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Abstract The cryogel catalyst of platinum on alumina
was prepared from aluminum sec-butoxide and H,PtClg
through the sol-gel technique and subsequent freeze drying.
The cryogel catalyst showed higher thermal stability of
platinum than the corresponding xerogel or impregnation
catalysts, which was ascribed to the more intimately
developed platinum-alumina interaction accompanied by
the encapsulation of the metal into the alumina cryogel.
It was also shown that platinum accessibility was higher on
the cryogel than on the xerogel despite the higher thermal
stability of the metal on the formed than on the latter. For
the VOC combustion, the cryogel exhibited higher activity
than the xerogel and impregnation catalysts. Also for the
methane combustion the cryogel showed higher activity,
although it showed lower activity than the impregnation
catalysts above 600 °C. By the addition of ceria as an
additive to the cryogel catalyst, the CH, combustion
activity was improved especially in the temperature region
above 600 °C.
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1 Introduction

Platinum-alumina catalysts have been prepared by a con-
ventional impregnation or an ion-exchange method,
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applicable to the catalytic combustion of hydrocarbons [1].
The sol-gel technique has also been applied to synthesize
the catalyst from a homogeneous solution of the metal and
support precursors, by which high metal dispersion
throughout the alumina support was achieved [2-5]. Fur-
thermore, by employing supercritical drying as a drying
method for the wet gel, the collapsed of the gel network
could be suppressed, resulting in the aerogels with very low
bulk density. On such aerogels, sintering and coking were
successfully prevented as well as improving the activity
and stability at high temperatures [6]. However, the aero-
gels did not always show superior properties by compari-
son to the corresponding xerogels. Balakrishnan and
Gonzalez prepared aerogel and xerogel catalysts of plati-
num-alumina systems, and concluded that the aerogels
were inferior in comparison to the corresponding xerogels
as far as the surface area and metallic dispersion were
concerned [7]. The comparison of aerogel and xerogel
catalysts were also done by Courtheoux et al. [8] and Popa
et al. [9]; for the catalytic propellant decomposition the
aerogels showed lower activities, although they had supe-
rior properties compared with xerogels. Sault et al. devel-
oped a platinum-alumina aerogel catalyst via a
combination of inverse micelle technology with sol-gel
processing [10]; although the aerogel exhibited higher
turnover frequency for propane dehydrogenation than the
xerogel, the Pt diameter and the BET surface area were
much larger and smaller, respectively, for the aerogels.
Aside from the aspect of these inferior properties compared
to the xerogels, the commercial application of aerogels
seems very limited because of the high cost in production.
The supercritical drying should be the most costly process
because of employing high pressures in an autoclave. The
drying at high pressures is hazardous and furthermore,
there is possibility of not only effluence of platinum ions
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from wet gels but also uncontrolled reduction to metallic
platinum during the drying and/or solvent exchange.

Cryogels, the highly porous solid materials derived
from wet gels through freeze drying, are fascinating and
useful in that they possess the bulk density as very low as
that of aerogels [11, 12]. The drying is safer, more eco-
nomical, and there is very little fear of the effluence of
platinum ions and uncontrolled reduction during the
drying. The solvent exchange is also unnecessary if the
gel is prepared in an aqueous solution. Despite the simple
drying method, very few studies have been performed on
the preparation and catalysis of noble metals-alumina
cryogels so far [11, 13]. In this paper, platinum-alumina
cryogel was prepared by one-step addition of Pt precursor
before gelation and subsequent removal of solvent via
freeze drying, and the thermal stability of platinum and
catalytic activity were investigated by comparison to
those of the corresponding xerogel and impregnation
catalysts.

2 Experimental

Aluminum sec-butoxide (0.029 mol, Kanto Chemicals) was
hydrolyzed with ultra-pure water (20 mL) in a flask at
86 °C, and the resultant mixture was kept with stirring for a
while. Then 1.0 mol L™ nitric acid (4.0 mL, Wako Pure
Chemicals) was added to the sol for peptization and the sol
was refluxed for a few hours with stirring to obtain clear
boehmite sol. On the other hand, 0.37 g of H,PtCls aqueous
solution (2.0 wt.%, Tanaka Precious Metals) was mixed
with the aqueous solution (4.8 mL) containing oxalic acid
(0.088 mol L', Wako Pure Chemicals) and ammonia
(0.60 mol L', Wako Pure Chemicals), and the solution was
kept at 86 °C for 30 min. The platinum solution was then
introduced to the boehmite sol and the mixture was refluxed
at 86 °C with vigorous stirring. For gelation, urea (0.2 g,
Wako Pure Chemicals) was added to the sol, and the sol was
allowed to stand for one night at 86 °C. The gel obtained
was frozen at a liquid nitrogen temperature without the
solvent exchange, and subsequently dried under vacuum on
a laboratory freeze-drier (Tokyo-Rikakikai, FDU-810)
equipped with a vacuum pump (Ulvac, GCD-051X), with a
condenser. The dried gel was calcined in air in the temper-
ature range of 500-800 °C. The platinum content was
0.5 wt.% on a weight base. For comparison, the wet gel was
dried under the normal drying conditions to obtain a xerogel
catalyst. The impregnation catalysts were prepared by a
conventional impregnation method using pure alumina
cryogel (287 m? g') prepared by the method described
above without Pt, and commercial alumina (Taimei Kagaku,
TM-300D; 200 m? g™') as the catalyst supports. For sim-
plifying the description, the impregnation catalyst using the

alumina cryogel is denoted hereafter as Imp(cryo), whereas
that using the commercial alumina is as Imp(com).

Crystalline phases were identified using an X-ray pow-
der diffractometer (Rigaku, RAD-1VC) at 30 kV and
30 mA with a Cu tube. Transmission electron micrographs
(TEM) were taken on a JEOL 2010 instrument operated at
the accelerating voltage of 200 kV. The CO gas adsorption
on catalysts was measured by a conventional pulse tech-
nique using helium as a carrier gas. The BET (Brunauer—
Emmett-Teller) surface area, pore volume, and mean pore
size were measured on a volumetric N,-gas adsorption
measurement instrument (Nippon BEL, Belsorp-mini) at a
liquid nitrogen temperature.

The catalytic combustion of VOC containing acetalde-
hyde, methanol, and methyl formate was carried out using
a continuous flow reactor at atmospheric pressure. The
catalyst (0.01 g) calcined at 500 °C for 1 h followed by
reduction with pure hydrogen (30 mL min~") at 500 °C for
1 h was diluted with quartz sand (0.99 g), and then placed
in a quartz reactor (¢p = 8 mm, i.d.), followed by admitting
the mixed reactants (CH3CHO: 67 ppm, HCO,CHj:
33 pm, and CH;OH: 33 ppm in air; 99 mL min™') in the
temperature range of 50-400 °C. The effluent gases were
analyzed by an FID gas chromatography (Shimadzu, GC-
14B) with a separation of column of Shin-carbon A. The
catalytic combustion of methane was performed as follows:
the catalyst (0.1 g) calcined at 700 °C for 1 h followed by
reduction at 500 °C for 1 h was diluted with quartz sand
(0.9 g), and placed in the quartz reactor. Then, the reactant
gases (CHy: 1%, Oy 20%, Ar: 79%; 100 mL min_l)
were admitted into the reactor in the temperature range of
400-700 °C. The effluent gases were analyzed by an FID
gas chromatography (Shimadzu, GC-14A) with a separa-
tion column of DC-200.

3 Results

Figure 1 shows the BET surface area, pore volume and
mean pore size of the catalysts. The surface area was larger
for the cryogel, xerogel and Imp(cryo) than for Imp(com);
among the former three catalysts the difference was not
significant. The surface area decreased with increasing the
calcination temperature for all the catalysts. As for the pore
volume, it was larger for Imp(cryo) than for other catalysts;
the value of ca. 440 mm® g~' was kept until 700 °C cal-
cination for Imp(cryo) suggesting the textural resistance,
whereas at 500 °C the volume was almost the same as that
of the cryogel. The mean pore size became large with
calcination temperature for the xerogel and Imp(cryo),
whereas it was not markedly changed for the cryogel.
Figure 2 shows XRD profiles of the catalysts after the
calcination in the temperature range of 500-800 °C. The Pt
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Fig. 1 (a) BET surface area, (b) pore volume, and (¢c) mean pore size of the catalysts after the calcination for 1 h; O: cryogel, [I: xerogel, A:
Imp(cryo), and <: Imp(com). The pore volume and mean pore size were calculated by the BJH (Barret-Joyner—Halenda) method

peak was not observed on all the catalysts after the calci- stability was markedly improved; i.e., the peak was
nation at 500 °C. Calcination at 600 °C resulted in the  observed above 750 °C calcination on Imp(cryo), indicat-
appearance of metallic Pt diffraction peaks on Imp(com), ing the shift to 150 °C higher temperature. On the xerogel,
indicating the sintering of platinum. By employing alumina  the Pt diffraction peak was observed at 800 °C, but not on
cryogel as a catalyst support for impregnation, the thermal = the cryogel at the temperature, suggesting further
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Fig. 2 XRD patterns of the catalysts after the calcination for 2 h; (a) cryogel, (b) xerogel, (¢) Imp(cryo), and (d) Imp(com)
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improvement of the thermal stability of platinum by
employing sol-gel technique and subsequent freeze drying.
TEM images of the catalysts after the calcination at
700 °C are shown in Fig. 3. The platinum particles were not
observed on the cryogel and xerogel after the calcination,
whereas on Imp(cryo) Pt nanoparticles with the diameter of
ca. 1 nm were seen. On Imp(com), sintered Pt particles over
20 nm were observed. After the calcination followed by
reduction with hydrogen at 500 °C, such nanoparticles ap-
peared also on the cryogel and xerogel (Fig. 4); the particle
size was almost the same (ca. 1 nm) between the two sol-gel
catalysts of cryogel and xerogel. As for the Imp(cryo), the
nanoparticles appeared more pronouncedly after the
reduction than before. Whereas such fine particles were not
observed on Imp(com) even after the reduction. After the
calcination of the catalysts at 800 °C, sintered large parti-
cles over 50 nm were seen also on the xerogel and Im-
p(cryo), but not on the cryogel, suggesting higher thermal
stability of platinum on the cryogel, the results of which
were in agreement with those of XRD shown in Fig. 2.
Results of chemisorption of CO on the catalysts after the
calcination in the temperature range of 500-700 °C are
shown in Fig. 5. At 500 °C calcination, the chemisorption
was lower on the cryogel and xerogel catalysts than on the
impregnation catalysts. Upon increasing the calcination
temperature, the chemisorption number decreased markedly
on the impregnation catalysts. Between the two impregna-
tion catalysts, the decrease was more significant on

Fig. 3 TEM images of the
catalysts after the calcination at
700 °C for 2 h; (a) cryogel, (b)
xerogel, (¢) Imp(cryo), and (d)
Imp(com)

Imp(com) than on Imp(cryo). Whereas such significant
decrease was not observed on the cryogel and xerogel cat-
alysts. Between the two sol-gel catalysts, the chemisorption
number was larger on the cryogel than on the xerogel; the
amount on the cryogel was ca. 1.5-2 times as large as that
on the xerogel in all the temperature range examined.

Figure 6 shows the results of catalytic combustion of
VOC on the catalysts. For all the VOC, the cryogel
exhibited the highest combustion activity, whereas the
xerogel showed the lowest. Between the two impregnation
catalysts, the activity was higher on Imp(cryo) than on
Imp(com), although the difference was not significant for
methyl formate combustion.

Figure 7 shows the catalytic combustion of methane over
the catalysts. The cryogel, xerogel and Imp(cryo) showed
higher activity than Imp(com) below 550 °C; among the
former three catalysts, the activity was slightly higher on the
cryogel than on other catalysts, although the difference was
very small. Whereas above 600 °C, the activity was higher
on Imp(com) than on other catalysts, indicating the change
of the order of combustion activity around 550-600 °C.

4 Discussions
4.1 Thermal Stability of Platinum

In a previous study, the thermal stability of alumina cryo-
gels at high temperatures was investigated to reveal the
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Fig. 4 TEM images of the
catalysts after the calcination at
700 °C for 1 h followed by the
reduction at 500 °C for 1 h; (a)
cryogel, (b) xerogel, (c)
Imp(cryo), and (d) Imp(com)
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Fig. 5 Platinum dispersion after the calcination for 1 h followed by
the reduction at 500 °C for 1 h; O: cryogel, O: xerogel, A: Imp(cryo),
and <: Imp(com)

performance as a catalyst support [12]. It was found that the
pure alumina cryogel (the apparent density: ca. 0.05 g cm™)
exhibited higher stability than the corresponding xerogel
(ca. 1.0 g cm™), alumina precipitate (ca. 0.8 g cm™), and
commercial alumina (ca. 0.4 g cm™) due to the much lower
apparent density of the cryogel as very low as that of
aerogel. It was also revealed that the addition of a certain
portion of silica to the alumina cryogel resulted in further
improvement of thermal stability. In the present study, the
stability of platinum on alumina was examined. From the
results of XRD and TEM observations, the thermal stability
of platinum can be summarized as the following order:
cryogel > xerogel > Imp(cryo) > Imp(com). It is generally
known that platinum can disperse as oxide on the Al,O3
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surface at temperatures below the decomposition tempera-
tures of the oxide, i.e., ca. 585 °C or even higher temper-
atures if the complex between the platinum oxide and the
support surface possesses sufficient stability [14]. It is also
known that the sintering of platinum is followed by the
decomposition of platinum oxide to metallic platinum
[14, 15]. On Imp(com) the sintering was observed at 600 °C
calcination (Fig. 2), in good agreement with the tempera-
ture mentioned above. The observed higher thermal
stability of platinum on the cryogel, xerogel, and Imp(cryo)
than on Imp(com) can be ascribed to the alumina gel
support synthesized from aluminum alkoxide through the
sol-gel processing. Among the former three catalysts,
the cryogel and xerogel showed the higher stability than the
Imp(cryo) despite the very little difference of BET surface
area (Fig. 1). It is known for the sol-gel catalysts that pre-
cious metals are incorporated into the framework of the
support [16, 17], or partially buried at the surface of the
support [18, 19]. In the present study, platinum particles
could not be observed by TEM after the calcination on the
cryogel and xerogel catalysts (Fig. 3), whereas CO chemi-
sorption was smaller on these sol-gel catalysts than on the
Imp(cryo) catalyst (Fig. 5). These results strongly suggest
that very fine platinum oxide are highly dispersed and
partially buried in the alumina gels after the calcination, and
such encapsulation is considered the principal cause for the
higher thermal stability of platinum on the sol-gel catalysts
at high temperatures.
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Fig. 7 The CH, combustion activity on the catalysts; O: cryogel, [J:
xerogel, A: Imp(cryo), <: Imp(com), and +: 10 wt.% CeO,-doped
cryogel. The catalysts were calcined at 700 °C for 1 h followed by the
reduction at 500 °C for 1 h

It is interesting to notice that, between the two sol-gel
catalysts, CO chemisorption was higher on the cryogel than
on the xerogel despite that platinum stability was also
higher on the former than on the latter. The stability of
platinum may be derived from the encapsulation as
explained above and therefore, the metal accessibility and
its thermal stability are considered in a trade-off relation-
ship. The higher stability of platinum on the cryogel might

be a result of more intimately developed interaction be-
tween the highly dispersed platinum and alumina support
[20], brought about through the freeze drying of wet co-gel.
Or the alumina cryogel as a catalyst support, having higher
thermal stability than the corresponding xerogel, might also
contribute to the stability of platinum to some degree.
Assuming here that the mean diameter of Pt particles is
1 nm for both cryogel and xerogel (Fig. 4), the theoretical
Pt dispersion, Dy, is calculated to be ca. 73% from the
following Anderson’s equation [21]:

dya = a(My/am pNo)(1/Dnm)

where dy, is a mean particle diameter of Pt, « is a geo-
metrical parameter, My, is the atomic weight of Pt, a,, is
the effective area occupied by a Pt atom in the surface, p is
the density, and Ny is Avogadro’s number. In the present
study, o was taken as 6 on the assumption of the spherical
particles, and a,,, was taken as 12.5 nm™ according to the
literature [22]. If all of the platinum were outside the gel,
the dispersion of ca. 73% be obtained. As shown in Fig. 5,
however, the observed Pt dispersion at 700 °C was ca.
30 and 20% on the cryogel and xerogel, respectively.
By comparison with these calculated and observed values,
it can roughly be deduced that ca. 59 and 73% of platinum
surface were inside the alumina gel for the cryogel and
xerogel, respectively. In the xerogel catalyst, platinum may
be buried more firmly inside the alumina gel due to the
remarked shrinkage of wet gel during the normal drying
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and thereby, such lower metal accessibility might be
observed. In addition, Pt ions in the wet gel may be moved
during the evaporation of water and therefore, the lower
thermal stability of platinum might be observed. Further
studies are still necessary for unambiguous discussions.

It should also be noted that the thermal stability of
platinum on an impregnation catalyst was remarkably
improved by employing alumina cryogel as a catalyst
support (Figs. 2 and 3). The Pt dispersion after 700 °C
calcination was higher on Imp(cryo) (33%) than on
Imp(com) (17%), in agreement with the results of XRD and
TEM. The higher thermal stability can be attributed to not
only the larger surface area of alumina cryogel but also its
high water-durability. The cryogel was highly durable in
water despite having the apparent density as very low as
that of aerogel in addition to being thermally stable at
elevated temperatures [12]. Therefore, the structural and
textural properties of the alumina cryogel should be
maintained even after the impregnation followed by the
treatment in air at high temperatures. The pore volume of
Imp(cryo), which was larger than that of other catalysts,
was almost unchanged by the calcination temperature
(Fig. 1), suggesting the superiority of alumina cryogel
support also for impregnation.

4.2 Catalytic Activities

From the results of catalytic VOC combustion shown in
Fig. 6, the activity was found in the order of cryo-
gel > Imp(cryo) = Imp(com) = xerogel. TEM observa-
tions revealed that Pt nanoparticles with ca. 1 nm diameter
were present on all the catalysts, and no sintered particles
were seen under the pretreatment conditions. Whereas CO
chemisorption under the pretreatment conditions was in the
order of Imp(cryo) ~ Imp(com) > cryogel > xerogel
(Fig. 5), which implies that the combustion activity order
can not be explained only by the number of the active sites.
On the cryogel the platinum particles might be more active
due to the higher concentration of active sites such as kink
or step. Or the alumina cryogel support might also con-
tribute to the combustion activity, i.e., the polar molecules
of CH;CHO, CH;0H, and HCO,CHj; are adsorbed not only
on Pt metals but also on the cryogel support or the metal-
support boundary, also on which the combustion reaction
might proceed. Whereas on the xerogel having the lowest
CO chemisorption among the catalysts examined, the cat-
alytic activity was also the lowest, which suggests that the
number of active sites is nevertheless one of the important
factors to understand the VOC combustion activity quali-
tatively.

On the other hand, the activity order for CH4 combustion,
the molecule of which is nonpolar, was different from that for
VOC. The combustion activity was in the order of cryogel
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> xerogel ~ Imp(cryo) > Imp(com) below 550 °C, where-
as of Imp(com) > Imp(cryo) = cryogel > xerogel above
600 °C, indicating the change of the order of activity around
550-600 °C. The CO chemisorption under the pretreatment
conditions was Imp(cryo) > cryogel > xerogel = Imp(com)
(Fig. 5), which implies that the activity order can not be
understood only from the number of active sites as in the case
of VOC. TEM observations revealed that fine Pt particles
with ca. 1 nm diameter were observed on the cryogel,
xerogel, and Imp(cryo), whereas sintered large particles over
20 nm on Imp(com) under the pretreatment conditions
(Fig. 4), it might be considered that fine particles are pref-
erable for CH, combustion in the low temperature region,
whereas large particles in the high temperature region. It is
reported that the propane combustion activity decreased with
increasing the Pt dispersion over the catalyst supported on
metal oxides [23, 24]. This implies that the reaction is
structure-sensitive, i.e., the larger platinum particles are
favorable for the propane combustion. In the present meth-
ane combustion, however, the larger particles seemed to be
favorable only in the high temperature region above 600 °C.
Taking into account the fact that the methane conversions
were relatively insensitive to changes in the temperature
around 550-600 °C on the cryogel, xerogel and Imp(cryo),
but not on the Imp(com), the observed activity order change
might be attributed to the physical and/or chemical proper-
ties of alumina gel support rather than to those of platinum.
Further examinations are still necessary for revealing the true
factors. In Fig. 7, the catalytic activity of the cryogel with
CeO, as an additive was also shown. When ceria was
introduced to the cryogel, the activity was improved espe-
cially in the temperature region above 600 °C. This
improvement may primarily be ascribed to the ability of ceria
for storing oxygen and stabilizing platinum dispersion, as the
oxide has been employed for automotive emission control as
a standard additive of three way catalysts [25, 26]. Recent
spectroscopic analyses have revealed that platinum was
stabilized by ceria through the strong bond of Pt—O—-Ce as an
anchor [27], by which the sintering of platinum was suc-
cessfully suppressed. By optimizing the ceria content, fur-
ther improvement is expected.

5 Conclusions

Pt-Al,O5 cryogel, prepared by the sol-gel processing and
subsequent freeze drying, showed higher thermal stability
of platinum than the corresponding xerogel and impreg-
nation catalysts. The higher stability was considered as a
result of the stronger interaction between platinum and
alumina through the encapsulation of the metal into the
cryogel; i.e., about half of the platinum surface was con-
sidered to be inside the cryogel. It was also shown that the
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cryogel had high activity for catalytic combustion of VOC
and methane. Taking into account the simple and safe
drying process with low cost, the resultant cryogel seems
more fascinating for industrial applications as combustion
catalysts than the aerogel derived from supercritical drying.
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