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ABSTRACT: The influence of poly(vinyl alcohol) (PVA) in the synthesis of SBA-15
was investigated. It was found that, by the addition of PVA, the surface area and
porosity of SBA-1S is increased, while the structure and size of the mesopores remain
unchanged. Nitrogen sorption measurements indicate that PVA introduces addi-
tional pores with pore sizes of around 2 nm into the pore wall. Thus, a simple way of
improving the porosity of mesoporous silica is presented that could enhance
transport of substrates through the porous system, important for catalytic applica-
tions and also beneficial for replication and nanocasting purposes. We, furthermore,
show that a heterogeneous catalyst, Pt/SBA-15, with high surface area can be
prepared by the addition of PVA-stabilized platinum nanoparticle sols.
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1. INTRODUCTION

The search for materials with high surface area and at the same
time relatively large pore volumes and defined structures is still a
challenging task for material scientists. High-surface-area materi-
als are beneficial for any application requiring surface interactions
with substrates, such as catalysis and sorption. However, materi-
als with very high surface areas most often have small pore
sizes,' > which can hinder the diffusion of substrates and thus
slow down catalytic conversions. On the other hand, enlarge-
ment of the pores most often yields decreasing surface areas.
Several works*® have, for example, reported that the pore size of
mesoporous silicas can be enlarged using micelle expanders;
however, this was achieved at the expense of the overall surface
area. One interesting exception has been reported, that is, the
addition of phosphoric acid to the preparation protocol of SBA-
15, which increases the surface area and mesopore volume.®’
Another pathway to increase the overall pore volume and surface
area without decreasing the mesopore size is the introduction of a
hierarchical porosity, that is, the formation of larger pores
connected by smaller ones. In several mesoporous silicas, such
a structure is formed by the existence of micropores in the pore
walls, connecting the often periodically arranged mesopores.® '
These micropores are crucially important for the use of ordered
mesoporous silicas as a hard template for the generation of
mesoporous carbon and other materials because these bridges
between the mesopores allow the generation of stable mesopor-
ous replicas.'> Consequently, several approaches have been used
to tailor the amount and size of the micro- and mesopores, and it
has been reported that hierarchical porosity can be obtained by
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approaches such as postsynthesis acidic or basic treatments.

Another attempt to achieve hierarchical, bimodal pore-size
distributions in mesoporous silica is to use templates of different
sizes that do not interfere with each other. This is rather simple
when using rigid latex templates,lé’17 which are, however, res-
tricted toward smaller pore sizes to about 30—50 nm but are
more demanding for soft, self-organizing systems, like micelles
and lytropic phases formed from surfactants. These molecules
usually form mixed aggregates, yielding the formation of just one
pore size, often reflecting the average value of the two surfactants
alone."® Fluorinated surfactants have been applied as additional
templates together with amphiphilic block copolymers because
they cannot form mixed micelles with these hydrocarbons.
Indeed, mesoporous silicas with bimodal porosity can be pre-
pared using this approach.'® Also, dendritic polymers together
with block-copolymer micelles have been used to prepare
hierarchical, bimodal porous silicas.*®

In this study, we report another method that can improve the
mesopore connectivity and thus enhance the surface area and
pore volume of the silicas without decreasing the mesopore
diameter by the addition of low amounts of poly(vinyl alcohol)
(PVA) to the reaction mixture. Ordered mesoporous silica SBA-
15>" was chosen as the reference material for this investigation.
SBA-1S is prepared using the triblock copolymer P123 as the
template, yielding a two-dimensional hexagonal arrangement of
cylindrical pores. In recent years, this material was used for
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various applications, e.g., in catalysis*>** purification”*** and as a

hard temlplate for the generation of other mesoporous mate-
rials.”® > The addition of small amounts of PVA to an otherwise
unchanged preparation protocol seems to result in the introduc-
tion of an extra porosity connecting the cyclindrical mesopores
without changing the mesopore size and structure of the SBA-15
material.

2. EXPERIMENTAL SECTION

Synthesis of SBA-15-V. A total of 0.5 g of P123 (EO5,PO,cEO,,
M,, = 5800) was dissolved in a mixture of distilled water (7.5 g) and a
2 M hydrochloric acid solution (15 g) with continuous stirring, and
the temperature was controlled at ~35 °C; after P123 was fully dis-
solved, a freshly prepared 1 wt % aqueous poly(vinyl alcohol) (PVA;

~ SBA-15-20
s SBA-15-5
=
[}
3 SBA-15-3
£
SBA-15-0.75
SBA-15

Degree (20)

Figure 1. XRD patterns of SBA-1S synthesized with different amounts
of PVA. The aging temperature for all of the samples was 100 °C.

M,, = 130000) solution was added in different amounts. To this
solution was added 1.05 g of tetraethoxysilane, and the resulting mixture
was kept at ~35 °C for 24 h, subsequently poured into a Teflon-lined
autoclave, and aged at 80—150 °C for another 24 h. Finally, the sample
was filtered, dried at 100 °C overnight, and calcined at 500 °C for 4 h.
The samples show thermal and long-term stability under ambient
conditions comparable to those observed for pure SBA-15 materials.

Synthesis of Pt-SBA-15-3. The platinum sol was prepared by
mixing 11 mL of a 0.0015 M H,PtCl, solution with 3 mL of a 1.0 wt %
PVA solution. Subsequently, 0.1 M NaBH, aqueous solutions were
added dropwise, and stirring was continued for 5 min. The thus-obtained
platinum sol (containing PVA and NaBH,) was used to prepare the Pt-
SBA-15-3 catalyst. The loading of platinum measured by inductively
coupled plasma (ICP) analysis was 0.29 wt %.

Characterizations. X-ray diffraction (XRD) patterns were mea-
sured on a Bruker D8 Advance X-ray diffractometer using Cu Ko,
irradiation. Transmission electron microscopy (TEM) images were
obtained on a Philips CM12 instrument (120 keV), using carbon-coated
copper grids (the specimens were loaded directly onto the copper grids;
no solvent dispersion was used). Nitrogen sorption isotherms were
determined at liquid-nitrogen temperature (—196 °C) with an Auto-
sorb-1 apparatus. The sample was degassed at 150 °C overnight before
measurement. The Brunauer—Emmett—Teller (BET) surface area was
calculated by multiple-point (five-point) measurement in the relative
pressure range of 0.05—0.30. The amount of metal in the samples was
determined using a Perkin-Elmer 3300DV ICP. Thermogravimetric
analysis measurements were carried out on a STA6000 from Perkin-
Elmer.

Catalytic Tests. Catalytic reactions were carried out in a 100-mL
five-necked flask with a water jacket in 80 mL of heptane at 60 °C under
hydrogen pressure (1.1 bar). A total of 2.165 g (0.02 mol) of 1,

Figure 2. TEM images of SBA-15 synthesized under different conditions: (a) SBA-1S; (b) SBA-15-3.
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Figure 3. (a and b) Nitrogen sorption isotherms for SBA-15-100 °C synthesized with different PVA contents and aging temperatures. (c) Pore-size
distribution derived from the nitrogen adsorption isotherms with micropore analysis (inset). (d) Cumulative pore volume for SBA-15 and SBA-15-3-100

°C (both obtained using the NLDFT method).

Table 1. Textural Properties of SBA-15 Synthesized under
Different Conditions

sample SA (m*g ')* Pa (nm)® PV (em® g ')°
SBA-15-100 °C 877 9.7 1.15
SBA-15-0.75-100 °C 986 9.7 1.48
SBA-15-3-100 °C 1177 9.7 1.43
SBA-15-5-100 °C 1124 9.7 1.58
SBA-15-10-100 °C 1182 9.7 1.49
SBA-15-3-80 °C 1248 8.7 141
SBA-15-3-150 °C 55§ 14.8 1.64

“SA = surface area calculated by the BET method. pa = pore size
calculated from the adsorption branch. “ PV = pore volume calculated at

p/po = 0.99.

S-cyclooctadiene (COD) and 1.08 mg of a metal catalyst were used for
each catalytic test. Samples were taken out periodically and analyzed by
gas chromatography.

3. RESULTS AND DISCUSSION

The pure SBA-15 was synthesized using a procedure similar to
that reported elsewhere.”' To the reaction mixtures was added in
different amounts a freshly prepared 1 wt % aqueous PVA (M,, =
130000) solution. Depending on the amount of PVA added, the
samples were named SBA-15-V (“V” is the volume of the added
PVA solution). Also, referring to the aging temperature, the
samples were named as SBA-15-V-T. For example, “SBA-15-3-
100 °C” means that SBA-15 was synthesized with 3 mL of 1 wt %
PVA and aged at 100 °C for 24 h. To observe the porous silica,

2064

calcination at 500 °C for 4 h was carried out, sufficient to
completely remove the organic phases (Figure S1 in the Support-
ing Information, SI).

Figure la shows the XRD patterns of the samples synthesized
with different amounts of PVA. All patterns show an intensive
peak at 260 = 0.8—0.9 that corresponds to the (100) diffraction of
the two-dimensional hexagonal structure of SBA-15, indicating
the presence of an ordered pore structure and djq values of
10.0—10.9 nm. The well-resolved (110) and (200) diffraction
peaks indicate that there was no substantial change in the pore
structure of the samples after PVA was added. For SBA-15-3 aged
at different temperatures, the sample aged at 100 °C showed the
highest 26 value (Figure S2 in the SI).

The ordered pore structure of the samples was further proven
by TEM measurements, as shown in Figures 2 and S3 in the SL
The samples possess well-ordered hexagonal arrays of meso-
pores, whether PVA is added or not. Thus, it can be stated that
the addition of PVA does not influence or even deteriorate the
order of the pluronic—silica composite.

Figure 3a shows the nitrogen sorption isotherms of the
samples synthesized with different amounts of PVA. The corre-
sponding porous characteristics are listed in Table 1. All samples
show a defined step with a hysteresis loop corresponding to the
filling of mesopores with narrow pore-size distributions. The
nitrogen sor?Ption isotherms show an increase of the surface area
from 877 m” g~ and a total pore volume from 1.15 cm® g~ " for
SBA-15to 1177 m”* g ' and 1.43 cm® g~ ' for SBA-15-3. How-
ever, despite the increase in the surface area (~34%) and
porosity (~24%), the pore size of the mesopores generated
from the block copolymer is almost unchanged based on the
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Figure 4. (a) Nitrogen sorption isotherms and pore-size distribution of Pt-SBA-15-3. (b) TEM images of Pt-SBA-15-3. (c) Reaction rate of Pt-SBA-15-
3 and commercial Pd/ALO; for a COD hydrogenation reaction. (Note that the reaction rate was calculated based on the amount of noble metal; the
reaction rate based on the overall amount of catalyst can be found in Figure S8 in the SL.)

Barrett—Joyner—Halenda (BJH) method on the adsorption
branch (Figure S4 in the SI). A further increase of the PVA
content does not yield further significant enhancement of the
surface area or the pore volume.

It can be concluded that the addition of PVA does not
influence the mesopores created by P123 and thus that the
increase of the surface area and porosity is likely due to the
creation of additional pores with smaller diameter in the materi-
als. To prove this, nitrogen sorption isotherms for SBA-15-
100 °C and SBA-15-3-100 °C with additional micropore analysis
were carried out. Analysis of the pore-size distribution and the
cumulative pore volume (obtained from nonlocal density func-
tional theory, NLDFT) shown in Figures 3c,d and SS in the SI
indicates that there are indeed new, smaller pores created in SBA-
15-3-100 °C.

The higher surface area and pore volume after the addition of
PVA could be attributed to an additional porosity, introduced by
PVA. This, however, would imply that the micelles formed from
P123 do not deeply interact with PVA. It can be easily imagined
that PVA does not interpenetrate the more hydrophobic PPO
block in the micellar core, which would influence the micelle size
and shape, reflected in a, not observed, change in the mesopore
size and structure of the resulting silica. However, the PEO
blocks forming the corona of the micelle and PVA are both
hydrophilic and water-soluble and thus might be miscible in
aqueous solutions. However, it has been shown that aqueous
blends of PEO and PVA are immiscible and just show small
interactions between the polymers®> and that PVA/PEO cast
films from aqueous blends show phase separation.*® Thus, it can
be assumed that the interaction of PVA and PEO is marginal and
just occurs in the outer region of the PEO corona, the phase that
is dispersed in the solvent and thus causes the microporosity.>*
Whether the additional mesopore connectivities are formed by
single PVA chains or aggregated chains of PVA and PEO can,
however, not be conclusively answered.

Also, the effect of the aging temperature on the structural
properties of SBA-15-3 was investigated, and the results are
shown in Figure 3b and Table 1. As expected, the surface area
decreases and the pore size increases with increasing tempera-
ture, which might be due to aggregation of the PEO chains, as was
suggested by Galarneau et al.>> However, this trend is just
observed up to a temperature of 80 °C, while further lowering
of the temperature (e.g, 60 °C) yields materials with lowered
surface area (Figure S6 in the SI). This effect was also observed

for pure SBA-15 prepared at this temperature and was ascribed to
a lower amount of mesopore connectivities due to hydration of
the PEO chains.>® It should be, however, also noted that for SBA-
1S prepared at lower hydrothermal temperatures decreasing
surface areas have also been observed to be influenced by the
calcination temperature.3’6

PVA has been frequently used to stabilize catalytically active
noble-metal particles in solutions and to further immobilize them
on preformed solid supports to prepare heterogeneous
catalysts.””~** It can, therefore, be envisaged that the approach
shown here can be used for the synthesis of supported noble-
metal catalysts by using PVA as, first, a stabilizer for the metal sol
and as, second, an additional template in the synthesis of high-
surface-area SBA-1S. Platinum nanoparticles (Pt-NPs) sup-
ported on SBA-15 have been frequently described as good
catalysts for, e.g., hydrogenation reactions.*> % Here a metal
sol was prepared by the reduction of H,PtCly in the presence of
3 mL ofa 1 wt % PVA solution. The resulting metal sol was added
to the preparation of SBA-15 instead of the pure PVA solutions,
yielding a material named Pt-SBA-15-3. A metal loading of 0.29
wt %, determined by ICP, was achieved using this protocol. The
nitrogen sorption isotherms in Figure 4a show that the surface
area of Pt-SBA-15-3 reaches 1197 m’ g ! thus again no
decreases compared the sample prepared from pure PVA
(SBA-15-3: 1177 m” gfl). This is different from other works,*°
where the surface area of SBA-15 decreases significantly after the
loading of platinum. Also, no change in the pore size was
observed before and after the loading of platinum. The TEM
image of Pt-SBA-15-3 in Figure 4b shows that the Pt-NPs are
homogeneously dispersed in the sample, with a mean particle size
of ~9 nm. Higher-magnification images indicate that at least
some of the Pt-NPs are located within the mesopores of the
samples (Figure S7 in the SI).

The catalytic activity of Pt-SBA-15-3 as a hydrogenation
catalyst was tested using COD as the reactant and a hydrogen
pressure of 1.1 bar. Figure 4c shows the reaction rate of Pt-SBA-
15-3 and a commerecial catalyst (Pd-NPs supported on Al,O3) in
the hydrogenation of COD. As expected, the reaction rate
decreases for both catalysts, with a similar decreasing trend.
The rate of Pt-SBA-15-3 reaches 11.72 mmol g ' s~ ' after
30 min of reaction and still with a value of 5.13 mmol g~ ' s ™" after
210 min, which is already 2 times the rate from Pd/Al,Oj since
the beginning of the reaction. The catalyst can be, furthermore,
recycled at least 4 times without an observable loss in activity.
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4. CONCLUSION

In summary, a method improving the porosity of mesoporous
silicas is reported. The addition of small amounts of PVA to the
reaction mixture of, e.g,, the synthesis of the ordered mesoPorous
silica, SBA-15, 1ncreases the surface area from 877 m“ g~ (pure
SBA-15) up to 1177 m” g~ ', without a significant change of the
mesopore size or architecture. This can be explained by the
formation of additional pores, formed from the PVA template,
connecting the larger mesopores formed from the P123 tem-
plate. For practical applications, such an increase in the surface
area and additional porosity should facilitate interaction with the
adsorbates and provide better transport channels through the
material. Such properties are beneficial for their use as sorbents
or catalyst supports. Still, it should be noted that the additional
mesopore connectivities have small pore diameters; that is, these
advantages will hold true just for smaller molecules. The en-
hanced mesopore connectivity should also make the silicas highly
suitable templates for the generation of other mesoporous
materials, like mesoporous carbons, metal oxides, or metals, by
hard templating or nanocasting approaches. It can be envisaged
that the mechanism proposed here generally holds for the
synthesis of mesoporous silicas using PEO-based surfactants as
templates. Thus, also additional mesopore connections should
be formed in mesoporous silicas other than those with two-
dimensional hexagonal porosity. Respective studies are currently
being carried out in our group. The additional template, PVA, can
further be used to stabilize metal nanoparticles. Thus, the syn-
thesis of SBA-15 supported Pt-NP catalysts can be carried out in
one step, by adding a PVA-stabilized metal sol to the common
SBA-15 synthesis. Indeed, the surface area of this catalyst is well
improved compared to that of pure SBA-1S, while the mesos-
tructure and pore size remained unchanged. As a consequence, a
versatile one-pot approach to high-surface-area supported cata-
lysts with enhanced transportation pathways could be achieved.
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