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Ex-nitrate and ex-chloride Pt over Ceq 56Zrg 440, have been prepared by a single-step solution combustion
synthesis (SCS) and are compared with the corresponding catalyst prepared by incipient wetness impreg-
nation (IWI) of platinum over the bare support for the water gas shift reaction under a simulated reformate
gas composition. All the catalysts have similar surface areas (23-27 m? g '). Structural and microscopic
characterization shows the presence of metallic Pt in all the catalysts. Ex-nitrate catalyst prepared by solu-
tion combustion synthesis shows an interesting epitaxial bonding between Pt and the support that has an
effect on the WGS activity. It is found that the catalysts prepared by solution combustion method are sen-
sitive to pretreatment atmosphere, with the oxidized catalysts more active than the reduced and as-syn-
thesized catalysts. The impregnated catalysts behave similarly in all the three forms. The stability of these
materials under reformate atmosphere at 563 K has also been compared. The catalysts experience differ-
ent degrees of deactivation related to the method of preparation and the precursors used. Sintering of Pt
associated with the formation of carbonate is responsible for the decay of activity (10-12%) in SCS cata-
lysts. For the impregnated catalyst from nitrate precursor, there is no sintering effect, but a strong embed-
ding of Pt by the support reduces the activity (overall loss 34%) together with carbonate formation. The
behaviour of the impregnated catalyst from chloride precursor is unusual since it shows an overall gain
in activity (8%). The removal of chlorides during durability test and long-term stabilization of Pt crystallize
size around 3 nm have been attributed as the controlling factors for this catalyst. Recovery of all the cat-
alysts except the impregnated catalyst from nitrate precursor is found to be reversible.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

through a spillover mechanism, while the presence of defects
and surface oxygen vacancies on the support play a fundamental

In the last few years, the interest for the water gas shift (WGS)
reaction has been growing significantly as a result of the advance-
ments in fuel cell technology, and novel catalyst compositions have
been proposed to overcome the limits of the available catalysts [1].
Together with gold [2,3], platinum supported on ceria [4-6], titania
[7,8], zirconia [9,10] or mixed oxides of ceria-zirconia [11-13]
have been intensively studied, and promising compositions were
found. There is a common agreement between the scientific com-
munity to recognize that the high activity of these formulations is
related to a strong synergism between metal and support [14,15].
In fact, the metal favours the adsorption/desorption of reactants
and products as well as the decomposition of intermediates
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role in the activation of water. On the other hand, the composition
and structure of support can affect the adsorption and catalytic
properties of the metal itself as well as the nature of the metal-
support interface, where the active sites are mainly located. There-
fore, the support is a crucial component of the WGS catalysts, and
most of the recent studies prove that the reducibility of support is a
key property of the WGS compositions, regardless of the mecha-
nism claimed [16,17]. In particular, with respect to the catalysts
supported on bare ceria, platinum showed a higher activity when
deposited on ceria-zirconia mixed oxides [11-13] since zirconia
promotes the surface and bulk oxygen mobility of ceria, increasing
its reducibility [18]. It is worthy to note that in the case of compar-
ison of Pt catalysts on different supports, the greater part of studies
do not focus on surface area and dispersion of metal, while it
would be necessary to compare catalysts with similar surface areas
and similar metal loadings and particle size before drawing any
conclusion regarding the impact of the oxide support on WGS
activity. Nevertheless, zirconia doping has been found effective in
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improving the stability of CeO,-based catalysts since zirconia
contributes to reduce the accumulation of carbonates [18,20],
which is one of the main causes of deactivation of these com-
pounds in WGS reaction [21,22]. Despite this, ceria-zirconia mixed
oxides have been reported to be unsuitable to stabilize the catalyst
against sintering of metal phase under reformate atmosphere [19].
More stable catalysts have been obtained by alloying platinum
with rhenium [23,24]; the WGS rate has been correlated with the
exposed Pt surface area on the various catalysts, suggesting that
metal particle size distribution is also an important parameter
[24]. In our recent investigation [25], we have pointed out this as-
pect, and we found that it is important to improve the dispersion of
platinum and its interaction with the support by adopting suitable
synthesis approaches. Although the activity and durability of plat-
inum catalysts depend on the method of synthesis, most of the
investigations do not focus on the effects of preparation. Platinum
catalysts are mainly prepared by wet impregnation of their nitrate
or chloride precursors, less often by other methods such as copre-
cipitation [26] or deposition-precipitation [22]. Recently, the com-
bustion synthesis has been shown to be a good approach to
prepare an effective LT-WGS catalyst under hydrogen-rich condi-
tion and high CO concentration, but at low space velocities, with
potential ability to handle the WGS requirements of fuel processor
without the necessity of a high temperature stage [27]. Solution
combustions synthesis is a convenient one-step route to prepare
pure metal oxides [28] and supported metal oxide catalysts with
unusual and interesting properties compared to catalysts prepared
by conventional routes [27,29]. It is a versatile and energy-efficient
method that involves combustion of an aqueous redox mixture of
the metal nitrates (oxidizer) with an organic fuel (reducer). The
exothermic nature of combustion process allows high process tem-
peratures self-sustained making it an energetically efficient syn-
thesis. The only external thermal energy requirement is for the
dehydration of the fuel/oxidizer precursor mixture and for bringing
it to combustion.

We have used this approach to prepare a series of Pt/CegseZ-
0440, catalysts and to investigate their low temperature WGS
activity. As support, we choose a solid solution with intermediate
Ce/Zr loading because these compositions show optimal redox
properties if compared with Ce- or Zr-rich compositions [30-34].
Moreover, for Pt-promoted catalysts, it has been demonstrated
that the addition of zirconium atoms into ceria to form binary oxi-
des of composition similar to the one investigated here contributes
to a measurable improvement in the water gas shift rate [11]. We
have been mainly focused on structural and morphological charac-
terization and on the investigation of WGS activity of catalysts pre-
pared by solution combustion method in comparison to those
prepared by conventional wet impregnation, with the aim of test-
ing the feasibility of this approach to prepare noble metal WGS cat-
alysts of increased performance.

2. Experimental
2.1. Synthesis of catalysts

The single-step solution combustion method for the preparation
of Pt/Ceg 56Z10.440; catalysts involves combustion of an aqueous re-
dox mixture of the metal nitrates with an organic fuel carbohydraz-
ide at ~623 K. A typical preparation consisted of dissolving
(NH4)2Ce(NO3)s (Treibacher Industrie A.G.), ZrO(NOs), (Aldrich),
Pt(NH3)4(NOs), (Stream Chemicals) and CHgN4O (carbohydrazide,
CH) (Aldrich), in the molar ratio 0.56:0.44:0.03:2.22, in a minimum
volume of water by slow heating. The amount of Pt was established
on the basis of our previous investigation [25], and the amount of
carbohydrazide have been calculated by considering the oxidizing

and reducing valency of the metal nitrates and the fuel in order to
have an equivalence ratio ®@. =1 [28]. The solution is then trans-
ferred to a preheated muffle furnace maintained at the ignition
temperature of about 623 K. Initially, the solution boils with froth-
ing and foaming followed by complete dehydration when the sur-
face gets ignited and burns with a flame yielding a voluminous
solid product within a minute. The combustion reaction was vigor-
ous owing to very high heat of combustion when stoichiometric
amount of fuel is used, and products flew out of the container. Fol-
lowing previous investigation [28], a fuel lean redox mixture con-
taining half the stoichiometric amount of fuel was used to reduce
the exothermicity of the combustion process. From now on, this
one-step directly prepared catalyst will be represented as SCS(N).
For similar catalyst prepared using the chloride precursor of plati-
num, H,PtClg-xH,O (Aldrich), 60% of the stoichiometric amount of
fuel was used, and the sample was named SCS(Cl). This amount of
fuel was chosen in order to obtain an homogeneous combustion
and a final product with surface area comparable to that of SCS(N)
catalyst. The bare support Ceg 56Zrg 440, was prepared by the same
method using half the stoichiometric amount of fuel, and it will be
named as CZ.

For the preparation of the impregnated catalysts, platinum was
deposited by incipient wetness impregnation of the corresponding
nitrate or chloride precursors over the bare support CZ. The sup-
port was first dried and then impregnated with an appropriate vol-
ume of the aqueous solution of Pt precursor, corresponding to the
support pore volume. The samples were then dried overnight at
383 K, crushed and calcined at 823 K for 60 min in air flow to ob-
tain the fresh catalysts. The temperature of calcination was estab-
lished on the basis of previous studies, which have shown that low
calcination temperatures are not suitable to obtain active Pt-pro-
moted catalysts [25]. The catalysts impregnated by the nitrate
and chloride precursors will be designated as IWI(N) and IWI(CI),
respectively. The metal loading and chloride content was checked
by elemental analysis using ICP mass technique. Physico-chemical
properties of all the catalysts investigated here together with the
bare support have been listed in Table 1.

2.2. Characterization of catalysts

The synthesized materials have been characterized by XRD, BET
and HRTEM. X-ray powder diffraction patterns were collected in a
Philips PW3040/60 X’pert PRO diffractometer (equipped with an
X'celerator detector) operated at 40 kV and 40 mA, using Ni-fil-
tered Cu Ko radiation in the 260 range 20°-100° with a step size
of 0.02° and a counting time of 80 s per step. Profile analysis of
XRD patterns was carried out by Rietveld refinement using GSAS-
EXPGUI program [35,36].

The BET surface areas were measured in a TriStar3000 surface
area analyzer (Micromeritics). Before each measurement, the sam-
ples were degassed at 423 K in vacuum for 60 min.

Table 1

Physico-chemical properties of the catalysts.
Name of Pt Cl Cl (wt.%)* Surface area Pt size® Pt size®
catalyst  (wt.%)? (wt.%)* [aged] (m?g™1) [fresh]  [aged]

[AP]

cz 26
SCS(N) 4.41 27 2.2-45 2.8-6.0
SCS(Cl) 4.82 0.43 0.18 23 2.0-44 24-6.0
IWI(N) 4.18 26 3.2-52 2.8-5.2
IWI(Cl) 4.17 0.60 0.30 27 1.6-3.6 2.0-44

[AP] = as-prepared catalyst; [fresh] = SCS catalysts in oxd773 form and impregnated
catalysts in as-prepared form; [aged] = catalysts after durability test.

2 From ICP analysis.
< From HRTEM analysis.
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Microstructural characterization by High-Resolution Transmis-
sion Electron Microscopy (HRTEM) was performed at an accelerat-
ing voltage of 200 kV in a JEOL 2010F instrument equipped with a
field emission gun. The point-to-point resolution was 0.19 nm, and
the resolution between lines was 0.14 nm. The magnification was
calibrated against a Si standard. No induced damage of the samples
was observed under prolonged electron beam exposure. Samples
were dispersed in alcohol in an ultrasonic bath, and a drop of
supernatant suspension was poured onto a holey carbon-coated
grid. Images were not filtered or treated by means of digital pro-
cessing, and they correspond to raw data. More than 200 individual
particles were analyzed for the determination of particle size dis-
tribution. Temperature-programmed desorption (TPD) in He
(35 ml min~') of the catalyst samples was carried out in a Microm-
eritics AutoChem II 2920 instrument. After flushing in He
(50 ml min~') at RT for 30 min, the temperature was ramped
(10 Kmin~') from RT to 1073 K. The liberated gases were simulta-
neously analyzed using an online quadrupole mass spectrometer
(OmniStar, Pfeiffer Vacuum).

The Pt dispersion was determined by dynamic CO chemisorp-
tion method in pulsed mode in the same apparatus where TPD
experiments were performed. A 3.95% CO/He gas mixture was
used. Before each chemisorption measurement, the sample was
degassed in He (50 ml min~!) at 473 K for 15 min followed by
reduction in 4.93%H,/Ar (35 ml min~!) for 15 min (except when
the catalyst was pre-reduced) and then cooled in He (35 ml min™)
to 323 K. Once a stable baseline is established, the 3.95% CO/He
(35 ml min~') mixture was pulsed from a calibrated loop (5 ml)
kept at 383 K and ambient pressure, into the He flow until the con-
secutive TCD peaks were equal in size. Chemisorption study over
pure support was also carried out in a similar manner.

2.3. Catalytic test

The steady-state water gas shift activity was studied in a plug
flow quartz microreactor (16" length, and 0.25” ¢, internal diame-
ter) over 0.170 g of catalyst between 473 and 603 K. The operating
conditions were chosen to simulate those existing in a LT-WGS
reactor for fuel processing with an inlet feed composition of
36%H,, 26%N,, 7%C0O, 10%C0O, and 21%H,0 and a space velocity of
40,000 h [37]. The water was delivered with a precision syringe
pump, and the line before and after the reactor was kept at
473 K by heating tapes to avoid condensation. The temperature
was increased at 10 °C/min from 473 K to 603 K in five steps. A by-
pass line was included in the layout to measure directly the com-
position of the dry inlet feed. At every temperature, the reactants
and products were monitored every 1.57 min for a total time of
25 min; less than 1% variation on CO conversion was obtained in
this time window. The conversion was calculated by averaging
the results of the last five chromatograms. The durability tests
were carried out at 563 K by monitoring the outlet gases every
1.57 min. The water was condensed before entry to the micro-GC
analyzer by a refrigerator and quantified indirectly from the
changes in the total flow rate using nitrogen as internal standard.
A Varian CP4900 micro-Gas Chromatograph (micro-GC) equipped
with three columns was used; one molecular sieve column (MS,
carrier N,) for the detection of H,, another MS column (carrier
He) for CO and N, and a Poraplot Q column (PPQ, carrier He) for
the detection of CO, and CH4 Conversion was calculated using
the following formula X, = ((COj,, — COgut/B/COin), where CO;, indi-
cates the concentration of CO fed into reactor, CO,,. indicates the
concentration of CO measured at the outlet of the reactor after
water condensation, f is a factor that takes in account the change
of total flow due to the condensation of water, and it is defined as
B = Naout/Naary Where Nooy is the concentration of N, measured at
the outlet of the reactor after condensation of water and Naqyy is

the concentration of N, in the dry feed (without water) measured
bypassing the reactor and the water syringe pump. From reproduc-
ibility tests on samples of the same batch/different batches of cat-
alysts, we can estimate an error of +3 K (same batch) and 5K
(different batches) in the conversion-temperature curves.

The equilibrium conversion was calculated using the package
software HSC5.1 (Outokumpu). The shift activity was evaluated
on the following states of the catalysts.

1. AP: The catalyst was tested in its as-prepared form.

2. Red773: The as-prepared catalyst was reduced in situ in 5%H;/
N, at 773 K for 60 min from RT at 10 K min~!, cooled to 473 K
in the same flow, degassed in N, for 15 min followed by switch
over to the WGS feed atmosphere.

3. Oxd773: The as-prepared catalyst was oxidized in situ in air at
773 K for 60 min from RT at 10 Kmin~', cooled to 473K in
the same flow, degassed in N, for 15 min followed by switch
over to the WGS feed atmosphere.

4. Aged: Fresh catalyst sample pretreated as oxd773 that has
undergone a cycle of WGS is cooled in N, to RT and is followed
by a steady-state durability test at 563 K in the WGS feed atmo-
sphere for about 45 h and finally cooled in N, to RT. The shift
activity of this catalyst was tested under this heading. The pur-
pose of this test was to understand the extent of deactivation
that has happened to the catalyst during the course of durabil-
ity test.

5. Regenerated: After a cycle of WGS over the aged catalyst as dis-
cussed above, the catalyst was cooled in N, to RT and was then
regenerated by oxidizing in situ in air at 773 K for 60 min,
cooled to 473 K in the same flow, degassed in N, for 15 min fol-
lowed by switch over to the WGS feed, and the activity was
tested. The purpose was to know whether the aged catalyst
can be recovered completely through oxidation at 773 K or not.

3. Results
3.1. Textural properties of materials

Fig. 1 shows the powder XRD patterns of the four catalysts and
that of the support. All these materials crystallize in the form of so-
lid solution of ceria-zirconia with no evident peak splitting due to
the presence of mixed oxide phases. It is very well known that the
structural characteristics of ceria-zirconia are strongly dependent
on method of synthesis and treatments [38]. At ceria-rich compo-
sition, ideal fluorite type structure is preferred, while displacement
of oxygen from the ideal fluorite position is observed on increasing
Zr content with formation of metastable phases of cubic and
tetragonal symmetry. The intermediate composition range is criti-
cal since both phases could co-exist and transition from one struc-
ture to another may be critically influenced by several parameters
[39]. Due to the low scattering factor of oxygen, XRD is not sensi-
tive to these small displacements and in this composition range, it
could be difficult to obtain a reliable phase distribution, especially
when crystallinity of samples is not high. In our case, the Rietveld
analysis of the diffraction profile of the support has been carried
out by opening the fitting to cubic, tetragonal and a mixture of
the two. Results agree better the presence of a tetragonal phase
witha=b=3.751(1) Aand c = 5.364(1) A (Table 2). Platinum is dis-
persed in finely dispersed metallic state over SCS samples as can be
seen from the broad metal peaks. The Pt crystallite size determined
from XRD line broadening using Scherrer’s equation is ca. 4 nm for
SCS(N) and 6 nm for SCS(Cl) catalyst. Impregnated catalysts show a
narrow Pt(1 1 1) signal indicating the presence of larger crystallites
(ca. 50 nm for IWI(N) and 70 nm for IWI(CI)). Due to the different
intensity of the signals in the IWI samples, it is likely that the
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Fig. 1. Powder XRD patterns of the support and the catalysts.

estimate of crystallites size is probably affected by the presence of
a few large crystallites of Pt, and it does not represent the real dis-
persion of metal. Indeed, dispersion data obtained by HRTEM (Ta-
ble 1) are more in agreement with those measured by XRD in the
case of SCS samples, but values obtained for IWI sample strongly
differ. This issue will be further addressed in Section 4.

All the materials have similar surface area ranging around 26-
27 m? g~! (see Table 1) apart from the SCS(CI) that has a lower sur-
face area of 23 m? g~ !. After impregnation of the support with plat-
inum precursors, the surface area remains essentially unaltered.

3.2. Catalytic studies

The WGS activity was investigated under different pretreat-
ment conditions of the catalyst that include AP (as-prepared),
red773 (reduced in 5%H;,/N, at 773 K for 60 min) and oxd773 (oxi-
dized in air at 773 K for 60 min) to know about the sensitivity of
the catalyst state towards a reducing/oxidizing atmosphere. The
shift activities of the four catalysts after the above pretreatments
are shown in Fig. 2 together with the expected equilibrium conver-
sion. It is found that the SCS catalysts behave differently on the ba-
sis of their starting form, and the reactivity follows the order
oxd773 >red773 > AP irrespective of the type of platinum precur-
sor employed. For a particular state of the catalyst, the one from ni-

Table 2

trate precursor shows higher activity than the one from chloride
precursor up to temperatures close to the equilibrium value. On
the other hand, the impregnated catalysts showed similar activity
in all the three forms except for the as-prepared catalyst using the
chloride precursor, which showed a slightly lower activity com-
pared to the corresponding oxidized and reduced catalysts. Unlike
the SCS catalysts, the IWI catalyst from chloride precursor has a
higher activity in red773 and oxd773 forms compared to its nitrate
analogue. Based on these findings, we decided an oxidative pre-
treatment at 773 K (oxd773) as the standard activation step for
further investigations over all the catalysts studied here, in order
to compare catalysts in their optimal form.

Fig. 3 compares the activity of the 0xd773 catalysts only from
the two precursors employed. The SCS catalyst from nitrate precur-
sor is superior to the corresponding IWI catalyst. The activity of
SCS(N) is also higher than that of the SCS and IWI catalysts from
chloride precursor. Both the catalysts from chloride precursor, on
the other hand, show similar activity. All the three catalysts except
IWI(N) reached the equilibrium conversion at around 580 K.

To examine the durability of the present catalysts under steady-
state conditions, we studied their activities in the same reformate
composition at 563 K for about 45 h. Fig. 4 shows CO conversion as
a function of time on stream at 563 K for all the four catalysts to-
gether with the equilibrium conversion value. The long-term activ-
ity pattern follows the following order: IWI(CI)>SCS(Cl) =~
SCS(N) > IWI(N). Both the SCS catalysts behave quite similarly.
There is an initial decay in activity of ca. 10-12%, and the activity
remains essentially constant afterwards. The SCS(Cl) catalyst ac-
quires the stable conversion value faster (in about 5 h) than the
SCS(N) catalyst (in about 10 h). The activity of IWI(N) catalyst de-
creases continuously from an initial value of 66% to a value of 44%
after 45 h on stream, indicating an overall loss of 34%. Over this
catalyst, a loss of 12% occurs during the first 3 h. The WGS activity
over IWI(Cl) increases with time on stream; this is a rather unusual
behaviour, and to our knowledge, it has not been reported in the
literature so far. In order to verify the reproducibility of this behav-
iour, the test was repeated on another sample of catalyst of similar
composition (Fig. 4, samples 1 and 2). The initial conversion is 74%
and increases to about 77% in a first stage (7 h), then it remains
constant up to 22 h followed by a second increase up to 32 h when
a final conversion of 80% is measured, indicating an overall gain of
around 8%. This conversion value is close to the expected equilib-
rium conversion of 86% at 563 K.

After ageing the catalysts in the WGS atmosphere for 45 h, the
catalysts were cooled to room temperature and subjected to a cycle
of WGS. Then, they were regenerated by in situ oxidation under air
at 773 K for 1 h, and their shift activities have been tested again in
a WGS cycle. Fig. 5 compares the shift activity of the aged (after
durability test) and regenerated forms of each catalyst to that of
the oxd773 catalyst along with the equilibrium conversion ex-
pected. Except for the IWI(CI) catalyst, all the other three catalysts
experience a decay in activity during the course of the steady-state
durability test in agreement with the observations made from
Fig. 4; for the IWI(CI) catalyst, the activity of the aged form is high-
er than that of the 0xd773. The activity of SCS(N) can be recovered

Cell parameters and particle size (PS) for the different materials obtained by Rietveld refinement.

Sample Rwp R2 X PS CZ (A) Cell parameter CZ (A) Cell parameter Pt (A)
a=b c a=b=c

cz 5.0 40 33 188 3.7509 (2) 5.3637 (6) -

SCS(N) 43 2.7 21 232 37519 (2) 53597 (4) 3.932 (4)

scs(cl) 46 43 28 395 3.7499 (3) 53622 (3) 3.920 (1)

IWI(N) 52 36 37 188 3.7508 (2) 53617 (6) 3.9220 (3)

w(cl) 43 37 24 170 3.7520 (2) 5.3652 (6) 3.9224 (4)
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Fig. 3. CO conversion vs. temperature: activity of catalysts after an oxidative
treatment under air at 773 K for 1 h.

completely after regeneration, but this is not true for the corre-
sponding impregnated catalyst, IWI(N), which remains in a perma-
nently deactivated state. The decrease in activity after ageing of the
SCS(Cl) can be also recovered completely, while IWI(Cl) catalyst
following regeneration procedure exhibits even higher WGS activ-
ity than after durability tests.

The possible causes of deactivation can be (a) sintering of plat-
inum that may occur during long-term exposure to the simulated
WGS atmosphere, (b) embedding of platinum by the reduced sup-
port oxide that eventually decreases the fraction of accessible ac-
tive site surfaces for CO adsorption and (c) carbonate formation
that blocks the active site at the interface region. We have corre-
lated the different sensitivities of the catalysts through (1) micro-

Time on stream (min)

Fig. 4. CO conversion against time in durability tests at 563 K over SCS and IWI
catalysts.

structural characterization before and after ageing by high-
resolution transmission electron microscopy as well as by (2) mea-
surement of platinum dispersion over different forms of catalysts
through dynamic CO pulse chemisorption measurements and by
(3) TPD in He.

3.3. HRTEM studies

Detailed microstructural characterization by HRTEM can pro-
vide powerful information about the nanostructure of the oxide,
metal promoter and their interface region [40,41], which can help
explaining the stability pattern of the different catalysts. In the fol-
lowing sections, we investigate by HRTEM the structure of each
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Fig. 5. CO conversion vs. temperature: effect of ageing (45 h under feed composition) and regeneration (1 h in air at 773 K) over SCS and IWI samples.

catalyst before and after the ageing process. In addition, we have
also studied the microstructure of the SCS catalysts in their as-pre-
pared and reduced form due to their different behaviour in WGS.
The HRTEM results were also supported by CO chemisorption
and TPD studies.

3.3.1. SCS(N)

Fig. 6a shows general views of the sample pretreated as oxd773,
i.e., before WGS test, at two different magnifications over the same
area. The low-magnification part shows the presence of a large
number of particles on the support, with excellent dispersion.
The support contains both well-faceted and round-shaped crystals
from ca. 10-30 nm in size. The diameter of particles is very homo-
geneous and ranges from 2.2 to 4.2 nm, being centred at about
3.6 nm. When the indicated portion of the low-magnification im-
age was magnified further, together with the metal particles (indi-
cated by white arrows), some void areas (indicated by black
arrows) of the CZ support becomes visible. The existence of voids
on ceria-based catalyst has been already reported [42]. The amount
of voids in the support is surprisingly high and can be probably re-
lated to the preparation method. The voids exhibit clear geometric
features (hexagonal and triangular) and range from 1.7 to 3.9 nm.
Fig. 6b corresponds to a lattice-fringe image of a single particle
at high magnification. Lattice-fringes at 3.05A correspond to
(101) planes of the CZ support, and spots at 1.96 A are due to
(2 00) planes of metallic Pt. Therefore, it appears that the sample
is comprised of Pt nanoparticles. In addition, the edges of the Pt
particles do not suggest any significant oxidation, that is, there is
no oxide layer around.

After ageing in the reformate for 45 h, the SCS(N) sample still
contains well-dispersed Pt crystallites, but the distribution of Pt
particle size has broadened with respect to the sample before
WGS. Now, the mean Pt particle size is between 2.8 and 6.0 nm,
being centred at about 4.1 nm. The Pt particle size distribution

for both these samples (before and after WGS) is included in
Fig. 7 for comparison. Fig. 6¢ shows representative low-magnifica-
tion HRTEM images of the aged sample. The ceria-zirconia support
maintains its original morphology and size as clear from the low-
magnification images. No voids were identified in the aged sample.
Fig. 6d shows a characteristic lattice-fringe HRTEM image obtained
at high magnification. A single Pt particle (indicated by the square)
is enlarged and characterized by lattice spacing at 1.96 A, which
corresponds to Fm3m (2 0 0) planes of metallic Pt. Only metallic
Pt is present in the sample besides the CZ support.

3.3.2. SCS(Cl)

The oxd773 sample of this catalyst is comprised of small Pt par-
ticles, very well distributed over the CZ support as observed under
low-magnification view of this sample (not shown). Particles range
from 2.0 to 4.4 nm, and the mean particle size is centred at 3.3 nm
(see Fig. 7). This is slightly less than that of the sample prepared
from nitrate precursor (3.6 nm). Fig. 6e corresponds to a HRTEM
image showing several Pt particles. One of them is indicated by
the square, and its corresponding FT image is enclosed. Spots at
2.27 A correspond to (1 1 1) crystallographic planes of metallic Pt.

Fig. 6f depicts a representative HRTEM image of the sample
after ageing. The Pt crystallites remain in a well-dispersed state.
However, the particles have increased their size and now ranges
from 2.4 to 6.0 nm (see Fig. 7). The final mean particle size,
4.0 nm, is very close to that observed in the aged sample prepared
from nitrate precursor (4.1 nm), but the particle size distribution
broadness is higher. Lattice-fringe image of a single Pt crystallite
and its associated FT image are shown in the insets. Spots at
2.27 A are ascribed to (1 1 1) crystallographic planes of Pt.

3.3.3. IWI(N)
Since the preparation step of the impregnated catalysts involves
calcination at 823K in air and also because the as-prepared,
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Pi(111)

Fig. 6. HRTEM images of (a and b) oxd773. (c and d) aged catalysts of SCS(N), (e) oxd773, and (f) aged catalysts of SCS(CI).

o0xd773 as well as red773 pretreated catalysts show similar shift
activity, the HRTEM study was performed over the as-prepared
catalysts, and they correspond to the catalyst state before WGS
test. Fig. 8a shows high-resolution image of the IWI(N) catalyst be-
fore WGS. Numerous Pt particles of about 3.2-5.2 nm in diameter
are encountered, being the mean particle size 4.2 nm (see Fig. 7).
Particles enclosed in squares a and b are shown enlarged along
with their FT images. In both cases, lattice spacings at 2.27 A are
characteristic of Pt(11 1) planes. Spots at 3.05 A in the FT image

of particle a correspond to (11 1) crystallographic planes of the
CZ support. The morphology and size of support crystallites were
similar to the SCS catalyst.

Fig. 8b shows representative HRTEM image of IWI(N) aged in
the reformate for 45h. It is constituted by well-dispersed Pt
ensembles with a particle size distribution between 2.8 and
5.2 nm, being centred at 4.1 nm (see Fig. 7). It is interesting to note
that the Pt particle size distribution is exactly maintained after
WGS, in terms of both mean value and broadness, so the decrease
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Fig. 7. Distribution of Pt particles over the catalysts from HRTEM analysis for the fresh (W) and aged catalysts (O).

in catalytic activity cannot be related to a sintering effect. The inset
images in the figure show a Pt particle exhibiting lattice-fringes
and its associated FT image. The Pt particles are not faceted and
hardly exhibit lattice-fringes in this sample, suggesting that they
could be strongly embedded in the support.

3.34. IwI(Cl)

Fig. 8c shows a general view of the sample before WGS, which
contains very small Pt crystallites, from 1.6 to 3.6 nm. The Pt par-
ticle size distribution is quite narrow and centred at about
2.7 nm (see Fig. 7). Fig. 8d shows a HRTEM image, where a single
Pt particle in profile view is enlarged and analyzed by FT. The par-
ticle is well faceted. However, it is so small that only a few crystal-
lographic planes can be seen in the lattice-fringe image. The
spacing of these lattice-fringes is around 2.2 A, which is ascribed
to (11 1) crystallographic planes of Pt. Spots at about 3.1 A corre-
spond to (11 1) planes of the CZ support.

The Pt particle size distribution for the sample after ageing is
very close to that of the sample before reaction. Now, Pt particles
range from 2.0 to 4.4 nm, with a mean Pt size distribution of
3.0 nm (see Fig. 7). Interestingly, the Pt particle size distribution
after WGS has not broadened with respect to the fresh sample
(in a similar way to what has been reported above for sample
IWI(N)). This is markedly different from both the SCS catalysts,
where a broad and large size distribution is observed as discussed
above. Fig. 8e shows a general view of the sample, where well-dis-
persed Pt particles are distributed all over the CZ support. Fig. 8f
corresponds to another HRTEM image. The particle enclosed in
the square shows spots in the FT image at 2.27 A, corresponding
to Pt(111).

3.3.5. Microstructure of the AP and red773 SCS catalysts

General microstructural views of the as-prepared and red773
samples of the SCS catalysts are similar to that of the oxd773 sam-
ples as discussed above with the average size of platinum being

centred at about 3.8 nm, slightly higher than the oxd773 catalysts.
The CZ support maintains its original morphology. In addition, the
red773 catalyst from nitrate precursor also contains huge amount
of voids in the CZ support, which range from 1.0 to 2.3 nm. A com-
parison between the samples after oxidation or reduction treat-
ments indicates that the number of voids is larger in the reduced
sample and that they are significantly smaller. No voids were de-
tected in SCS(CI) catalyst in any form.

Fig. 9a is a detailed lattice-fringe image of the as-prepared
SCS(N) sample, showing that Pt particles and the support likely
maintain an epitaxial relationship. First of all, it should be high-
lighted the excellent homogeneity in Pt particle size (all of the par-
ticles exhibit a diameter of 3.8-3.9 nm) and dispersion. Several Pt
particles in the image are labelled as “a”, “b” and “c”, and a single
CZ support particle in the center of the image depicts (1 0 1) planes
at 3.06 A, as expected. Insets correspond to FT images of particles
“a-c” as well as enlarged lattice-fringes insets of particles “a”
and “b”. The FT image recorded over the image containing Pt par-
ticle “a”, for example, shows spots aligned in the same direction.
These spots originate from (10 1) planes of CZ at 3.06 A, from
(111) planes of Pt at 2.26 A and Moiré patterns. The alignment
of the spots strongly suggests epitaxy of Pt particles over the CZ
support. In addition, there is a regular extinction pattern in the en-
larged lattice-fringe image due to a mismatch between the crystal
lattices of the CZ support and the Pt nanoparticle, providing an
additional evidence for an epitaxial relationship. This is the origin
of the Moiré spots in the FT image. Exactly the same situation is
encountered in particle “c”. The FT image of particle “b” also exhib-
its aligned spots, but in this case, the alignment is between (00 2)
planes of CZ at 2.64 A and (2 0 0) planes of Pt at 1.96 A. Again, the
alignment of spots and the existence of a regular extinction pattern
are indicative of epitaxial growth.

The Pt nanoparticles in the reduced sample of SCS(N) also main-
tain an epitaxial relationship with the support. The high-resolution
image in Fig. 9b allows a direct determination of the epitaxial rela-
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Fig. 8. HRTEM images of (a) oxd773 and (b) aged catalysts of IWI(N); and (c and d) oxd773 and (e and f) aged catalysts of IWI(CI).

tionship. Crystallographic planes at 3.06 A corresponding to (10 1)
planes of the CZ support are aligned parallel to planes at 2.25 A cor-
responding to (11 1) planes of Pt, as it is also observed in the FT
image. In the enlarged image, the periodicity of the epitaxy is
found to be 2:3. The match, however, is not perfect, and the peri-
odicity fails after several periods.

The presence of an epitaxial relationship between platinum
nano-crystallites and ceria-zirconia support in the as-prepared
and red773 forms of SCS(N) catalyst results in stressed particle-sup-
port interfaces. But the 0xd773 form that shows the highest activity
of all the three forms does not show any such epitaxy in the struc-
ture. Although enough care is taken to look into its occurrence, the
possibility of this kind of structural feature cannot be ruled out.

We can only say that even if they are present in the structure, they
are statistically insignificant. This unique structural feature might
have implications for the observed shift activity pattern.

The HRTEM images of the SCS(Cl) catalyst in as-prepared and
red773 forms are shown in Fig. 9c and d, respectively. They look
quite heterogeneous than other samples from the Pt crystallite size
distribution point of view, and it falls in the range 2-7 nm. It is
interesting to note that there is indeed no epitaxial relationship be-
tween Pt crystallites and the support or any geometric voids in all
the three forms of this catalyst. Thus, reason behind the differences
in activity of the as-prepared and red773 catalysts of SCS(Cl) to
that of the oxd773 catalyst is of different origin unlike the one
we have discussed above for the SCS(N) catalyst.
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Fig. 9. HRTEM images of the as-prepared and reduced catalysts of SCS(N) (a and b) and SCS(Cl) (c and d).

3.4. CO chemisorption studies

The CO chemisorption measurements have been carried out in
order to evaluate the dispersion of platinum before WGS tests
(Fig. 10a) and after durability tests (Fig. 10b and c). Therefore,
the experiments have been performed under different pretreat-
ment conditions and over different states of the catalysts. The
dashed line in Fig. 10 corresponds to treatments during the course
of WGS test in the reaction set-up, and the solid line corresponds to
treatments associated with the chemisorption measurements in
the equipment. Fig. 10a shows the in situ treatments of the cata-
lysts to evaluate the Pt dispersion of fresh catalysts (AP: as-pre-
pared, Chap), reduced (red773: reduced in situ in 4.93%H,/Ar at
773 K for 60 min from RT at 10 Kmin~! and cooled in the same
flow to 473 K, Chggp) and oxidized (oxd773: oxidized in situ in
air at 773 K for 60 min from RT at 10 Kmin~! and cooled in the
same flow to 473 K, Chl) samples before WGS test. Fig. 10b summa-
rizes the treatments undergone by the catalysts in order to simu-
late the final conditions of the catalysts after a durability/
regeneration test that involves a long exposition to the WGS atmo-
sphere and start up/shut down cycles (ChlI). Successively, in order
to check the complete recovery of the catalysts, other two chemi-
sorption experiments have been performed after an oxidation step
(oxidized in situ in air at 773 K for 60 min and cooled in the same
flow to 473 K) in between (ChlIl and ChIV). The durability/regener-
ation test consists of a cycle of WGS (WGS1) followed by the stea-
dy-state durability test (in the WGS atmosphere for about 45 h), a
second WGS cycle (WGS2) over the aged catalyst and a third cycle
of WGS (WGS3) over in situ regenerated catalyst that was finally
cooled in N, to RT.

Moreover, to evaluate separately the effects of the long-term
exposure to the WGS atmosphere from those of start up/shut down

(d)

cycles, the catalysts were treated as indicated in Fig. 10c, and the
platinum dispersion of freshly aged catalysts (ChV) together with
their in situ regenerated form (ChVI) were measured for compari-
son. These freshly aged catalysts were also investigated in parallel
by HRTEM and TPD in He. All the chemisorption data are listed in
Table 3. A CO chemisorption study carried over bare support
Ceg.56Zr0.440, treated in situ as oxd773 or red773 did not show
any CO uptake, indicating no contribution from support in the cat-
alysts investigated. Moreover, the viability of this CO pulse tech-
nique and choice of 473K as the reduction temperature are
supported by a previous study [43].

The correlation of the findings of CO chemisorption measure-
ments and HRTEM are not straightforward. All the catalysts that
underwent an in situ oxd773 treatment (Chl, Chlll, ChIV and ChVI)
before the chemisorption measurement show the highest value of
dispersion (14.8-48.4%) for a particular catalyst, and the active
particle diameter obtained closely matches with that obtained
from the HRTEM investigations (compare these values in Table 3
with the Pt crystallite size in Table 1). IWI(CI) has the highest de-
gree of dispersion of all the four catalysts. The activity order of
the oxd773 catalysts is in conformity with the Chl dispersion val-
ues except the IWI(Cl) catalyst. Presence of a small amount of chlo-
ride can explain this. There is a negligible difference between Chlll
and ChlV for a particular catalyst. Note that these two values cor-
respond to two successive regeneration cycles and thus justify our
regeneration procedure. These two values are also in corollary with
ChVI values. Both the SCS catalysts have the similar dispersion val-
ues before the first cycle of WGS (Chl) and after regeneration (ChlII,
ChIV and ChVI). But for the impregnated catalysts, there occurs a
permanent loss of dispersion by 15-20% and is stabilized at that
value afterwards. The aged catalysts (ChV) experience a significant
loss of dispersion in the range 41-77% with respect to ChVI. The
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Fig. 10. Sequence of events indicating the state of catalyst before CO chemisorption measurement, (a) before ageing and (b and c) after ageing.

Table 3
CO chemisorption data on the catalysts following different treatments.*
Name of catalyst Percent dispersion (active particle size, nm)
Chap Chgep Chl Chll ChIll Chlv Chv ChVI
cz 0 0
SCS(N) 12.1 (94) 8.6 (13.2) 25.8 (4.4) 13.8(8.2) 26.6 (4.2) 28.5 (4.0) 9.7 (11.7) 26.8 (4.2)
SCS(Cl) 21.6 (5.2) 12.8 (8.8) 25.1 (4.5) 12.1 (9.3) 25.1 (4.5) 25.4 (4.5) 11.4 (9.9) 249 (4.5)
IWI(N) 14.8 (7.6) 11.7 (9.7) 18.6 (6.1) 6.3 (18.1) 14.7 (7.7) 15.6 (7.3) 3.5(32.2) 16.3 (6.9)
IWI(Cl) 45.5 (2.5) 23.6 (4.8) 484 (2.3) 20.1 (5.6) 38.1 (3.0) 39.9 (2.8) 24.0 (4.7) 40.6 (2.8)
@ For detail on treatments see text (Section 3.4) and Fig. 10.
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Fig. 11. Evolution of CO, during TPD in He of the catalysts in different forms.
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loss of dispersion follows the following order: IWI(N)[79%] >
SCS(N)[64%] ~ SCS(C1)[54%] > IWI(C1)[41%]. Based on this, the shift
activity is expected to be in the reverse order and in fact, the stea-
dy-state activity pattern follows it. The activity pattern of the
regenerated catalysts is in corollary with the measured dispersion
values.

Except for the SCS(N) catalyst, the dispersion value of the as-
prepared catalyst, Chap, is lower by 6-20% than the corresponding
Chl values. It is noted that even the red773 treatment also leads to
very low dispersion values, Chggp, lower than the Chap values.

The drop in dispersion cannot be accounted for by a decrease in
surface area, because the catalysts are found to be stable in the
reformate mixture. So, there can be a sintering of Pt particles, or
they are covered by an irreversibly adsorbed species [17]. Since a
H,/Ar mixture has been used to reduce the catalysts before CO
chemisorption, a component in the reformate mixture other than
hydrogen (CO, CO, or H,0) contributes to the loss of dispersion.

3.5. Temperature-programmed desorption studies

Fig. 11 shows the evolution of CO, liberated from the decompo-
sition of carbonate species deposited on the surface of the four cat-
alysts in the as-prepared, oxd773 (treated in situ in air for 60 min)
and aged forms when they were desorbed in He flow from RT to
1073 K. The TPD profiles indicate presence of carbonate species
in both the as-prepared and aged catalysts. Desorption of the car-
bonate species of the aged catalysts starts in the beginning itself
and is consisted of mainly two peaks, one, in the range 380-
450K, and the other, at around 670 K (except for SCS(Cl) where
it is lower by ca.70 K). The intensity of the first peak is low, and
it is narrow, whereas the second peak is very broad and tails off be-
yond 800 K. This first peak can be assigned to weakly adsorbed car-
bonate species, and the second peak then corresponds to strongly
chemisorbed carbonate species. The highest amount of carbonate
is formed over the SCS(Cl) catalyst, and it is similar for the other
three catalysts. Thus, formation of carbonate is less important as
the cause for decay in activity during durability test, rather, the
sintering/embedding effect plays the major role. Our regeneration
treatment at 773 K almost entirely covers the desorption region
and is certainly sufficient to remove the deposited carbonate.

The overall intensity of the CO, desorption profiles of the as-
prepared catalysts were lower when compared to the aged cata-
lysts, and the second peak was situated at further lower tempera-
tures. Both the catalysts from chloride precursor hardly show
peaks due to weakly adsorbed surface carbonates. The lowest
amount of carbonate was found in the IWI(CI) catalyst. Thus, in
the freshly prepared samples, a certain amount of carbonate accu-
mulates in contact with air during the course of preparation. When
these catalysts are treated in situ as oxd773 before TPD is per-
formed, the carbonate peaks disappeared as evidenced from the
negligible intensity profiles. So, there is no carbonate layer over
the samples before the durability test, and it is only formed as a re-
sult of exposure of the catalysts to the simulated mixture em-
ployed for WGS activity.

4. Discussion

We have motivated our interest in this work to understand the
different behaviour of the direct combustion-synthesized catalysts
with respect to the corresponding impregnated catalysts employ-
ing two commonly used precursors of platinum, namely, nitrate
and chloride. The support, which has been prepared by combustion
synthesis, is similar for all the catalysts, and this enabled us to ex-
plore the influence of methodology as well as precursor of plati-
num on its dispersion and interaction with the support for water

gas shift reaction. The dispersion of Pt is similar for the SCS cata-
lysts (about 25%); thus, the one-step solution combustion method
produces a reasonably highly dispersed catalyst, despite the mod-
est surface area values. The transient nature of combustion to-
gether with the evolution of large amount of gases makes this
possible. The transient high temperature contributes to high crys-
tallinity, and the presence of all the reactants (oxidizers and redu-
cer) in solution phase ensures the homogeneity. Therefore, by
combustion synthesis, it is possible to obtain catalysts with a de-
sired and reproducible metal loading and a defined level of disper-
sion that depends only marginally on the type of precursors used.
It is difficult to obtain such a level of homogeneity and dispersion
following the incipient wetness technique as it is shown for the
IWI(N) catalyst. In fact, with this technique, the final result de-
pends on several parameters such as the type of support, the kind
and concentration of precursor solution and the modality of drying.
These factors are not always easy to optimize. It is worthy to note
that in this type of synthesis, the final dispersion is correlated with
the nature of precursors. In our synthesis conditions, the IWI(Cl)
catalyst prepared using chloride precursor shows a higher disper-
sion than IWI(N) and the best dispersion of all the catalysts exam-
ined. The reason for these differences in metal dispersion using
nitrate or chloride precursors could be due to the formation of
oxo-chlorinated species that interact favourably with the support
hindering growth of Pt particles. It was found that there is a rela-
tionship between the inhibitory effect of Pt sintering and the pos-
sibility to keep the Pt in oxidized state through a strong interaction
with the support [44]. In the past, we observed opposite results
with the use of chloride and nitrate precursors [25]. The reason
of these controversial outcomes could be due to a different modal-
ity of impregnation. In this case, we preferred to impregnate the
support in one-step with equal volumes of solution of the nitrate
and chloride salts of platinum for the sake of similarity. But since
the solubility of the Pt(NH3)4(NOs), in water is less than that of
H,PtClg, complete dissolution of the former was achieved by slight
warming. In our previous reports, we impregnated the support in
more steps dissolving the nitrate salt at room temperature using
larger volume of water. This suggests that in the incipient wetness
impregnation technique, concentration of solution and successive
drying step affect the final dispersion of the metal. Moreover, it
is not excluded that the composition and surface area of support
could play a role in the dispersion determined by a specific precur-
sor. The lower uniformity of metal dispersion in the case of IWI cat-
alysts in comparison to the SCS catalysts can be inferred also from
the different agreement between XRD and HRTEM characterization
for the two types of catalysts. For combustion-synthesized sam-
ples, XRD and HRTEM results are in agreement indicating a fine
and homogeneous distribution of platinum. On the contrary, the
findings about the size of Pt crystallites from XRD studies of the
IWI catalysts are not in accordance with the respective HRTEM
findings. While XRD suggests the presence of some bigger Pt crys-
tallites, the HRTEM images of the catalyst do not show any big
crystallite of Pt. This is because the large Pt particles are opaque
to the electron beam owing to their high electron density and
hence escape HRTEM analysis. However, since XRD is a bulk tech-
nique, a few big platinum crystallites can be responsible for an in-
tense platinum metal signal in the XRD pattern. This does not
necessarily depict the overall picture of the catalyst material.
Therefore, the impregnation brings about the formation of small
crystallites together with larger particles showing less uniformity
in the particle size of platinum in comparison to the catalyst pre-
pared by combustion synthesis.

Distribution of Pt before and after ageing as revealed by HRTEM
investigations did highlight the following aspects. First, both the
SCS catalysts experience a marginal sintering effect on ageing in
the WGS atmosphere (Pt crystallite size increases from 3.8-3.6 nm
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in the oxd773 catalyst to 4.1-4.0 nm in the aged catalyst) with con-
comitant broadening of distribution. Thus, although the mean size
increases, a larger number of Pt particles do have similar size in
the aged catalysts than in the oxidized catalysts. Second, for the
impregnated catalysts, on the contrary, the platinum distribution re-
mains essentially constant for both before and after the ageing with
a slight increase of Pt size in the aged catalyst from chloride
precursor.

The differences in activity observed in AP, red773 and oxd773
forms of the SCS catalysts can be correlated with their different
microstructure. HRTEM reveals the occurrence of an epitaxial rela-
tionship between the support and metal particles in the fresh and
in the reduced SCS catalyst prepared from nitrate precursor. It is
well known that epitaxial relationship between the support and
metal particles induces structural strain, both in the metal particles
and in the metal metal-oxide interface [45]. It is reported that
strain of metal surfaces is correlated with adsorption energies
and activation energy barriers of the metals, and this effect is
due to a shift in the position of the center of the metal d bands re-
spect to the Fermi level [46]. We can suppose that in the present
case, structural strain in such small Pt particles likely results in a
strong adsorption of reactants, which, in turn, could explain the
lower observed activity. However, the role of epitaxial bonding in
the activity and stability of these catalysts is difficult to elucidate
at this point of our investigations, and further studies will be nec-
essary to fully address this issue. In addition, there is also a thermal
effect (773 K for 1 h) in the reduced and oxidized forms of both the
SCS catalysts that is absent in their as-prepared forms. In general,
the thermal effect positively influences the SCS catalysts as it is
clear from the higher activity of red773 and oxd773 catalysts over
the corresponding as-prepared catalysts. These thermal treatments
result in changes in the microstructure. The oxidative treatment in
SCS(N) leads to a catalyst state with highest activity since it re-
moves the epitaxy in the structure but does not disrupt the homo-
geneity of Pt distribution. Only a little decrease of average particle
size was observed after the treatment. On the other side, the oxida-
tive treatment paves the way towards a more homogeneous distri-
bution with concomitant lowering of average Pt crystallite size in
SCS(Cl). The reductive treatment is not sufficient to break the epi-
taxy in the SCS(N) catalyst, while it leads to an inhomogeneous dis-
tribution of Pt in SCS(CI) catalyst. The resulting effect is a lower
activity of the red773 catalysts compared to the oxd773 catalysts.
For the impregnated catalysts, on the contrary, no such differences
in activity are observed since the preparation step of these cata-
lysts involves calcination in air at 823 K for 1 h. The presence of
chloride in SCS(CI) is responsible for its lower activity compared
to SCS(N) in each of the three forms.

The much lower value of dispersion obtained for SCS(N) catalyst
in as-prepared (53% lower than Chl) and red773 forms (67% lower
than Chl) can also be explained on the basis of epitaxy in the struc-
ture [40,41]. On the contrary, the HRTEM images show no occur-
rence of epitaxy in the microstructure of the as-prepared and
reduced catalysts of SCS(Cl), but the particle size distribution in
these two forms is more heterogeneous (2-7 nm) than in the other
samples and explains the lower dispersion values. Both the SCS
catalysts in oxd773 form do not show epitaxial relationship, and
they exhibit the highest dispersion values. In addition, the sample
preparation step before chemisorption (involving degassing in He
at 473 K) is able to remove the weakly adsorbed surface carbonates
(as clear from the TPD profiles) from the as-prepared and aged
samples but do not affect those strongly adsorbed; this lowers
the CO adsorption capability thus affecting metal dispersion
values.

Another point of interest in this study is that the nature of deac-
tivation depends on the technique of deposition and on the nature
of precursors. The ex-chloride catalysts are less deactivated or not

deactivated in the reformate atmosphere, whereas the ex-nitrate
catalysts are more prone to deactivation. For both ex-nitrate and
ex-chloride SCS catalysts, the deactivation occurred in the first
hours, then the activity was stabilized to a constant value. The
main causes of deactivation could be correlated with the accumu-
lation of carbonate species as evidenced by TPD measurements on
the aged catalysts and/or the change in the distribution of plati-
num particle size mentioned above. It is difficult to discriminate
between these two effects. Since the average size of Pt being sim-
ilar in both the SCS catalysts after ageing, the higher tendency to
carbonate formation of the SCS(Cl) catalyst is responsible for its
higher deactivation than SCS(N) catalyst. However, the deactiva-
tion is completely reversed by an oxidizing treatment at 773 K.
This indicates that along with the removal of adsorbed carbonate
species, there is also a reversible switching between the two distri-
bution patterns as can be inferred from the complete recovery of
dispersion values. Alternatively, we could conclude that the slight
sintering of metal does not affect much the activity of the catalyst.

For the IWI(N) catalyst, no sintering effect is visible by HRTEM,
but an additional effect of strong embedding by support is present
together with the formation of carbonates. The strong embedding
of the active phase by the support in this catalyst reduces the ex-
posed platinum area for CO adsorption leading to a catalyst with
decreased activity. This effect is so critical that even the oxidative
treatment at 773 K is not enough to regenerate the catalyst to its
initial state. The lower value of dispersion of the regenerated cata-
lyst supports this.

The most interesting behaviour is shown by the impregnated
catalyst from the chloride precursor. In general, it is reported in
the literature that the presence of chloride in the sample reduces
the activity acting as a poison. In the case of ceria-based catalysts,
the presence of chloride ions dramatically reduces the oxygen-
spillover and back-spillover rates by forming CeOCl species on
the ceria support [47]. Formation of this CeOCl species decreases
the number of available hydroxyl groups that were claimed to be
one key parameter responsible for the possible migration of chem-
isorbed oxygen species and/or formation of formate intermediates
in the WGS activity. Duprez and coworkers [48] reported a sharp
decrease in CO conversion in PROX in the case of the catalyst pre-
pared from H,PtClg precursor. In fact, there is a positive gain in
activity for the impregnated catalyst from the chloride precursor
during or after the long-term durability test. This is partly due to
the removal of residual chlorides during the reaction as it is con-
firmed from the analysis of the amount of chloride before and after
the durability test (see Table 1). We suppose that the chlorides are
stripped off by their reaction with water to form HCl via a mecha-
nism similar to what described by Paulis et al. [49]. This fact could
explain the enhancement of activity of IWI(Cl) sample; however,
there are still a few points that need to be clarified and particularly
(i) the activity pattern of IWI(CI) catalyst presents two steps sug-
gesting that the mechanism of activation might involve more than
one single process and (ii) the different behaviour of IWI(Cl) and
SCS(Cl) catalysts may result from processes other than loss of chlo-
ride during reaction. It is evident from the above considerations
that these results are the effect of the interplay between different
processes that contribute positively and negatively to overall cata-
lytic activity. The presence of chlorine has certainly a negative ef-
fect on activity; chloride ions fill the oxygen vacancies close to the
platinum interface blocking the active sites and affecting the spill-
over and back-spillover rate of reactants. Moreover, the adsorption
capability of platinum could be inhibited, as platinum atoms at the
metal support interface could behave as a partially oxidized center
with a lower electron density [50]. We have shown that during the
durability test, chlorine is removed from both Cl-containing sam-
ples; water vapour present in the stream is likely involved in this
process [49]. Sintering of Pt particles is another phenomenon that
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occurs during reaction. We have recently reported that very small
Pt particles have generally a reduced WGS activity with respect to
larger particles [25]. The reasons of these findings are at the mo-
ment unclear. However, for the catalysts investigated here, particle
size of ca. 3 nm seems to be the optimum size for activity. There-
fore, an increase/decrease of activity is observed when sintering in-
volves particles smaller/larger than 3 nm, and this could explain
why sintering in IWI(Cl) and in SCS(Cl) could have opposite effects.
Formation of carbonate is also a well-known deactivation mecha-
nism in WGSR [51]. It is reported that carbonate formation is influ-
enced negatively by the presence of a large amount of chloride that
adsorbs competitively on Ce3*sites [52]. Therefore, the different
amounts of carbonate present on each catalyst (see Fig. 11) and a
different dynamic of their formation could introduce another dif-
ference in the deactivation/activation profiles of the two catalysts.

Summing up, the phenomena involved in the deactivation/acti-
vation processes of ex-chloride samples are mainly (i) removal of
chlorine by water, (ii) chemisorption of CO, and formation of car-
bonates, and (iii) sintering of Pt particles. While in IWI(CI), the
occurrence of these phenomena results in an overall gain of activ-
ity during time on stream, in SCS(CI) catalysts, the positive effect
due to the strip off of chlorine by water is more than compensated
by the negative effect of formation of carbonate and growth of the
dimension of Pt particles.

5. Conclusions

We have reported a single-step, combustion approach to pre-
pare an effective and durable WGS catalyst. The high dispersion
of platinum coupled with the high crystallinity of the combus-
tion-synthesized catalyst makes it a potential candidate in parallel
with the conventional impregnated catalysts for the WGS reaction
at high space velocities. The SCS catalysts are sensitive to the pre-
treatment atmosphere. Oxidation at mild temperature activates
both ex-nitrate and ex-chloride samples. In the former catalysts,
the oxidation removes the epitaxial bonding between Pt particles
and support, which is responsible for the lower activity of fresh
catalyst. The degrees of deactivation of different catalysts and
underlying causes can be envisaged in relation to the method of
preparation and the precursors used. The activity of SCS catalysts
can be recovered completely after ageing, while deactivation of
the impregnated catalyst from nitrate precursor IWI(N) is not
reversible under similar conditions. On the contrary, the impreg-
nated catalyst from chloride precursor shows higher activity after
ageing. Removal of chlorides during durability test and long-term
stabilization of Pt crystallite size at ~3 nm are responsible for this
activity enhancement.
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