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Available online 16 October 2008 TPR) techniques. It has been found that addition of alkalis does not affect adsorption of CO and H

on the surface of Pt crystallites, indicating the absence of strong electronic-type interactions between
these sites and the promoters. However, the presence of alkalis results in the creation and population

gfﬂf:ﬁf‘ of new sites with increased electron density, proposed to be located at perimetric sites of Pt crystallites,
Titanium dioxide which are in contact with the support. The adsorption strength of these sites toward CO increases with
Promotion increasing alkali content, which is evidenced by the development of new, low-frequency IR bands in the
Alkali v(CO) region. In contrast, addition of alkali results in weakening of hydrogen adsorption on sites located
Ces?”m at the metal/support interface, which is reflected to a significant shift of the corresponding TPD peak
;(’Cg:'omen toward lower temperatures. Results of CO-TPD experiments indicate that CO adsorbed on Pt interacts
C:rbor% monoxide with hydroxyl groups associated with the support to yield formate, which decomposes during TPD to
TPD CO, and H,. Thermal decomposition of formate is accomplished at lower temperatures in the presence
TPR of alkali. Finally, CO-TPR experiments indicate that the reducibility of TiO; is enhanced in the presence
DRIFTS of alkali, which can be related to the creation of the new sites at the metal/support interface.
FTIR © 2008 Elsevier Inc. All rights reserved.
1. Introduction by the promoting species on the chemisorptive properties of metal
surfaces toward reactive molecules. These effects may originate
Electropositive promoters, such as alkali and alkaline earth met- from either electronic interactions, i.e., modification of electron
als, are frequently used as additives in heterogeneous catalysis density of alkali-promoted metal surfaces, and/or from electro-
in order to improve catalytic activity, selectivity and/or durability. static interactions associated with alkali-metal ions, and/or from
Well known examples of industrially important catalytic reactions  Site blockage [16-18]. Regarding the electronic-type effects, alkali
promoted by alkalis are the Fischer-Tropsch synthesis of hydrocar- ~ Metals are electron donors and, therefore, may act by enhancing
bons and the ammonia synthesis from N, and H [1]. In recent chemisorption of electron acceptor species, such as carbon monox-
years, significant efforts have been made to modify catalytic per- ide and oxygen, and/or by suppressing chemisorption of electron
formance of noble metal catalysts by chemical [2-12] or electro- donors, such as olefins and hydrogen [13]. These issues have been
chemical [13-15] promotion with alkali metals, in order to change  investigated extensively in recent years, mainly with the use of
product distribution, to reduce the energy requirements (reaction carbon monoxide as probe molecule. Several fundamental studies
temperature) or to decrease the amount of precious metal required conducted over single crystals of transition metals [17,19] and no-
for a specific reaction to occur. In most cases, it has been found ble metals [17,18,20] have shown that the presence of alkali-metal
that addition of alkalis results in a significant improvement of cat-  atoms modifies adsorption characteristics of the metal surface to-
alytic performance and that the promotional effect, which often ~ Wward CO leading to: (a) a dramatic increase in the binding energy
depends on the size of the dopant atom, is maximized for a cer- of CO (strengthening of the metal-CO bond), which is reflected to
tain alkali content on the catalytic surface [2-15]. the large shift in desorption temperature in TPD experiments, (b)

The ability of alkali additives to modify catalytic activity and/or a significant weakening of the cgrbon—oxygen bond, which is evi-
selectivity can be understood by considering the effects induced  denced by the marked decrease in the frequency of the C-O stretch
vibration, and (c) a shift in the electron binding energies of both

core and valence levels. Qualitatively similar results have been ob-
* Corresponding author. Fax: +30 2610 991527. tained for alkali-promoted noble metal catalysts supported on SiO;
E-mail address: dimi@chemeng.upatras.gr (D.I. Kondarides). [21-23], Al;03 [8,24] or zeolite [25]. Additional effects of alkalis on

0021-9517/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.09.014


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcat
mailto:dimi@chemeng.upatras.gr
http://dx.doi.org/10.1016/j.jcat.2008.09.014

142 P. Panagiotopoulou, D.1. Kondarides / Journal of Catalysis 260 (2008) 141-149

Table 1
Physicochemical characteristics of alkali-promoted 0.5% Pt/TiO; catalysts.
Promoter type Alkali:Pt SSA? Surface alkali Anatase Platinum dpd
and nominal atomic ratio (m%g~1) concentration content? dispersion® (A)
loading (wt%) (nominal) (atomnm~2) (%)
None 0 0.0 29 0 48 0.87 12
Na 0.017 0.3 30 0.15 52 0.94 11
0.06 1.0 27 0.58 56 1.01 10
0.12 2.0 28 1.1 50 0.66 15
0.20 34 28 1.9 56 0.81 13
Cs 0.17 0.5 30 0.26 50 0.78 13
0.34 1.0 28 0.55 48 0.77 13
0.68 2.0 28 1.1 59 0.74 14
2 Specific surface area, estimated with the BET method.
b Ti0, phase composition estimated from integral intensities of the anatase (101) and rutile (110) XRD reflections.
¢ Estimated from selective chemisorption of CO at room temperature.
d

Mean crystallite size of dispersed Pt crystallites.

the properties of supported metal catalysts include modification of
the acid/base characteristics of the support [4,11,12] and inhibition
of spillover of adsorbed species [6,23].

The present investigation was undertaken in order to develop
an understanding of the effects of alkali promotion on the physic-
ochemical and chemisorptive properties of Pt/TiO, catalysts, which
have been found to be very active for the low-temperature water-
gas shift (WGS) reaction [26-29]. Results of the present study pro-
vide the basis for explaining the enhanced WGS activity of alkali-
promoted Pt/TiO, catalysts, which will be discussed in a forthcom-
ing publication.

2. Experimental
2.1. Catalyst preparation and characterization

Alkali-promoted TiO, carriers were prepared by impregnation
of titanium dioxide powder (Degussa P25) with an aqueous so-
lution of the corresponding alkali precursor salt (NaNOs3, CsNOs).
Typically, 5 g of TiO, were added under continuous stirring in
50 mL of water containing the desired amount of the salt, at nat-
ural solution pH. The resulting slurry was heated slowly at 70°C
under continuous stirring and maintained at that temperature un-
til nearly all the water evaporated. The solid residue was dried
at 110°C for 24 h and subsequently calcined in air at 600°C for
3 h. The promoter concentration of samples thus prepared varied
in the ranges of 0-0.20 wt% (0-1.9 atomsnm~2) and 0-0.68 wt%
(0-1.1 atoms nm~—2) for Na and Cs dopants, respectively (Table 1).

Dispersed platinum catalysts (0.5 wt% Pt) were prepared em-
ploying the wet impregnation method with the use of the above
carriers and (NH3),Pt(NO; ), (Alfa) as platinum precursor salt. Ma-
terials were characterized with respect to their specific surface
area, anatase content, primary crystallite size of TiO, and Pt dis-
persion, employing nitrogen physisorption at the temperature of
liquid nitrogen (BET method), X-ray diffraction (XRD) and selective
chemisorption of CO at room temperature. Details on the equip-
ment and procedures used for catalyst preparation and characteri-
zation can be found elsewhere [26].

2.2. In situ FTIR spectroscopy

Fourier transform infrared (FTIR) experiments were carried out
using a Nicolet 740 FTIR spectrometer equipped with a diffuse
reflectance (DRIFT) cell (Spectra Tech), an MCTB detector and a
KBr beam splitter. The cell is directly connected to a flow system,
equipped with mass flow controllers and a set of valves which
allow control of feed gas composition [28]. In a typical experi-
ment, the catalyst powder was heated at 450°C under He flow

for 10 min and then reduced in flowing hydrogen (20% H; in He)
at 300°C for 60 min. The reduced sample was flushed with He
at 450°C for 10 min and subsequently cooled down to room tem-
perature (RT). During the cooling stage, background spectra were
collected at temperatures of interest. The flow was then switched
to a gas mixture of 1% CO in He at RT for 30 min. Finally, the sys-
tem was purged with He for 10 min and temperature was stepwise
increased up to 450 °C. Spectra were recorded 3 min after reaching
the desired temperature. In all experiments, the total flow through
the DRIFT cell was 30 cm?/min.

2.3. Temperature-programmed desorption of H, or CO

Temperature-programmed desorption (TPD) experiments were
carried out using an apparatus and following the procedures
described in detail elsewhere [30]. In a typical experiment, an
amount of 200 mg of freshly prepared catalyst (0.18 < d <
0.25 mm) was placed in a quartz microreactor, heated at 500°C
under He flow for 15 min and then reduced in situ at 300°C for
30 min under flowing hydrogen. The catalyst was heated again at
500°C under He flow for 15 min, in order to remove adsorbed
species from the catalyst surface, and then cooled down to 25°C.
The flow was then switched to the adsorbing gas, H, or CO (1% in
He), for 15 min, followed by purging with He for 10 min at RT. Af-
ter this step, temperature was increased linearly (8 = 30°C/min)
up to 650°C and TPD patterns were recorded with the use of a
mass spectrometer (Fisons, SXP Elite 300H) connected on-line to
the reactor outlet. Responses of the mass spectrometer were cali-
brated against standard mixtures of accurately known composition.
When necessary (e.g. CO,-CO signals), the cracking coefficient de-
termined in separate experiments was also taken into account in
the calculations of gas effluent concentrations.

2.4. Temperature-programmed reduction experiments

Temperature-programmed reduction (TPR) experiments were
carried out using carbon monoxide (CO-TPR) as reducing agent,
following the procedure described elsewhere [26]. In a typical ex-
periment, 200 mg of the catalyst were placed in a quartz microre-
actor and treated at 300°C with a flowing 2% O,/He mixture for
30 min. The sample was then heated under He flow at 500°C
for 15 min and subsequently cooled down to room temperature.
TPR experiments were then carried out over the pre-oxidized sam-
ples by switching the feed composition from He to 0.25% CO/He
(40 cm3/min), left at 25°C for 10 min, and then heating linearly
(B8 =30°C/min) at 650°C. A mass spectrometer (Omnistar/Pfeiffer
Vacuum) was used for on-line monitoring of TPR effluent gas. The
transient-MS signals at m/z =2 (Hy), 15 (CHa4), 18 (H20), 28 (CO)
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Fig. 1. DRIFT spectra obtained from (A) Pt/TiO, (unpromoted), (B) Pt/TiO; (0.34 wt% Cs) and (C) Pt/TiO, (0.68 wt% Cs) catalysts following adsorption of CO at 25°C for 30 min

and subsequent stepwise heating at the indicated temperatures under He flow.

and 44 (CO;) were continuously recorded. Determination of crack-
ing coefficients and calibration of the mass spectrometer signals
were made as described above (Section 2.3).

3. Results and discussion
3.1. Physicochemical characteristics of synthesized catalysts

Results of physicochemical characterization of the synthesized
materials are summarized in Table 1, where the specific surface
area (SSA), TiO, phase composition (% anatase), platinum disper-
sion and average size of Pt crystallites (dp¢) are listed as functions
of promoter type and nominal loading. Regarding the unpromoted
catalyst, it is observed that the values of both SSA (29 m?/g) and
anatase content (48%) are substantially lower, compared to those
of the parent TiO, material (48 m?/g, 75% anatase). This is be-
cause synthesis of all catalyst samples included heat treatment at
elevated temperature (600°C for 3 h), which is known to result
in transformation of TiO, to its rutile form, particle growth and
decrease of specific surface area [31]. Addition of alkalis does not
affect, practically, SSA but leads to materials with higher anatase
content, compared to the undoped sample (Table 1). The mean pri-
mary crystallite size of TiO,, estimated from X-ray line broadening
[26], is not affected significantly by the presence of the promoters
and varies in the range of 20-26 nm for all catalyst samples in-
vestigated. Results of CO chemisorption measurements show that
platinum is well dispersed for all catalyst samples, with the aver-
age size of Pt crystallites ranging between 1.0 and 1.5 nm (Table 1).

3.2. FTIR investigation of CO adsorption/desorption characteristics

In Fig. 1A are shown DRIFT spectra obtained from the unpro-
moted Pt/TiO; catalyst following exposure to 1% CO/He at 25°C
for 30 min and subsequent stepwise heating at 450°C under He
flow. It is observed that the spectrum recorded at 25°C (trace a)
is characterized by bands in the v(CO) stretching frequency region,
located at 2089, 2062, 1830 and 1780(sh) cm~!. Additional bands
located below 1700 cm~! (not all of them shown for clarity) are
due to formate and/or carbonate species associated with the sup-
port [28]. The band at 2089 cm~! is often attributed to linear CO
adsorbed on partially oxidized platinum sites (Pt’*) [28,32], but

this is probably not the case here because the catalyst was re-
duced in situ with hydrogen at 300°C prior to exposure to CO.
Therefore, the bands at 2089 and 2062 cm~! can be assigned to
CO linearly adsorbed on Pt terrace and step sites, respectively [33,
34]. The band at 1830 cm™! is characteristic of bridge-bonded CO
on reduced platinum sites [28,32,35] whereas its low frequency
shoulder, located at ca. 1780 cm~!, has been assigned to 3-fold
bridged CO species [36]. As will be discussed below, this band can
be attributed to bridged CO species adsorbed at the metal/support
interface. Stepwise heating from 25 to 450°C under He flow re-
sults in the disappearance of bands attributed to bridged CO above
150°C and to a progressive decrease of the intensities of linear
Pt-CO bands (traces a-i). This is accompanied by a shift of linear
CO bands toward lower wavenumbers, which is consistent with a
decrease of the vibrational coupling of adjacent CO dipoles with
decreasing coverage [28,32,35].

It is of interest to note that a new band, located at ca. 1940
cm~!, is resolved in the temperature range of 100-200 °C (traces
b-d). The low frequency of this band, which cannot be solely ex-
plained by a decrease in dipole-dipole coupling (e.g., adsorption
on isolated platinum sites), indicates the presence of adsorption
sites of exceptional electron-donating properties. Similar bands, lo-
cated in the region of 1940-1980 cm~!, have been reported for
a number of noble metal catalysts dispersed on reducible sup-
ports, including Pt/TiO; [28,35], Au/TiO [37], Pt/CeO; [36,38] and
Pd/CeO; [39], and were assigned to CO adsorption on metal sites
strongly interacting with the metal oxide support. In our previous
study [28], the band observed in this frequency region has been
tentatively assigned to terminal CO species adsorbed on metallic Pt
in contact with Ti3* ions. Such [Pt-Ti3*] sites are expected to be
present at the metal-support interface under reducing conditions.
The appearance of the 1940 cm~! band upon thermal treatment
implies that population of [Pt-Ti3>*] sites has an activation energy
barrier to CO adsorption, which may be related to reduction of
the titania surface. In particular, it may be suggested that ther-
mal treatment of Pt/TiO; catalysts in the presence of adsorbed CO
results in partial reduction of TiO, in the vicinity of Pt crystal-
lites and, concomitantly, in the creation and population of the so
formed [Pt-Ti3T] sites. If this is the case, then the observed acti-
vation energy barrier for CO adsorption should be due to partial
reduction of TiO, and thermal generation of [Pt-Ti3*] sites at the
metal/support interface.
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In Fig. 1B are presented DRIFT spectra obtained over Pt/TiO;
catalyst promoted with 0.34% Cs. The spectrum recorded at
25°C (trace a) consists of bands corresponding to linear (2089,
2062 cm~1) and bridged (1825 cm™~1) CO species, similar to those
discussed above for the unpromoted catalyst. However, compari-
son of spectra obtained for the two samples shows the following
important differences: First, the bridge-to-linear band intensity
ratio (B:L ratio) is considerably higher for the Cs-promoted cat-
alyst. Second, an additional low frequency (LF) band, located at
ca. 2040 cm~!, is discernible over the alkali-modified sample,
which shifts toward lower frequencies with increasing tempera-
ture (traces a-i). This shift seems to be accompanied by a transfer
of intensity from the CO band at 2062 cm~!, which implies re-
distribution of adsorbed CO species with increasing temperature.
A similar effect of temperature is observed for the bridged CO
band, the maximum of which shifts from 1825 cm~! at 25°C to
ca. 1760 cm~! at 200°C (traces a-d). This seems to be due to the
presence a new, LF-bridged CO band, which develops and shifts to-
ward lower wavenumbers in a way similar to that discussed above
for the LF-linear CO band.

Increasing Cs content to 0.68% (Fig. 1C) does not affect the posi-
tions of linear CO bands at 25 °C, relative to those observed for the
unmodified catalyst (2087 and 2062 cm™!), but results in a further
(although smaller) increase of the B:L ratio and in a red shift of
the bridged-CO band maximum, which now appears at 1817 cm™~!
(trace a). The LF-linear CO band observed at ca. 2040 cm~! for the
sample doped with 0.34% Cs appears now at lower wavenumbers
(2025 cm~1) and is of higher relative intensity. Increasing temper-
ature results in a significant red shift of the low-frequency bands
at 2025 cm~! and 1817 cm~! by ca. 50 cm~! and 80 cm™!, re-
spectively (traces a-i). Again, the LF-linear CO band at 2025 cm™!
seems to develop at the expense of the band at 2062 cm~! with
increasing temperature.

Similar FTIR spectra were obtained for all alkali-promoted
Pt/TiO, catalysts listed in Table 1, and representative results ob-
tained for Na-containing samples are shown in Fig. 2. It is ob-
served that modification of catalysts by sodium affects CO adsorp-
tion/desorption properties of Pt toward CO in a manner which is
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Fig. 2. DRIFT spectra obtained from Pt/TiO; catalysts promoted with (A) 0.06 wt% Na
and (B) 0.20 wt% Na following adsorption of CO at 25°C for 30 min and subsequent
stepwise heating at the indicated temperatures under He flow.

qualitatively similar to that discussed above for Cs-containing sam-
ples. The effects of alkali-promotion on the spectral characteristics
of adsorbed CO can be summarized as follows: (i) adsorption of
CO at room temperature (RT) results in all cases in the develop-
ment of bands attributable to CO linearly adsorbed on Pt terrace
(2089 cm~1) and step (2062 cm™!) sites. The positions of these
bands at RT are not affected by the presence of alkali. These lin-
early adsorbed CO species are thermally very stable and, under
the present experimental conditions, the corresponding bands dis-
appear from the spectrum at temperatures typically higher than
400°C; (ii) the band assigned to bridge-bonded CO, which is lo-
cated at 1830 cm~! for the unpromoted catalyst, increases in
intensity and shifts toward lower frequencies in the presence of al-
kali. Both the B:L ratio and the extent of the red shift increase with
increasing dopant content. Bridge-bonded CO species are thermally
less stable than linear CO species and the corresponding bands
disappear from the spectrum at temperatures in the range of 200-
250°C. Heat treatment results in a significant red shift of the
bridged-CO band, by up to 80 cm™!; (iii) addition of alkali met-
als results in the development of a new band in the v(CO) region,
which appears as a low-frequency shoulder of the linear CO bands.
The band shifts toward lower frequencies and increases in intensity
with increasing dopant concentration or temperature. The thermal
stability of the corresponding species is intermediate to that of lin-
ear and bridged CO, and the band disappears from the spectrum at
temperatures typically higher than 300°C; (iv) careful inspection
of FTIR spectra presented in Figs. 1-2 shows that the red shift of
the bridged CO band discussed above is due to the development of
a new LF-bridged CO band which is present in all spectra obtained
over the alkali-promoted catalysts.

The observed effects of the presence of alkali on the spectral
characteristics of adsorbed CO can be understood by considering
the influence of these promoters on the electronic and chemisorp-
tive properties of dispersed platinum crystallites. Regarding the
red shift observed for bands assigned to linear- and bridge-bonded
CO, Primet [32] showed that the presence of electron donor com-
pounds on the catalyst surface results in a substantial decrease
of the v(CO) stretching frequency due to electron transfer toward
platinum, which increases the back-donation of the metal electrons
into the 2* antibonding orbitals of adsorbed CO. Thus, alkali ad-
ditives result in strengthening of the metal-CO (M-CO) bond and
weakening of the carbon-oxygen (C-O) bond. Theoretical studies
[40] have shown that increasing the electron density of a metal
surface should also result in an increase of the integrated B:L in-
tensity ratio, in agreement with the present results. A qualitatively
similar behavior has been reported for a variety of alkali-modified
noble metal catalysts, including Pt/SiO, [41], Pd/SiO; [23], Pt/ZrO,
[9,10] and Pt/zeolite [41,42].

A very interesting characteristic of DRIFT spectra obtained at
RT is that alkali loading does not affect, practically, the posi-
tion of bands attributed to linear CO species adsorbed on terrace
(2089 cm~1) and step (2062 cm~!) Pt sites (Figs. 1, 2). This in-
dicates the absence of a strong electronic effect of the additives
on the adsorption strength of these sites. In contrast, the po-
sitions and intensities of both the LF-linear and the LF-bridged
CO bands depend on the nature and level of loading of the pro-
moter. This implies that the species corresponding to the latter
two bands are associated with adsorption sites, which are directly
influenced by the presence of alkalis. It should be remembered
here that dopants were added to TiO; carrier prior to deposition
of platinum and, therefore, alkali atoms should be located mainly
on the support rather than on the surface of Pt crystallites. This
assumption is supported by results obtained over Cs-promoted
Rh/Al;03, where it was shown that Al,03 support scavenges the
alkali species present on the catalyst surface and hence the metal
is left relatively unperturbed [8]. It is then reasonable to suggest
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that bands appearing in the presence of alkalis at 2040-2025 cm ™!
and 1825-1815 cm~! (positions refer to spectra obtained at RT)
are related to species adsorbed at the metal-support interface,
since these sites should be affected more strongly by promoter
species located on the support. Thus, it is proposed that the new
LF-linear band, which is clearly resolved in all spectra obtained
over alkali-promoted catalysts (Figs. 1, 2), is due to a linear CO
species adsorbed at the perimetric sites of Pt crystallites, which
are in contact with the support. The nature of these sites should
be similar to that of [Pt-Ti3*] sites discussed above for the un-
promoted Pt/TiO, catalyst, because both refer to platinum sites
of exceptionally high electron donating properties. Following the
same reasoning, the LF-bridged CO band is attributed to bridge-
bonded CO on the same sites. Inspection of spectra obtained at
room temperature show that the presence of alkalis affects both
the number (peak intensity) and electronic properties (peak posi-
tion) of chemisorption sites located at the metal/support interface.
The observed red shift of LF-CO bands with increase of alkali con-
tent can be understood by considering that increasing the number
of alkali atoms in the vicinity of these sites results in increased
electron transfer to platinum, whereas the increased intensity of
IR bands can be related to the effects of the presence of alkali on
the reducibility of TiO,. These issues will be discussed in detail
below, along with results of H,-TPD and H,-TPR experiments.

The observation that the LF-linear band develops with increas-
ing temperature at the expense of the band assigned to linear CO
on step Pt sites (2062 cm~!) (Figs. 1, 2) indicates an increased in-
teraction between Pt and the promoter species upon heating. The
decreased intensity of the 2062-cm~! band could be due to site
blocking of step sites originating from migration of mobile pro-
moter atoms from the support to the Pt crystallites with increasing
temperature. It is also possible that this behavior is due to desorp-
tion and/or surface reaction of the corresponding species at lower
temperature, compared to that of the unpromoted catalyst. Regard-
ing the relatively large red shift of the LF-linear CO band upon
heating, it can be attributed, at least in part, to interaction of the
oxygen atom of CO adsorbed on perimetric sites of Pt crystallites
with a Lewis acid site of the support (e.g., Pt-CO-Na™, Pt-CO-Cs™),
which is expected to result in a decrease of the C-O bond order.
This argument is in accordance with results reported in literature
for alkali-modified Pd/SiO, [22,23] and Rh/SiO; [43] catalysts.

It should be noted here that, apart from the carbonyl bands
discussed above, interaction of all catalysts investigated with CO
resulted in the development of two “negative” bands in the v(OH)
region (not shown for clarity), located at ca. 3725 and 3670 cm™~!.
In our previous study of unpromoted Pt/TiO, catalysts [28], it has
been discussed in detail that the appearance of these bands is due
to consumption of surface hydroxyl groups and indicates forma-
tion of surface formate species associated with the support. The
absence of bands at around 2900 cm~!, which are characteristic of
formate, indicates that the population of this species is relatively
low under the present experimental conditions. Thus, surface for-
mate either decompose rapidly to yield hydrogen and CO, and/or
is oxidized by surface oxygen atoms toward carbonate. Surface re-
actions related to the formation and fate of these species are dis-
cussed in detail below, along with results of CO-TPD experiments.

3.3. Temperature-programmed desorption of CO

TPD patterns obtained following interaction of the unpromoted
and Cs-modified Pt/TiO, catalysts with CO at room temperature
are shown in Fig. 3A. It is observed that CO desorbs from Pt/TiO;
(profile a) in the temperature range of 50-350°C, exhibiting two
weak maxima located at ca. 100 °C and 290 °C. Desorption of CO is
accompanied by evolution of CO, in the same temperature range,
which is characterized by a low temperature (LT) peak at ca. 100°C
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Fig. 3. Temperature-programmed desorption profiles obtained from Pt/TiO, catalysts
doped with the indicated amounts of (A) cesium or (B) sodium promoters follow-
ing exposure to 1% CO/He for 15 min at 25°C. Experimental conditions: He flow:
30 cm® min~!; B =30°Cmin~".

and a medium temperature (MT) peak at ca. 240 °C. An additional
CO, peak, with its maximum located at ca. 315°C, is observed at
higher desorption temperatures. This high temperature (HT) CO;
peak is accompanied by evolution of H; in the same temperature
range. Comparison of the relative intensities of the CO and CO,
TPD curves shows that only a small part of preadsorbed CO des-
orbs molecularly:

COpry = COrg). (1)

A significantly higher amount of adsorbed CO participates in sur-
face reactions upon heating under He flow and yields CO; in the
gas phase. Production of CO; may be attributed, at least in part, to
reduction of surface TiO;:

TiO; + xCO(py) — TiO2—y + XCOyg) (X < 2). (2)

This is supported by results of our previous study [28] where it
was clearly shown that, in the presence of dispersed Pt, CO (and
also Hy) is able to reduce titania surface at relatively low tempera-
tures. Another possible route for CO, production under the present
experimental conditions is disproportionation of CO according to
the Boudouard reaction:

ZCO(pt) — C + COy (g)- 3)

The contribution of this reaction to the TPD response of CO;
should not be significant for the unpromoted catalyst [44,45], but
may be of importance for samples modified by alkalis. For instance,
Pedrero et al. [6] found that CO, is produced over Cs-modified
Pd/SiO, catalysts during contact with CO even at ambient temper-
atures via CO disproportionation promoted by Cs. Similar results
have been reported for Na-promoted Pd/SiO; [23] and Ni/SiO; [46].

Regarding evolution of H, at high desorption temperatures, it
should originate from interaction of adsorbed CO with hydroxyl
groups associated with the support, i.e., the only possible source
of hydrogen under the present experimental conditions. Thus, pro-
duction of Hy and CO, at temperatures higher than 250°C can be
attributed to the onset of the WGS reaction, which is believed to
take place at the metal-support interface [28,44,45]:

27
CO¢pe) + 20H 15,y = COx(g) + Ha(g) + Ofpig,)- (4)

Addition of small amounts of Cs on the catalyst surface re-
sults in significant changes in the TPD responses (Fig. 3A) and
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Table 2
Amounts of species desorbed from the indicated Pt/TiO, catalysts in CO-TPD and
H,-TPD experiments.

Promoter type
and nominal

Amounts of species desorbed (pmol/gcat)

. CO-TPD H,-TPD
loading (wt%)
co CO, Ha Hy
None 0 1.6 6.5 4.1 9.7
Na 0.017 2.2 6.3 2.3 8.1
0.06 1.5 6.8 1.8 7.9
0.12 1.1 4.6 2.0 8.2
0.20 0.8 3.7 0.7 6.7
Cs 0.17 2.0 7.6 4.7 10.1
0.34 2.7 1.2 5.5 12.2
0.68 1.0 4.6 1.4 5.7

total amounts (Table 2) of desorbed CO, CO, and H, in a man-
ner which depends on the level of doping. In particular, increasing
Cs content from 0 to 0.34% (profiles a-c) does not affect signifi-
cantly the position and intensity of the LT CO and CO, peaks but
results in a progressive increase of the relative intensity of the MT
CO, peak, which evolves in the temperature range of 150-270°C.
Comparison with FTIR spectra obtained over the same set of cat-
alysts (Fig. 1) shows that the increased intensity of the MT CO,
peak could be related to the development of the LF-linear band at
2040-1975 cm™!, attributed to CO adsorbed at the metal/support
interface. In particular, the relative population of this species in-
creases with increasing Cs content to 0.34% and the corresponding
band disappears from the spectrum at temperatures higher than
250°C (Fig. 1B), i.e,, in the same temperature range where evolu-
tion of the MT CO, peak is observed (Fig. 3A).

Increasing Cs content from O to 0.34% also results in an in-
crease of the intensities of the HT CO, and Hy peaks, which is
accompanied by a progressive shift of their maxima toward lower
temperatures, by ca. 35°C (Fig. 3A, profiles a-c). However, further
increase of Cs loading to 0.68% results in suppression of both HT
CO, and H; peaks (profile d). These observations may be explained
by considering that, as discussed above, evolution of CO, and H;
at temperatures higher than ca. 250 °C originates from interaction
of adsorbed CO with OH groups at the metal-support interface
(Eq. (4)). This interaction results in the formation of surface for-
mate species, which have been proposed to be active intermediates
for the WGS reaction [47,48]:

CO(pt) + OHrio,) — HCOO(py/Ti0,)- (5)

Formate species decompose with increasing temperature to yield
hydrogen atoms adsorbed on platinum and CO;, which either
evolves in the gas phase or remains bonded to the support in the
form of carbonates [28]:

HCOO(pytio,) — Hpr) + COx(tio,)- (6)

Finally, adsorbed hydrogen atoms and carbonates desorb from the
catalyst surface to produce gas-phase H; and CO;:

ZH(pt) — Hz(g), (7)
CO2(Ti02) — COz(g). (8)

The increased amounts of HT CO, and Hy observed for catalysts
doped with 0.17% Cs (profile b) and 0.34% Cs (profile c), compared
to those of unpromoted Pt/TiO;, (profile a), can be attributed to the
higher population of CO species adsorbed at the metal/support in-
terface. This is supported by results of FTIR experiments (Fig. 1),
which clearly show that increasing Cs content results in an in-
crease of the relative population of CO species adsorbed at the
periphery of Pt crystallites (band at 2040-1975 cm™~!). The alkali-
induced increase of the population of this species should lead to

formation of higher amounts of formate (Eq. (5)) which in turn
leads to the production of higher amounts of Hy and CO; in the gas
phase (Egs. (6)-(8)). The observed decrease of the amounts of HT
CO, and H; evolved upon further increasing Cs content to 0.68%
(profile d) may be attributed to dehydroxylation of the support,
which is known to be caused by the presence of alkalis [6,23,49].
Thus, it may be argued that at sufficiently high Cs content, pro-
duction of formate and, consequently, evolution of CO, and H; at
temperatures higher than 250°C is limited by the decreased pop-
ulation of hydroxyl groups.

Results of similar CO-TPD experiments obtained over Pt/TiO»
catalysts doped with variable amounts of sodium are shown in
Fig. 3B. It is observed that the effects of Na on the TPD pattern are
qualitatively similar with those obtained for the Cs-doped catalysts
and can be explained based on the same reasoning. In particu-
lar, increasing Na content results in: (a) an increase of the amount
of CO, desorbed in the temperature range of ca. 150-270°C (MT
peak), (b) a progressive shift of the positions of the HT CO, and H;
peaks toward lower desorption temperatures by ca. 60°C (traces
a-d), and (c) suppression of the amounts of CO, and H, desorbed
above 250°C at relatively high dopant levels (trace e). The obvious
difference between TPD patterns obtained from Cs- and Na-doped
samples is that in the former set of catalysts the amounts of CO,
and H; desorbing above 250°C (HT peaks) go through maxima
with increasing dopant content, whereas in the latter set of cat-
alysts the amounts of desorbed species in this temperature range
decrease monotonically with increasing Na content. This behavior
can be attributed to a different extent of dehydroxylation of the
support induced by the two alkalis, which seems to be more signif-
icant for Na-doped catalysts even at low dopant levels. It should be
noted, however, that the nominal surface concentration of added
alkali (Table 1) is in most cases much lower than that of surface
OH species of TiO, (~6 nm~2).

Based on the above discussion, it is suggested that the amounts
of HT CO, and H; desorbing at temperatures higher than 250°C
depend on the surface concentration of HCOO(py/tio,), which in turn
depends on the population of adsorbed CO and hydroxyl groups at
the metal-support interface. Regarding the shift of the HT CO, and
H, peaks toward lower temperatures with increasing Cs (Fig. 3A)
or Na (Fig. 3B) content, it may be related to the effect of dopants
on the thermal stability of formate species formed at the metal-
support interface (Eq. (6)). Pigos et al. have recently investigated
the promoting effect of Na on the WGS activity of Pt/ZrO,, in terms
of the formate mechanistic perspective and found that addition of
alkali influences the stability of surface formate [9,10]. In partic-
ular, it was shown that the presence of Na results in important
weakening of the C-H bond, thereby promoting the rate of for-
mate decomposition and favoring formation of carbonates, i.e., the
precursor of gas-phase CO; [9,10]. This reasoning may explain the
observed shift of the HT CO, and H, peaks toward lower tempera-
tures with increasing Cs or Na content (Fig. 3).

3.4. Temperature-programmed desorption of hydrogen

Results of Hp-TPD experiments obtained following interaction
of hydrogen with Na-promoted catalysts at 25°C are shown in
Fig. 4A. It is observed that the TPD curve recorded for the un-
promoted sample (trace a) consists of a LT peak, located at ca.
115°C, a MT peak, located at ca. 285°C and a HT shoulder, lo-
cated at ca. 350 °C. Addition of Na does not affect, practically, the
position and intensity of the LT peak (traces b-e), indicating that
adsorption/desorption characteristics of this species are not influ-
enced appreciably by the presence of the promoter. In contrast, the
MT peak shifts to progressively lower temperatures with increasing
Na content, i.e., from ca. 285°C for the undoped catalyst (trace a)
to ca. 230°C for the sample containing 0.20 wt% Na (trace e),
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Fig. 4. Temperature-programmed desorption profiles obtained from Pt/TiO, catalysts
doped with the indicated amounts of (A) sodium or (B) cesium promoters following
adsorption of hydrogen at 25°C for 15 min. Experimental conditions: same as in
Fig. 3.

indicating a substantial weakening of the chemisorption bond of
this species. Regarding the HT feature, which is clearly resolved
over the unpromoted catalyst (trace a), it decreases in intensity
with increasing Na content and is practically absent for samples
containing 0.12-0.20 wt% Na (traces d-e). The total amount of des-
orbed hydrogen decreases from 9.7 pmol gc_alt for the unpromoted
catalyst to ca. 8.0 umol gc’;t for catalysts containing 0.017-0.12 wt%
Na (Table 1). Further increase of Na content to 0.20 wt% results
in a significant decrease of the amount of desorbed hydrogen to
6.7 pmol g;lt, which is mainly due to the decrease of the MT peak
(Fig. 4A).

Results of H,-TPD experiments obtained over catalysts pro-
moted with variable amounts of Cs are shown in Fig. 4B. As in
the case of Na-promoted samples, the position and intensity of the
LT peak do not change with increasing alkali content, whereas the
maximum of the MT peak shifts significantly from 285 °C to 205°C
upon increasing Cs content from zero to 0.68 wt% (traces a-d). Ad-
dition of Cs also results in suppression of the HT feature, which is
absent for samples containing more than 0.17 wt% Cs (traces c-d).
Results summarized in Table 2 show that the total amount of des-
orbed hydrogen increases in the presence of small amounts of Cs
(traces b, c), goes through a maximum for the sample containing
0.34 wt% Cs (trace c) and decreases significantly upon further in-
creasing Cs content to 0.68 wt% (trace d).

The appearance of three desorption peaks in the H,-TPD pro-
files of Fig. 4 indicates the presence of (at least) three states of ad-
sorbed hydrogen species on the surface of alkali-promoted Pt/TiO,
catalysts. The LT peak, which is generally observed over Pt sin-
gle crystals [50,51] and supported platinum catalysts [52-55], can
be assigned with certainty to hydrogen chemisorbed on the sur-
face of dispersed metal crystallites. The observation that addition
of Na or Cs does not result in appreciable changes of the desorp-
tion temperature or the intensity of the LT peak, implies that alkali
promotion does not affect significantly the chemisorption strength
or the population of hydrogen adsorbed on Pt crystallites, at least
in the range of alkali concentrations used in the present study. It
also provides additional evidence that alkali atoms are mainly lo-
cated on the support and not on the surface of Pt crystallites. This
behavior is in agreement with FTIR results of Figs. 1, 2, which also
show that the stretching frequency and relative intensity of bands
assigned to linearly adsorbed CO on Pt crystallites (bands at 2089

and 2062 cm~!) are not affected by the presence of alkalis. Thus,
results of both CO-FTIR and Hy-TPD experiments indicate that ad-
sorption sites located on the surface of dispersed metal crystallites
do not “feel” the presence of added alkali atoms.

Regarding the HT feature, which is clearly resolved in the TPD
pattern obtained over the unpromoted catalyst (trace a), it can be
related to desorption of spillover hydrogen. Generally, multiple TPD
peaks observed at temperatures above ca. 300°C are usually as-
signed to either spillover hydrogen, strongly chemisorbed hydrogen
or hydrogen in subsurface layers of platinum [49,52,53]. Although
other possibilities cannot be excluded, the present results indicate
that the HT TPD peak is due to spillover hydrogen associated with
the support. Formation of spillover hydrogen is generally enhanced
with increasing adsorption temperature [53] and is inhibited for
samples pretreated at elevated temperatures, due to partial dehy-
droxylation of the support [56]. Thus, the relatively low intensity of
the HT peak obtained for Pt/TiO; (trace a) can be attributed to the
high pretreatment temperature (600 °C) and/or the low adsorption
temperature (25°C) used in the present experiments. Assignment
of the HT peak to spillover hydrogen is supported by the observa-
tion that addition of small amounts of alkali results in substantial
decrease of the intensity of the HT peak, which disappears for
higher dopant concentrations (Fig. 4). It is well known that the
presence of alkali on metal oxide supports inhibits strongly hydro-
gen spillover [6,49].

The origin of the medium temperature H,-TPD peak is of spe-
cial interest, because both the chemisorption strength and the rela-
tive population of the corresponding species are affected drastically
by the concentration of added alkali (Fig. 4). The desorption tem-
perature of the MT peak is relatively low to be assigned to spillover
hydrogen [49,52]. In addition, increasing alkali content does not
result in a monotonic decrease and eventual disappearance of this
peak, as would have been expected if alkali-induced dehydroxyla-
tion of the support was operable. Comparison with FTIR spectra
of Figs. 1, 2 indicates that the MT H, peak can be related to the
LF-CO bands, i.e., to CO adsorption on the only type of sites that
depend strongly on the presence and concentration of added alkali.
Thus, it is proposed that the MT H,-TPD peak is due to hydrogen
adsorbed at perimetric sites located at the metal/support inter-
face. This assignment is in agreement with conclusions of previous
work obtained over Pt/LTL zeolite [49] and supported Rh catalysts
[57,58].

The downward shift of the MT-TPD peak with increasing Na
(Fig. 4A) or Cs (Fig. 4B) content indicates a strong electronic type
interaction between sites located at the metal/support interface
and hydrogen. Weakening of the adsorption strength of these sites
toward hydrogen implies that adsorption occurs following dona-
tion of electrons to platinum as has been reported, for example,
for Hp adsorption on K-doped iron catalysts [59]. If this is the case,
then the presence of electron-donating alkali would be expected
to result in weakening of the platinum-hydrogen bond, in agree-
ment with results of Fig. 4. Thus, the effect of addition of alkali
on the adsorption of hydrogen is opposite to that observed in the
case of CO adsorption: alkali promotion results in strengthening of
CO chemisorption but in weakening of hydrogen chemisorption on
sites located the metal/support interface.

Weakening of the bond strength of hydrogen with increasing
alkali content should be accompanied by a decrease of the pop-
ulation of this species. This does not seem to be the case here
since the intensity of the MT-TPD peak tends to increase follow-
ing addition of small amounts of alkali, which is more pronounced
in the case of Cs-doped samples (Fig. 4B). This implies that ad-
dition of alkali may also result in the creation of new adsorp-
tion sites at the metal/support interface, as has been proposed by
Marcelin et al. [60], who investigated adsorption of hydrogen over
Cs- and Li-promoted Rh/TiO; catalysts. It may then be argued that
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Fig. 5. Responses of CO; (solid lines) and H, (dashed lines) obtained during
temperature-programmed reduction of the indicated preoxidized catalysts under
flowing 0.25% CO/He mixture. Experimental conditions: total flow =40 cm> min™!;
B=30°Cmin~".

for low alkali content the population of hydrogen adsorbed at the
metal/support interface increases due to the creation of new sites.
However, for higher alkali concentrations the amount of hydro-
gen adsorbed decreases due to substantial weakening of the bond
strength, which is the case for both Na- (Fig. 4A, trace e) and Cs-
promoted (Fig. 4B, trace d) catalysts.

3.5. Temperature-programmed reduction with CO

The nature of the new sites created at the metal/support in-
terface upon addition of alkali, could be similar to that of [Pt-Ti3*]
sites discussed above for the unpromoted Pt/TiO, catalyst, i.e., sites
at the periphery of Pt crystallites, which are in contact with par-
tially reduced titanium dioxide. In order to address this issue, the
effect of alkali additives on the reducibility of Pt/TiO; catalysts has
been investigated with temperature-programmed reduction (TPR)
experiments carried out with the use of CO as the reducing agent.
Results obtained over selected catalyst samples are shown in Fig. 5,
where the responses of CO, and hydrogen produced during CO-TPR
are plotted as functions of temperature. It is observed that CO,
evolves from the unpromoted catalyst (profile a) in a wide temper-
ature range, exhibiting three peaks centered at ca. 100, 300 and
400°C. The MT CO, peak at 300°C is accompanied by evolution
of hydrogen in the same temperature range. As discussed in detail
in our previous study [28], the LT peak centered at ca. 100°C is
due to reduction of platinum oxides (PtOy) formed on the catalyst
surface during the preoxidation step:

PtOy + XCO — Pt + xCO,. (9)

The MT CO, and H; peaks, located at ca. 300°C, are due to the
WGS reaction which, as discussed above, takes place at the metal/
support interface between CO adsorbed on the metal and hydroxyl
groups associated with the support (Eq. (4)). The HT shoulder ob-
served at ca. 400°C can be assigned to Pt-catalyzed, partial reduc-
tion of titanium dioxide (Eq. (2)).

Addition of Na (profiles b, c) or Cs (profile d) on the catalyst
surface results in an increase of the intensity of the high tempera-
ture CO, peak, compared to that obtained over the unpromoted
catalyst (profile a), indicating that abstraction of oxygen atoms

from the TiO; support by CO (Eq. (2)) occurs more easily in the
presence of alkali. In our previous study [28], it was clearly shown
using Raman spectroscopy that the reducibility of titanium diox-
ide increases drastically with increasing specific surface area of
the Pt/TiO; catalyst or, conversely, with decreasing primary par-
ticle size of TiO,. Since materials used here have comparable SSA
(Table 1) and primary crystallite size of TiO, (20-26 nm), the in-
creased reducibility of the alkali-promoted catalysts should be at-
tributed to the presence of dopants on the catalyst surface. This
observation can be related with results of Krupay and Amenomiya
[61], who studied chemisorption and oxygen exchange of CO and
CO, on bare and K-promoted alumina. The authors concluded that
potassium added onto alumina not only increases the number of
exchangeable oxygen but also weakens the bonding of these oxy-
gen atoms [61]. Since titanium dioxide is a reducible support, these
effects should be more significant for TiO;, compared to Al,0s3,
and could explain the enhanced reducibility of alkali-doped Pt/TiO,
catalysts (Fig. 5). Clearly, a more detailed investigation is necessary
to address these issues, which is beyond the scope of the present
study.

4. Conclusions

Addition of small amounts of alkalis on the surface of a TiO,
carrier results in significant modifications of the chemisorptive
properties of dispersed Pt crystallites toward carbon monoxide and
hydrogen. These effects are restricted to certain adsorption sites,
and do not influence adsorption of CO or Hy on the surface of Pt
crystallites. In particular, addition of Na or Cs does not affect the
position of IR bands related to CO adsorbed on terrace and step Pt
sites but results in the development of new, low frequency bands
attributed to species adsorbed on sites with increased electron-
donating properties. It is proposed that these sites are located
at the perimeter of Pt crystallites, which are in contact with the
alkali-modified TiO, support. Increasing alkali content results in
an increase of the relative population of these species and in
strengthening of the Pt-CO bond, which is evidenced by the ob-
served decrease in the C-O stretching frequency. These conclusions
are supported by results of H,-TPD experiments, which indicate
that sites located at the surface of Pt crystallites do not “feel” the
presence of added alkali. In contrast, the TPD peak attributed to
hydrogen adsorbed at the metal/support interface, exhibits a sig-
nificant shift toward lower temperatures with increasing Cs or Na
content, indicating that the adsorption strength of these sites to-
ward hydrogen decreases in the presence of electropositive alkali.
Results of CO-TPD experiments provide evidence that CO adsorbed
on Pt interacts with hydroxyl groups associated with the support
to yield formate, which decompose during TPD to CO, and Ha.
The population of surface formate depends on the level of dop-
ing, and its decomposition is accomplished at lower temperatures
with increasing alkali content. Finally, CO-TPR experiments indicate
that the reducibility of TiO; is enhanced in the presence of alka-
lis, thereby resulting in the creation of new adsorption sites at the
metal/support interface.
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