A) Pt/Tig(P25) and (B) Ru/TiQ(P25) catalysts of variable
metal loading and metal crystallite size.
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Fig. 8. Effect of the type of the Ti@support on the catalytic performance
of Pt catalysts (0.5 wt%). Experimental conditions: same &gn3.

of the metallic phase but only on the amount of the exposed
surface metal atoms. This finding is in accordance with the
results of Grenoble et @3] who showed that the turnover
rate of a number of metals supported on@¢ is essentially
constant over a wide range of metal dispersions. Similarly,
Wang et al[16] demonstrated that the WGS rates on a series
of Pd/ceria were strictly proportional to the Pd surface area.

3.4. Effect of morphological characteristics of the support

The effect of structural and morphological characteris-
tics of the support on catalytic performance has been in-
vestigated over Pt catalystgith the same metal loading
(0.5 wt%) dispersed on four different commercial Fi€ar-
riers (Table 1), and results are shown Fig. 8. It is observed
that, when Pt is dispersed on T@T), i.e., the carrier with
the lowest surface area (largest %i©rystallite size), the
conversion curve shifts toward higher temperatures, com-

Pt does not depend on Pt loading or crystallite size. In or- pared to that of the Pt/Ti§)P25) catalyst discussed above.

der to confirm this observation, a second set of P{R25)

In contrast, Pt catalysts supported on the high surface area

catalysts was prepared by calcining portions of the 2% and (low TiO; crystallite size) samples exhibit higher CO con-

5% Pt/TiQ samples at high temperatures (600—70D for

versions at low temperatures. However, the Pt{0Y)

a period of 2 or 4 h. The metal dispersions and mean crys-and Pt/TiQ(PC) catalysts are not able to reach equilibrium

tallite sizes of these catalysts are listedTable 2 and the
measured TOFs are also plottedRig. 7A. It is observed

that, within experimental error, the turnover frequencies of

CO conversion are essentiatlye same for a given tempera-

conversions at temperatures lower than S00under the
present experimental conditiorisig. 8).

Results of kinetic measurements obtained over the above
set of catalysts at differential reaction conditions showed

ture, over a wide range of Pt crystallite sizes (1.2-16.2 nm). that the reaction rate (per gram of catalyst) depends strongly

Similar results obtained from the set of Ru/g(®25)
catalysts of variable metal loading are shownFig. 7B.

on the type of TiQ carrier used and increases with in-
creasing surface area of the support or, conversely, with

It is observed that, as in the case of the Pt catalysts, thedecreasing the primary particle size of Bidror example,

TOF does not depend on Ru loading (0.1-5 wt%) or crys-

tallite size (1.0-4.5 nm). Results Bigs. 7A and 7Borovide
strong evidence that reactioates over titania-supported Pt

the rate at 250C increases by a factor of 20 going from
0.5% PYTIQ(AT) (1.2 pmolgts~1) to 0.5% PH/TIQ(UV)
(24.0 umolg!s1). These differences become more pro-

and Ru do not depend on the morphological characteristicsnounced if one compares the turnover frequencies deter-
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Fig. 10. Dependence of turnover dugency and activation energy of the

Fig. 9. Arrhenius plots of turnover fgeiencies obtained over Pt catalysts -
WGS reaction over Pt/Ti©catalysts on the primary crystallite size of HIO

(0.5 wt%) supported on the indicated Ti®@arriers.

mined for the above samples. As observedFig. 9, the 3.5. Mechanisticimplications
reaction rate per surface Pt atom increases by more than two
orders of magnitude (factor of 120 at 280) going from the It is generally accepted that the WGS reaction occurs
low surface (large TiQ crystallite size) to the high surface in a bifunctional manner, with the participation of both the
(small TiG, crystallite size) area samples. It is important to dispersed metallic phase and the support. Two general mech-
note that the activation energy of the reaction also varies anistic schemes have been proposed for the reaction over
depending on the Ti@support employedTable 2 and de- supported metal catalysfd]: (a) the redox or “regenera-
creases from 16.9 to 11.9 k¢atol going from Pt/TIQ(AT) tive” mechanism, accordingtwhich CO adsorbed on the
to the P/TIQ(UV) catalyst. metal is oxidized by the support, which in turn is reoxidized
As has been shown above, the turnover frequency and theby water[16], and (b) the “associative” mechanism which
activation energy of the reaction do not depend on the crys-involves interaction of CO adsorbed on the metal with a
tallite size of Pt, for catalysts supported on the same type of hydroxyl group of the support and formation of a formate-
TiO> carrier Fig. 7A, Table 3. Therefore, the differencesin  type intermediate, which further decomposes to,CG@d
TOF andE, observed over the four 0.5% Pt/TiGamples H> [19]. The applicability of the redox mechanism is by na-
(Fig. 9) should be attributed to differences in the morpho- ture restricted to catalysts supported on “reducible” carriers
logical characteristics of the supporting material. This de- and has been proposed to explain the high WGS activity of
pendence is clearly shown ffig. 10 where the TOFsof CO  CeQ-supported noble meta[d6] as well as of Au/Fg03
conversion at 250C andE, are plotted as functions of the and Au/TiG, catalystg20]. However, recent investigations
primary crystallite size of Ti@ (dtio,). It should be noted by Davis and co-workerf21,22] provided evidence which
that drio, refers to the crystallite size of the “spent” cata- favors the formate intermediate mechanism on PtAeDa-
lysts (Table 1. It is evident that decreasing the crystallite lysts. In any case, mostinvestigators agree that water adsorp-
size of TiG results in a dramatic increase of the activity tion and activation take place on the support while carbon
of dispersed Pt, which is accompanied by a substantial de-monoxide adsorbs on the dispersed metal.
crease of the activation energy of the reaction. This is in  Results of the present study show that when Pt, Rh, Ru,
accordance with the results of Bunluesin et al. obtained on or Pd is dispersed on the same type of Ji€upport, the
Pd/CeQ catalysts[15]. These authors found that calcina- apparent activation energy of the reaction does not practi-
tion of the ceria support at high temperatures, which was cally change, although the TOF of CO conversion varies by
applied to increase crystallite size of the support, resulted in a factor of 20 going from Pt to Pd~{g. 4). This implies
a decrease of the specific rate of Pd by a factor of 50 andthat, under the present reaction conditions, the dominating
in an increase of the activation energy of the reaction from contribution to the activation energy originates from a re-
11 to 21 kcalmol, compared to the catalyst calcined at low action step associated with the support (e.g., water adsorp-
temperatures. However, in a following publication, the same tion/activation, surface reaction). This is evidenced by the
group reported that the WGS rates were strictly proportional observed dependence of activation energy on the type of ti-
to the Pd surface area and that ceria crystallite size had notanium dioxide powder used as suppdiig(. 10).
effect, at least for the range of ceria crystallite sizes between  The role of the precious metal is most probably restricted
7.2 and 40 nnj16]. to CO adsorption and supply to the metal-Tilterface
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where it either interacts with hydroxyl groups to form a creasing crystallite siZR7], which is in accordance with the
formate intermediate (assative mechanism) and/or is ox- observed effect of the support on catalytic activig( 10.
idized by the reducible support to form GQedox mech- Clearly, detailed mechanistic studies are necessary to elu-
anism). The observed ranking of metal activity {PRh > cidate the mechanism of the WGS reaction over 3FiO
Ru > Pd) may then be correlated to the strength of the CO- supported noble metal catalysts.

metal bonds, as proposed by Grenoble ef3lwho found

a volcano-type relation between WGS activity of metals and
their respective CO heats of adtption. The relatively weak

(factor of 20) dependence of the rate on the nature of the dis-  The WGS activity of noble metals supported on Ti@s
persed metalRig. 4) reflects the narrow range of strengths  peen investigated with respect to the structural and morpho-
of CO interaction with the metals investigated. logical characteristics of the dispersed metallic phase and
The finding that TOF does not depend on the particle size the support. It has been found that, although the turnover fre-
of the dispersed metalF{g. 7) is rather unexpected since one  guency of CO conversion varies by a factor of 20 in the order
would argue that, for bifunctional catalysts, the active sites of pt~ Rh> Ru> Pd, the activation energy of the reaction
should be restricted to the metal—-supportinterface. However,jg essentially the same for all metals examined. Reaction
results of the present study show that this is not the case, afates, per gram of catalyst, increase significantly with in-
least for PU/TIQ and Ru/TiQ catalysts kig. 7). The fact  creasing metal loading, resulting in a shift of the conversion
that the entire surface of the noble metal is effective for cat- ¢yrves toward lower temperatures. However, the activation
alyzing the WGS reaction implies that the rates of transfer of energy of the reaction and rate per surface metal atom do not
catalytically active intermedte species to or from the sup-  depend on the morphological characteristics of the metallic
port are fast, compared to the overall reaction rate. phase, such as loading, dispersion, and crystallite size.
Results presented figs. 8-1Cclearly show that the key Catalytic activity depends strongly on the structure and
parameter which determines the WGS aCtiVity of PthlO morpho|ogy of the Support. The rate per surface Pt atom in-
catalysts is related to the physicochemical properties of the creases by more than two ordexf magnitude with decreas-
support. Since the observed dependence of catalytic activ-ing crystallite size of Ti@ from 35 to 16 nm, with a parallel
ity on the type of TiQ used cannot be directly related to decrease of activation energy from 16.1 to 11.9 kaal.
parameters such as surface area or anatase-to-rutile contenthis results in catalysts with higher activity at temperatures
we choose to explain the results by ConSidering the differ- lower than 350C. It is concluded that Ti@supported no-
ences in the primary crystallite size of TiQAssuming that  ple metals with proper structural and morphological charac-
the regenerative mechanism is operable, the observed strongeristics (high metal dispersion, small Ti@rystallite size)
dependence of TOF on the type of Ti@arrier employed  may be considered as promising candidates for the low-

may be related to the effect of crystallite size of Fian its temperature WGS reaction for fuel cell applications.
redox properties. Calculations have shown that the reducibil-

ity of small oxide clusters depends on its s[28], as has

been found, for example, in the case of c¢2@,24]and lan-  Acknowledgments
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