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Abstract

A facile, industrially viable, one-pot synthesis of 0.5-8 wt% Pt supported on 22 mol% Al-modified ana-
tase with high surface area and thermal stability is presented. Four pathways were studied to deter-
mine the effects of support properties on catalyst dispersion, and the highest dispersions were observed
for high surface area materials containing 5-coordinate anatase. Systematic study of preparation vari-
ables shows that low drying temperatures, slow calcination ramp rates, and slow reduction ramp rates
further increased Pt dispersion and resulted in a more uniform Pt size distribution. Pt dispersions as
high as 54% have been obtained using the one-pot method and 59% for Pt catalysts synthesized by dry
impregnation. Statistically designed studies are needed to more completely determine the effects of
synthesis variables and to optimize the dispersion and reduction of Pt supported on Al-modified ana-
tase. Results presented in this paper show that this one-pot method and dry impregnation method us-
ing our Al-modified anatase support are promising syntheses of highly dispersed Pt supported on stabi-
lized titania. Our results demonstrate that the alumina-stabilized anatase support is superior to other
anatase supports for (1) obtaining high Pt dispersions, i.e. more efficiently utilizing this expensive pre-
cious metal, and (2) processes in which thermal stability is important due to its constant phase and
pore structures at high temperatures. © 2014 BCREC UNDIP. All rights reserved
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1. Introduction primary C—H bonds [4], and oxidation of alco-
hols to aldehydes [5]. With increasing concerns
about atmospheric pollution, there has been
significant interest in using catalysts supported
on TiO2 for the complete oxidation of volatile
organic compounds to COz and H20 [6]. A com-
prehensive review [7] addresses other reactions
involving catalysts supported on TiOx.

In typical syntheses of supported Pt cata-
lysts (i.e. wet and dry impregnation, ion ex-

Noble metals such as Pt supported on ana-
tase TiO2 are used in a number of oxidation re-
actions, e.g. oxidation of CO at low tempera-
tures [1], preferential oxidation of CO in H2/CO
mixtures [2], low-temperature, direct synthesis
of hydrogen peroxide [3], selective oxidation of
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and then reduction to obtain a Pt metal cata-
lyst [8-11]. Complex synthesis methods may in-
clude (1) solution based reductions of Pt precur-
sors [12] and (2) gaseous chemical vapor depo-
sition on supports [13]. These latter complex
syntheses may improve catalytic performance;
however, they are often time-consuming and
expensive processes, which may include multi-
ple steps, low metal loadings per step, and the
use of templates which may need to be re-
moved.

Simplified one-pot syntheses of supported Pt
catalysts have been previously reported [14-19]
in which precursors for the support and Pt
catalyst are mixed together. However, many of
these one-pot methods encounter difficulties in-
cluding the formation of large metal crystallites
with a broad size distribution and formation of
mixed phases between the support and active
metal. Therefore, advances in simple, efficient,
and industrially viable synthesis methods of
supported noble metal catalysts are needed.

The efficiency of Pt use (i.e. Pt dispersion),
catalyst activity and selectivity, and catalyst
durability are largely dependent on support
properties, including crystallite size, surface
area, porosity, pore diameter, and stability. For
example, increasing the surface area and con-
trolling the porosity and morphology of the sup-
port can lead to improved supported catalysts.
While previous studies have examined effects
of support type (e.g. Al:0s, SiOgz, TiOg), few
have examined the effects of altering the prop-
erties of a single support, likely due to the
availability of commercial supports. The ability
to tailor a commercial support to improve its
properties is limited.

We previously reported a facile method to
synthesize pure and modified anatase TiO:
with high surface area, thermal stability, and
pore volume while controlling pore diameter
over a significant range [20]. We report here a
one-pot synthesis of supported Pt catalysts,
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Scheme 1. Synthesis routes of 3 wt% Pt cata-
lysts supported on 22 mol% Al-modified ana-
tase. Pt = PtCls xH20.

which involves an adaptation to the previous
method. This method is referred to as “one-pot”
because it involves the addition of the Pt cata-
lyst precursor to the TiO2 support precursor be-
fore calcination. Though similar to sol-gel tech-
niques, this method is solvent deficient. See
reference 20 for further discussion. In this
study we examine four pathways in a one-pot
synthesis method and compare the resulting Pt
dispersions with traditional Pt loading methods
including dry impregnation (DI) and strong
electrostatic adsorption (SEA). Each pathway
influences the properties of both the anatase
support and the Pt dispersion. Two promising
one-pot pathways and the DI method were fur-
ther examined to determine how the drying
temperature, calcination ramp rate, and reduc-
tion ramp rate affected the Pt dispersion, crys-
tallite size, and crystallite size distribution. Re-
sults presented in this paper show that this
simple, fast, industrially viable, one-pot synthe-
sis and the DI method using our Al-modified
anatase support are promising syntheses of
highly dispersed Pt supported on stabilized ti-
tania. Further studies, including statistically
designed experiments are needed to (1) more
completely determine the effects of synthesis
variables, (2) optimize the dispersion and re-
duction of Pt supported on 22 mol% Al-modified
anatase, and (3) determine the activity and se-
lectivity of these catalysts.

2. Materials and Methods
2.1. Sample Preparation

0.5-8 wt% Pt catalysts supported on ana-
tase and anatase modified with 22 mol% Al
samples were prepared following a general sol-
vent deficient method that can be used to syn-
thesize many metal and mixed metal oxides
[20, 21]. A schematic of the synthesis is found
in Scheme 1. Approximately 2.86 ml TiCl4, 2.75
g AI(NOs3)3 9H20, and 10.54 g NH:HCO3 (ABC)
were mixed together. PtCls xH20 was added
when specified in the schematic, with the
amount of PtCly xH20 chosen to obtain the de-
sired Pt loading. 10 ml distilled water was
added slowly while stirring to start the reaction
and facilitate mixing. The slurry was mixed for
five minutes to form a stabilized anatase pre-
cursor. The precursor was then dried in air at
temperatures of 21 °C or 100 °C for 24+ hours.
Samples were rinsed using a vacuum filtration
system at room temperature and calcined at
400 °C for three hours in air (ramp rates of 1,
19 °C/min) in the order specified in the synthe-
sis schematic. Samples synthesized via path-
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ways A, C, and D were rinsed with 2 L of dis-
tilled water while samples synthesized via
pathway B were rinsed with 500 ml dilute
NH4OH (1:4 NH4+OH : distilled H20) to prevent
loss of Pt. Samples were also prepared by dry
impregnation (DI) and strong electrostatic ad-
sorption (SEA) [9] for comparison. DI samples
were prepared by dissolving PtCls XH20 in
enough distilled water to fill the pores of the
anatase support sample. The Pt mixture was
then mixed with the anatase support and dried
at room temperature for 24 hours prior to calci-
nation. SEA samples were prepared following
the procedure outlined in reference 9. The PZC
of the Al-modified anatase was not determined.
Instead, the PZC of pure anatase as deter-
mined by reference 9 was used. Anatase sup-
ports used for the DI and SEA supported cata-
lysts were synthesized following pathway B,
without adding Pt. Supports were rinsed with 2
L distilled H20 before calcination. Details of
the support preparation are available else-
where [20].

2.2. Sample Characterization

X-ray diffraction patterns were collected us-
ing a PANalytical X'Pert Pro diffractometer
(Cu-Ka: radiation, A= 1.540598 A) at 45 kV and
40 mA over the 26 range of 10-90 ° at scanning
rates of 1.3 °/min. Average crystallite diameters
were estimated using the Scherrer equation
[22] and confirmed using transmission electron
microscopy (TEM). TEM measurements were
performed on a Tecnai F20 Analytical STEM
operating at 200 keV. The samples were dis-
persed in ethanol and deposited on copper grids
(lacey carbon fiber, 400 mesh copper grids, Ted
Pella, Inc.).

The Ti K edge and Pt L3 edge X-ray absorp-
tion spectroscopy spectra (X-ray absorption
near edge, XANES, and extended X-ray absorp-
tion fine structure, EXAFS) were obtained us-
ing the 12-BM-B beamline of the Advanced
Photon Source at Argonne National Labora-
tory. Spectra were collected using a Si(111)
crystal monochromator in transmission mode
and the spectra were calibrated using Ti or Pt
foils as references.

Full-range N2 sorption isotherms were col-
lected at 77 K using a Micromeritics TriStar
3020 surface analyzer. Samples of 0.25-0.50 g
were degassed at 200 °C for 12-24 hours prior
to collecting data. Pore volumes were calcu-
lated from the adsorption isotherm at a relative
pressure of 0.98 and specific surface areas were
calculated using the Brunauer-Emmett-Teller
(BET) method from a P/P° range of 0.05 to 0.2.

H2 type pore diameters were calculated using a
modified Pierce method [23, 24] with structural
corrections for pore area and volume. Pore di-
ameters were calculated from the adsorption
branch for H2 type pores, since evaporation of
the condensate during desorption is signifi-
cantly constrained and delayed by the pore
necks with “ink-bottle” pore geometry and by
the connectivity of the network [25-28]. H3 pore
widths were calculated using the newly devel-
oped SPG model [29] involving slit geometry for
the Kelvin equation, which also incorporates
structural corrections for area and volume. For
H3 type hysteresis with slit-like pores, the de-
sorption branch is preferred due to delayed con-
densation observed in the adsorption process
[30-33]. For ease of discussion, pore widths and
pore diameters will both be referred to as pore
diameters.

H: chemisorption capacity was measured
using a Quantachrome ChemBET TPR/TPD
chemisorption Flow Analyzer instrument. Prior
to measurements, samples were reduced under
Hsz at 250 °C (reduction ramp rates specified in
Tables 1-3) for 75 min. Pt reduction tempera-
ture was selected based on temperature pro-
grammed reductions (TPRs) carried out on a
Netzsch STA 409PC instrument. Following re-
duction, the temperature was reduced to 240 °C
under Ar, where samples were held for 30 min
to remove loosely bound hydrogen. Samples
were cooled in Ar to room temperature. H:
chemisorption was measured at room tempera-
ture. To reverse the suppression of Hz adsorp-
tion by TiOx species (discussed below), samples
were exposed to oxygen at room temperature,
following which the oxygen was titrated by Ho.
Pt dispersion was calculated using the follow-
ing stoichiometry:

Reduced and cooled in Ar:
H:+ 2 Pt2 2 Pt—-H

After exposure to oxygen:
Ho22H

PtO + 3 H 2 Pt—H + H20

3. Results and Discussion
3.1. 6.5-8 wt% Pt Samples

Characterizing supported catalysts is a
challenge, as complex mixtures or structures
often result from the synthesis, which may be
further complicated by small crystallite sizes.
As seen in Figure 1, Pt peaks are evident in the
XRD patterns, with no evidence of an interme-
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tallic compound PtsTi. The presence of Pt peaks
reveal crystalline Pt particles large enough to
be observed by XRD (approx 4-9 nm for path-
ways B, D, DI, and SEA, approx 28 nm for
pathways A and C, determined by the Scherrer
formula [22]) in addition to the small and finely
dispersed Pt crystallites observed by TEM. The
TiO2 supports for samples synthesized via
pathways A and C match anatase TiOz. The
TiOz2 supports for samples synthesized via
pathways B, D, DI, and SEA appear nearly
amorphous according to XRD. However, TEM
analysis reveals crystalline materials of very
small (2 nm or smaller) crystallite sizes. No
phase associated with the Al modifier is ob-
served in XRD. We conjecture that the Al is
present as (a) surface AlOx species, and/or (b)
Al3+ incorporated into empty octahedral sites in
the anatase lattice. The structure of the modi-
fied anatase support will be further examined
in an XAS study.

Temperature programmed reductions were
conducted to determine the temperature neces-
sary to fully reduce the Pt catalyst. The reduc-
tion profile varied between sample pathways,
however, to simplify the comparison between
sample pathways and synthesis variables, 250°
C, the highest temperature needed to fully re-
duce Pt, was selected. XAS spectroscopy con-
firmed the complete reduction of Pt to the me-
tallic state. Representative spectra compared
with a Pt foil standard are shown in Figure 2.

Following calcination, Hs chemisorption ca-
pacity was measured. Due to the small and
finely dispersed nature, Pt crystallites were
formed during calcination at 400 °C, probably
due to decomposition of Pt oxide, and chemi-
sorbed considerable Hz (Figure 3). Following re-
duction at 250 °C, H2 chemisorption was almost
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Figure 1. Representative X-ray diffraction pat-
terns of 3 wt% Pt supported on 22 mol% Al syn-
thesized via (a) route B (rinsed prior to calcina-
tion) and (b) route A (rinsed after calcination).

completely suppressed for samples synthesized
via pathways B, D, DI, and SEA, and partially
suppressed for samples synthesized pathways
A and C. However, following subsequent treat-
ment with oxygen, the H2 chemisorption capac-
ity was restored (Figure 3). The suppression of
H: uptake after high temperature reduction
and the restoration of H2 chemisorption capac-
ity on Pt and other Group VIII metals after ex-
posure to oxygen have been widely reported in
the literature, although the mechanism by
which it occurs is not well understood [34-40].
Previous reports postulate that H atoms, which
spill over to the support from Pt crystallites, re-
duce TiO2 to TiOx (x < 2) species that migrate
to the surface and form thin films that block
adsorption sites on Pt metal particles [35, 36,
38-40]. Exposure to oxygen reoxidizes the TiOx
thin films to 3-dimensional TiO:2 crystallites,
thereby re-exposing most of the Pt. This inter-
action is referred to as a strong metal-support
interaction (SMSI) or more properly, a decora-
tion effect (i.e. decoration of the Pt surface by
reduced TiOx species).

In the present study, the SMSI effect is ob-
served after reducing the samples at 250 °C,
though most researchers do not report observ-
ing the complete SMSI effect below reduction
temperatures of 500 °C [34]. While Paal et al.
[40] observed complete Hz chemisorption sup-
pression only after reduction at or above 500
°C, they observed reduced TiOx species at re-
duction temperatures as low as 300 °C [40]. Pe-
sty et al. [39] however, reported the appearance
of partially reduced TiOx species as well as the
initiation of the SMSI effect at temperatures as
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Figure 2. Representative XAS spectra of the Pt
Ls edge of 3 wt% Pt supported on 22 mol% Al-
modified anatase synthesized via (a) route B
(rinsed prior to calcination), (b) route A (rinsed
after calcination) and (c) Pt foil. XAS spectros-
copy was used to confirm the reduction of Pt.
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low as 177 °C, and the SMSI effect became in-
creasingly apparent as the reduction tempera-
ture was increased. We hypothesize that the
generally low temperature at which the SMSI
effect is observed in the present study could be
due to the small crystallite sizes of the anatase
support. Additionally, Al modifiers incorpo-
rated into the support are likely to induce oxy-
gen defects in order to achieve charge balance.
Many researchers have found that oxygen va-
cancies (or other defects) act as nucleation cen-
ters that strongly bind the catalyst, which
could therefore lead to interactions between the
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Figure 3. Hz chemisorption uptakes. Consider-
able Hs was adsorbed following calcination. H2
adsorption was suppressed following reduction
due to the SMSI effect. Sample was exposed to
oxygen to reverse the SMSI effect and subse-
quently titrated with Hs. Chemisorption capac-
ity was restored.

support and the metal at lower temperatures.
Less chemisorption suppression is observed for
materials that were not rinsed prior to calcina-
tion (pathways A and C). We suspect this is due
to the larger anatase and Pt crystallite sizes as
well as the different Al-modified anatase crys-
tal structure (discussed below) present in these
materials compared with those from the other
synthesis pathways (B, D, DI, and SEA). The
effects of rinsing on the crystallite structure
have been further explored in a companion sta-
tistically designed study (manuscript in prepa-
ration). However, SMSI states are complex and
not fully understood and more studies examin-
ing the effects of dopants and the crystallite
size of the support on the SMSI effect would be
useful. Additionally, the SMSI effect hypothe-
ses in this study are based solely on chemisorp-
tion data. Data from additional techniques
such as EXAFS and XPS are needed to confirm
these hypotheses and will be included in future
studies.

The SMSI (or decoration) effect has re-
ceived attention because the partial coverage of
the catalyst by mobile TiOx species can lead to
deactivation of the catalyst for some reactions.
Several researchers have presented methods to
reverse the SMSI effect through metal catalyst
loading techniques and multi-step reduction
methods [36, 37]. In the present study, we ob-
served the SMSI effect to be easily reversed by
oxygen and therefore these catalysts are of po-
tential use in applications where exposure to
oxygen (or water) following reduction is accept-
able.

Table 1. Hydrogen uptake by 3 wt% Pt supported on 22 mol% Al-TiO: after calcination, reduction, and

exposure to Oz.a

b . .

Synthesis Route . Pt ‘ Surface Area Pore Volume Pore Diameter Ti Coordination
% Dispersion m2/g cm3/g nm

A 7 136 0.32 8 6

B 15 329 0.26 3.2 5

C 13 163 0.33 8.1 6

D 19 371 0.33 3.2 5

Dry Impregnation

DI 24 375 0.33 3.2 5

Strong Electrostatic 18 394 0.35 33 5

Adsorption (SEA)

a Samples were dried at 100 °C, calcined at 400 °C for 3 hours, ramp = 19 °C/min, reduced at 250 °C in Hz for 75
min, ramp = 2 °C/min, exposed to oxygen, and titrated with Hz at room temperature.

b. Samples A and B = 8 wt% Pt, all other samples = 6.5 wt% Pt.

c. Pore diameters for materials synthesize via routes A and C were calculated from the desorption branch using
the SPG (slit) method, while pore diameters for materials from B, D, DI, and SEA routes were calculated from

the adsorption branch using a cylindrical model.
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While XRD observations indicate separate
metal and support phases present in the re-
duced catalysts prepared by the one-pot
method, hydrogen uptake results in Table 1 re-
veal, in addition, that (a) Pt metal crystallites
are largely accessible to the gas phase and (b)
higher Pt dispersions are observed for synthe-
sis pathways B, D, DI, and SEA.

BET data was collected following reduction
of the catalyst (Table 1). All materials are Type
IV mesoporous materials, and two types of iso-
therms, H2 and H3, are observed [41]. Repre-
sentative N2 sorption isotherms are shown in
Figure 4. Pore diameters were calculated using
either a cylindrical model [23, 24] or the SPG
(slit) model [42] based on the hysteresis of the
isotherms as well as mesopore geometry evi-
dent in TEM micrographs (Figure 5a). Iso-
therms of materials synthesized via pathways
A and C (not rinsed prior to calcination) are H3
-type, which are associated with slit-like pores
(Figure 4); thus pore diameters were calculated
from the desorption branch using the SPG
model [29-33, 42]. Isotherms for materials syn-
thesized via pathways B, D, DI, and SEA
(anatase supports were rinsed prior to calcina-
tion) are mainly H2-type, associated with net-
worked, ink-bottle pores; accordingly, these
pore diameters were calculated from the ad-
sorption branch using a cylindrical model to
avoid problems associated with percolation en-
countered in the desorption branch [25-28]. It
should be noted that while the H3-type materi-
als fit the model quite well, the H2-type materi-
als did not. We suspect the H2-type pores are
irregularly shaped with a distribution of pore
widths and a range of pores either open to the

250 ¢

200 |

H3
150 |

volume STPcm®/g

5 -/

100 | H2 o

0 0.2 04 0.6 0.8
p/po

Figure 4. Nz sorption isotherm examples. H3
type (slit-like pores) is representative of mate-
rials synthesized via routes A and C. H2 type
(networked pores) are representative of materi-
als synthesized via routes B, D, DI, and SEA.
The types of pore structures demonstrates the
effect of rinsing on the pore structure.

surface and/or networked (branched).

As seen in Table 1, synthesis pathways B,
D, DI, and SEA, (anatase supports rinsed prior
to calcination, H2-type pores), lead to higher
levels of Pt dispersion than synthesis pathways
A and C (anatase supports not rinsed prior to
calcination, H3-type pores), likely due to the
higher surface areas and smaller pore diame-
ters observed for B, D, DI, and SEA materials
(Scheme 1). Further structural analysis using
XANES spectroscopy reveals that pathways
leading to high Pt dispersions and high surface
areas (B, D, DI, and SEA) contain primarily 5-
coordinate Ti, while the Ti environment in
pathways leading to lower Pt dispersions and
lower surface areas (A and C) matched a stan-
dard anatase environment, with a Ti-
coordination of 6 (see Figure 6). Therefore, we
conclude that rinsing affects the pore structure,
surface morphology, and crystal structure of
anatase supports. A 5-coordinate semi-
amorphous precursor to anatase has been re-
ported in the literature [43-47]. We hypothesize
that during the rinsing process, some Al mi-
grates from the surface of TiO2 into empty octa-
hedral sites to stabilize and maintain this 5-
coordinate precursor structure during and after
calcination. In precursors that are not rinsed
before calcination aluminum ions could remain
bound to the surface and therefore cannot in-
hibit grain growth and structural rearrange-
ment to the 6-coordinate structure of anatase
during calcination. Although the 5-coordinate
materials presented in this study appear
largely amorphous to XRD (i.e., observed as
broad, low intensity peaks), TEM micrographs
reveal that these materials are not truly amor-
phous, but instead contain small crystallites of
approximately 2 nm or less (Figure 5b). More-
over, from the XRD patterns, these 5-
coordinate materials appear to be anatase-like.

=

Figure 5. TEM micrographs of 22 mol% Al-
modified anatase calcined at 400 °C highlight-
ing A) Mesoporous geometry and B) 2 nm crys-
tallites.
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We conclude that 5-coordinate Ti is inherent to
small crystallites with limited 3D connectivity
and which therefore contain a large percentage
of surface Ti atoms. Lattice changes induced by
the Al modifier, including strain and oxygen
deficiency to achieve charge balance, could also
affect the Ti-coordination. In a companion
study we will further analyze the structure of
the modified anatase using X-ray absorption
spectroscopy.

Though initial Pt dispersions obtained us-
ing our method were promisingly high for such
high Pt wt% loadings, large Pt crystallites are
also observed by TEM among small and finely
dispersed Pt crystallites (Figure 7). Thus, Pt

was not fully utilized. Therefore, three synthe-
sis pathways, B, D, and DI, were further stud-
ied to determine if variations in drying tem-
perature, calcination ramp rate, and reduction
ramp rate affect Pt crystallite size and disper-
sion. Results in Table 2 show that low drying
temperatures (slow drying rates) and slow cal-
cination ramp rates lead to smaller Pt crystal-
lites and higher Pt dispersions compared with
high drying temperatures and fast calcination
ramp rates. We hypothesize that at slower dry-
ing rates smaller Pt nuclei are formed, while at
slower calcination ramp rates the water partial
pressure is lower enabling formation of smaller
crystallites and decreased cluster and crystal-

Table 2. Effects of drying temperature, calcination ramp rate, and reduction ramp rate on Pt disper-
sion of a 6.5-8 wt% Pt catalyst supported on 22 mol% Al-TiO2 after calcination, reduction, and expo-

sure to Og.2

Synthesis Route @  Drying Temp °C

Calcination Ramp Reduction Ramp
Rate °C/min

0, : . b
Rate °C/min Pt % Dispersion

B 21
100
21

100
100

D 100
100

DI

1
19
1

19
19

19
19

25
15
30
20
24

19
19

N = N = = DN =

a. Samples were dried at 25 °C or 100 °C, calcined at 400 °C for 3 hours, ramp = 1 or 19 °C/min, reduced at 250
°C in Hz for 75 min, ramp = 1 or 2 °C/min, exposed to oxygen, and titrated with Hz at room temperature.

b. Sample B = 8 wt% Pt, Samples DI and D = 6.5 wt% Pt
2 r
15 b
3
51t
. / —Route A
< 05
;[\\/ —Route B
/' S-coordinate Ti
o b,

4950 4970 4990 5010

Energy (eV)

5030 5050

Figure 6. Representative XANES spectra of
the Ti K-edge 3 wt% Pt supported on 22 mol%
Al-modified anatase synthesized via (a) route
B (rinsed prior to calcination), (b) route A
(rinsed after calcination). XANES spectra re-
veal 5-coordinate Ti for samples rinsed prior to
calcination and 6-coordinate Ti for samples
only rinsed after calcination.

Figure 7. TEM micrographs of 6.5 wt% Pt sup-
ported on 22 mol% Al-modified anatase synthe-
sized with drying temperature = 100°C, calci-

nation ramp rate = 19°C/min, and reduction
ramp rate = 2°C/min. A) Large Pt crystallites
among B) finely dispersed Pt are evident.
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lite migration rates. The effects of reduction
rates are inconclusive from these limited ex-
periments. In the case of the DI pathway, in-
creasing the reduction ramp rate increases Pt
dispersion, while in pathway D, the reduction
ramp rate did not affect Pt dispersion. More
studies are needed to determine the effect of re-
duction ramp rate, although a wealth of previ-
ous literature indicates that slow reduction
rates are associated with higher dispersion
[48]. While the highest dispersions obtained
were achieved using a low drying temperature,
a slow calcination ramp rate, and a slow reduc-
tion ramp rate, combinations of fast reduction
ramp rates with low drying temperatures and
slow calcination ramp rates, which have not yet
been examined, may facilitate higher Pt disper-
sion, although this is unlikely.

TEM micrographs confirm the changes in
Pt dispersion with synthesis variations. Figure
8 compares 3 wt.% Pt supported on 22 mol% Al-
modified anatase prepared via pathway B with
1) a drying temperature of 21 °C, a calcination
ramp rate of 1 °C/min, and a reduction ramp
rate of 1 °C/min, and 2) a drying temperature of
100 °C, a calcination ramp rate of 19 °C/min,
and a reduction ramp rate of 2 °C/min. Both
preparations led to areas of small (approx 2 nm
or less), highly dispersed Pt crystallites
(Figures 1a and 2a) and some larger Pt crystal-
lites (Figures 1b and 2b). However, conditions
used for sample 2 led to a less uniform Pt size
distribution, with more prevalent large Pt crys-
tallites of larger diameters (compared with
large Pt crystallites in sample 1), and, while
the majority of micrographs for sample 1 con-
tained areas of finely dispersed Pt observed in
micrographs la and 1lc, sample 2 has areas
with little to no small (2 nm or less) Pt particles
and only medium (approx 5 nm) Pt particles
present (Figures 2c).

3.2. 0.5 wt% Pt Samples

Based on results from the 6.5-8 wt.% Pt sam-
ples, 0.5 wt.% Pt catalysts supported on TiO2
synthesized via pathways, B, D, and DI, using a
drying temperature of 21 °C, a calcination ramp
rate of 1 °C/min, and a reduction ramp rate of 1
°C/min were examined. Results in Table 3 re-
veal that this method results in high Pt disper-

Table 4. Pt dispersion comparison table.

Sample Wt.% Pt % Dis- Source
Pt persion
1 Pt/Na/TiO: 0.5 94c [10]
2 Pt/Li/TiO2 0.5 89c [10]
3  Pt/TiO: 0.6 68.5d1 [49]
4 Pt, TiOg, Al22, 0.5 59d1 *
DI
5  aPt, TiOs, Al22, 0.5 54d1 *
Route B
6 TiO: 1-3 51-54¢ [12]
7 Pt/TiO2 1 52¢ [50]
8  Pt-Re/TiO2 0.8 51.9¢ [61]
9  Pt/K/TiO2-Al203 1 514 [62]
10 PPt, TiO2, Al22, 0.5 45d1 *
Route B
11 Pt/TiOq 1 39.141 [49]
12  Rh/Pt/MgO/TiO2 1 36e [63]
13 Pt-Ba/Al-Ti 2.3 18p1 [11]

a. Dispersion calculated prior to Oz exposure
b. Dispersion calculated following Oz exposure
c. ¢ CO chemisorption, stoichiometry used was not re-
ported
d. H:z chemisorption, stoichiometry used was not re-
ported
e. d1. Hz chemisorption, stoichiometry =1 Pt: 1 H
f. method of determining Pt dispersion unknown.
*This paper

Table 3. Pt dispersion of a 0.5 wt.% Pt catalyst supported on 22 mol% Al-TiOz after calcination, re-

duction, and exposure to Q2.2

aSynthesis Drying Temp Calcination Ramp Reduction Ramp Pt % Dispersion
Route °C Rate °C/min Rate °C/min
DI 21 1 1 59
B 21 1 1 b45
D 21 1 1 30

a. Samples were dried at 25 °C, calcined at 400 °C for 3 hours, ramp = 1 °C/min, reduced at 250 °C in Hz for 75
min, ramp = 1 °C/min, exposed to oxygen, and titrated with Hz at room temperature.

b. Prior to oxygen exposure Pt dispersion = 54%

Copyright © 2014, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 9 (3), 2014, 164

sions for samples prepared via dry impregna-
tion, demonstrating the excellent properties of
the Al-modified TiO2 support. While pathway D
resulted in only moderate Pt dispersions, path-
way B resulted in high Pt dispersions. The
decoration effect (SMSI) was not as strongly ob-
served for pathway B 0.5 wt.% Pt samples as in
prior 6.5-8 wt.% Pt samples. In the case of
pathway B (0.5 wt.% Pt samples), Pt disper-
sions prior to O2 exposure were significantly
higher than after Oz exposure. Further experi-
mentation i1s needed to understand this phe-
nomenon.

Table 4 compares Pt dispersions of 0.5 wt.%
Pt materials presented in this paper with dis-
persions of Pt supported on TiO2z reported with
documented methods in the recent literature.
Samples (1) and (2) in Table 4 have unusually
high Pt dispersions, however these samples
contain K and Na making it difficult to com-

Figure 8. TEM images of 3 wt.% Pt supported on
22 mol% Al-modified anatase synthesized via
route B. 1) drying temperature = 25 °C, calcina-
tion ramp rate = 1 °C/min, and reduction ramp
rate = 1 °C/min. 2) drying temperature = 100 °C,
calcination ramp rate = 19 °C/min, and reduction
ramp rate = 2 °C/min.

pare the products. Additionally, these materi-
als were obtained through a multi-step process
which could present difficulties in an industrial
setting. Pt dispersions obtained using DI and
the one-pot pathway B are higher than the ma-
jority of other dispersions reported for similar
Pt wt.% loadings. The one pot method shows
initial promise, though it must be further opti-
mized to control and increase Pt dispersion and
decrease Pt crystallite/cluster size. For exam-
ple, it is expected that variables such as reac-
tion pH, mixing time, and drying time could af-
fect Pt dispersion.

3.3. Method Overview

Results presented in this paper show that
the simple, convenient one-pot method and the
DI method using our Al-modified anatase sup-
port are promising for syntheses of highly dis-
persed 0.5-8 wt.% Pt supported on stabilized ti-
tania. Our results demonstrate that the stabi-
lized anatase support is superior to other ana-
tase supports for 1) obtaining high Pt disper-
sions, i.e. more efficiently utilizing this expen-
sive precious metal and 2) processes in which
thermal stability is important due to its con-
stant phase and pore structures at high tem-
peratures. Initial SEA results (Table 1) indi-
cate promise for this method, and further study
of this synthesis pathway is planned. Our sys-
tematic study of preparation variables shows
that drying temperature, calcination ramp
rate, and reduction ramp rate clearly affect the
size and dispersion of Pt crystallites on the
anatase support (see Table 2). It is expected
that other synthesis variables (e.g. pH during
impregnation) can affect Pt dispersion, activity,
and selectivity. Statistically designed studies
are needed to more completely determine the
effects of synthesis variables and to optimize
the dispersion and reduction of Pt supported on
22 mol% Al-modified anatase. Further work
will also include catalytic activity and selectiv-
ity tests.

4. Conclusions

We have presented a simple, fast, industri-
ally viable, one-pot synthesis that can be used
to prepare 0.5-8 wt.% Pt supported on Al-
modified anatase with high surface area and
thermal stability. Dispersions for 0.5 wt.% Pt
catalysts as high as 54% for a one-pot prepara-
tion and 59% for DI on the stabilized anatase
support have been obtained which are higher
than most previously reported in literature for
Pt of comparable loadings.
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The SMSI (or decoration) effect, causing
blocking of H: adsorption sites during He
chemisorption, is observed at an unusually low
temperature (250 °C) for most samples. The low
temperature onset may be due to the small
crystallite sizes of the anatase support, as well
as defects induced by the Al-modifier which
could lead to support-metal interactions at
lower temperatures. The SMSI effect was eas-
ily reversed by oxygen and therefore these cata-
lysts are of potential use in applications where
exposure to oxygen (or water) following reduc-
tion is acceptable.

Our work shows that support structure due
to its preparation by different pathways and a
number of synthesis variables affects Pt disper-
sion. The highest dispersions were observed
for samples containing 5 coordinate anatase
supports of high surface area, synthesized us-
ing a low drying temperature, a slow calcina-
tion ramp rate, and a slow reduction ramp rate.
Statistically designed studies are needed to
more completely understand the effects of dry-
ing temperature, calcination ramp rate, reduc-
tion ramp rate, and other variables, as well as
to optimize the dispersion of Pt onto anatase
supports
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